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Abstract

Unsleady viscous flows with separation may be dominant on relreating rolor blades of helicopters
in forward flight. These flows are investigated by a time-accurate numerical solution of the 2d-Na-
vier- Stokes equations on deformable meshes. Lift and moment characteristics are compared wilh
experimental data. Compressibility elfects are found lo be of considerable imporfance with respect
to the development of the dynamic stall process.

Large sets of field dala (i.e. pressure, densily, velocities, vorticity, elc) are available to investigate
the details of the flow, Suitable visuaiization techniques are necessary to sufficiently interpret these
data. Pseudo 3d-viewing of the 2d-unsteady data as well as the medium: video movie serve as ef
fective tools for physical interpretation and understanding of the unsteady separated flow fields.

1. Introduction:

Unsteady senarated flows occur on retreating rotor blades limiting the flight envelope of the heli-
copter. The details of the unsteady viscous flows involved are stili not completely undersiood. Ex-
perimental studies of oscillating rotor blades under separated flow conditions have been discussed

in [11.

Experiments are still continuing using new nonintrusive diagnoslic measuring techniques fike in-
terferometry [ 21, Laser-Doppler velocimetry [3], elc. In addilion to experimenial studies, numerical
tools and the necessary supercomputers are now available to sufficiently calculate these flows as
well. Ih recent years unsteady separation has been studied on the basis of coupling procedures
between inviscid and viscous parts of the flow [4]. These calculations were continued into regions
of reversed flow adjacend to the airfoil surface during upstroke.

But these calculations were limited 1o dynamic stall onset. The development and shedding of the
stall vortex could not be treated by these methods.

The dynamic stall process can only be handied sufficiently on the basis of CFD-methods taking into
account the complete set of viscous equalions, i.e. the Navier-Stokes equations. For high Reynolds
number flows a corresponding turbulence modei must be used,

This extension of numerical efforis to the solution of the complete set of equations has different
consequences !

1. A suitable supercomputer mus! be available, with increasing computation times and costs.

2. Post- processing loois are necessary to be able to interpret the very large amount of nume-
rical data.

In the present paper a short description of the numerical code used for these studies is given. The
code is a Beam, Warming-type finite-differencing algorithm [8], with a special treatment of the
numaerical damping lerms necessary for the central difference scheme, [6].

The main emphasis is placed on the comparison of the calculated data with experimental resulls.
Special treatment is focused on the influence of compressibilily on the dynamic stall process for
different heticopter airfoil sections.

Posi-processing procedures and visualization techniques are discussed next for better under-
standing of the physics of the unsleady separated flow fields involved.
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A video movie [7] bas heen developed showing the dynamic stall process and ils influence on
various flow guantities like vorticity, pressure and Machnumber in their time-dependent develop-
ment.

2. Numerical Method,
2.1 Navier-Stokes equations.

For the calculation of the 2d-unsteady flow about airfoils, body fitted curvilinear coordinates £ .y
are used. The Navier-Stokes equations in vector notalion read in this system:

FaY
a9 o r a p 1 g 2 g &
—_— o et B e o= e |l e 4
P2 I Re(agRJ’anS )
with
I pU pVY
~_ 1 tpu é‘ 1 puld 4+ &.p AL pUV o p
9= pv] ] pylU + ¢ p BN pvV o oD
ner Ulper + p) — &p Viper + p) — nyp
and
0 0
;3 e A | dxtex + ‘iy'rxy : § — AT + NyTxy (2)
J fx‘rxy - Syy J "l'xTxy + )Tysvy
éde + ‘Ey ’Ix 4 T Hy2q

U and V are the contravariant velocities.

The transformed viscous lerms in (2) are
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&, & elc, are the metric terms, J is the Jacobian of the coordinate transformation. The inverse
metric terms x,, x, . elc. are calculated numerically by central differences. p. v . v a . p.erandr
in eqgs. (2} and (3) have their accustomed meaning.

All terms in eqs.{(2).(3) have been made dimensionless with corresponding reference quantilies
of the undisturbed flow. Re and Pr are the Reynolds and Prandtli number respectively.

2.2 Solution procedure

With the linearization of the different flux vectors (superscript n + 1 refers to the new time slep) .
A Il P Y
EN P BT (nsmq) aq" 4 o(ad)

)
A A A .
LI (D-F/(i(?)" AqT O(Ar)‘) olc.

M

A A N A A Al . . ° -
defining A = (CE &))", B = (IF | 4gY as Jacobian matrices of the e vectors £ F and corre-

sponding matrices A L for the viscous fluxes,



Using the approximate factorizalion implicit sotution procedure, {5], the following three steps are
carried out:

1. Step (&-sweep):
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In the system (5) the implicit viscous lerms are relained. The transport coefficienis are zssumed
as locaily constant. Viscous cross- derivative ferms have been neglected in eq. (6). The iatier a3-
sumption reduces the order of time-accuracy of the viscous terms from second order to {irst crder.
All spatial derivatives are discretized with second order accuracy.

2.3 Artificial viscosity

Using central differencing in the solution algorithm (5),numerical oscillations may occur due to
odd/ even decoupling. Suitable numerical damping terms have to be added to both the implicht and
explicit parts of the equations (5).(B). Following the ideas of Pulliam, [6], eigenvalue-scs’ed <issi-
pation terms are consiructed and added to the equations:

The maximum eigenvalues in £ —, n — directions are

o=l a8+ 8 g = v aJul bl 2
with a as the local speed of sound.
Using these eigenvalues, second order implicit dissipation {ferms are formulated:
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Vand A are ihe usual backward and forward differencing operators respectively. The terms
D,, and D, are added 1o the implicit part, eq. {5).

in a similar way 4th-order explicit terms are formulated and added to the explicit {RHSk-pari eg
{6):
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and a corresponding term Dg .

In eq. {9) the different terms are:
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indices i,j refer fo the i - AZ , j - Ay gridpoint.

Further details of the numerical code and a number of results, comparisons with other meihods
and wilth experimential data are given in [8].

2.4 Dynamic mesh generation, types of airfoil motion

The calculation of the unsteady flow fields are carried oul in a coordinate mesh which is deforming
in time: the mesh is fixed to the airfoil as well as to the outer boundary which is a number of
chordlength {(10c) away from the airfoil. Fig.T shows the exireme incidences:

— —_ [
Tnin T 97 Omax = 25

for a NACA 23012 airfoil section oscillating wilh «, = 10° amplitude about a steady mezn
#y = 15°. For both cases the mesh has been calculated numerically with the elliptic grid generation
procedure of Sorensen [8].

Fig. 1: Grid at minimum { x = 5°, left) and maximum {a = 25°, right) airfoil incidences, NACA 23012

For intermediate time steps a linear interpolation procedure is used, [10]. For simple harmonic
motion of the airfoil the inverse melric terms x, andy, can be calculated analytically. Two different
time-dependent motions of an airfoil:

. sinusoidal pitching motion
. ramp motion

have been reatized in the present code. To simulale the {low on a helicopter rotor blade more re-
alistic, a variation of the Machnumber simultaneous o the pitching molion has also been applied.

More complicated time-functions of the airfoil motion as weil as arbitrary motions imptied by a
combination of acrodynamics and structurat dynamic constraints (stal {luller) have also been
successfully investigated. in these cases the melric ime-terms have to be calculated numericaity
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3. Dynamic stall,

Following the interpretation of McCroskey [11], the dynamic stall process can be classified into
categories: Stall onset, light stall, deep stall, These differen! cases depend mainly on the incidence
variation of the airfoil. The prasent paper will concentrate on the deep stall problem, which is
characterized by the developmen! and shedding of concentrated vortices from the airfoil surface.
The influence of these vortices on lift-, drag- and moment-characteristics are severe.

Several parameters of the flow may influence the start and/ or the strength and shedding histories
of the dynamic stall vortex: compressibility effects are of major importance, as will be shown in the
next{ section. Transition from laminar to turbulent flow including a separation bubble has a sirong
effect. Incidence variation, airfoil shape and Re-number are additional parameters which influence
the dynamic stall process considerably. From coupling procedures between boundary layer and
potential fiow, [4] it is already known, that prior to the development of the stall vortex backflow
exists almost along the complete upper surface of the airfoil. To model these time-dependent re-
versed flowfields by Navier-Stokes calculations, a corresponding dense mesh is necessary to re-
solve the flow accurately close to the airfoll surface. The dynamic stali process is strongly influ-
enced by these hislory effects of the atlached boundary layer.
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Fig. 2: Force- and moment-distributions for the Sikorsky SC-1095 airfoil section: Ma_, = 0.28.
Instantaneous vorticity distributions at « = 24.51° upstroke.

3.1 Sikorsky SC-1095 airfoil.

Fig. 2 shows numerical and experimental data, [1], for the Sikorsky SC-1095 airfoil section under
deep dynamic stall conditions. Strong hysteresis curves are oblained specifically for the lift distri-
bution: In the upstroke region up to ¢, .= 2.4 the measured and calculated lift values correspond
quite well It must be pointed oul, that the maximum steady lift for this airfoil has been measured
A8 (O madsiensy = 1 08, Before the maximum incidence (« = 25"} is reached, the lilt breaks down

abruptly.

Calculated and measured it curves show considerable differences in the down stroke region: os-
citlations are observed for the calculations, howover a smooth curve has been medasured
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Possible explanations for these discrepancies are:

. The experimental data have been assemble averaged over 50 cycles. Oscillations may have
heen smoothed out,

. The calculations are 2d. In the experiment 3d-vortex structures may cccur even on a 2d- mo-
del.

Similar hysleresis curves can be observed for the drag- and moment-disiributions. Drag rise and
moment stall are very good represented by the calculations. Oscillalions are also present in these
distiibutions. Of special concern is the behavior of the pitching moment: The areas between the
hysteresis curves are a measure of the aerodynamic damping. The sense of traversing these cur-
ves delermines wether positive (anti-clockwise) or negative (clockwise} dampirg exsists. If nega-
tive damping exceeds, the airfoil may encounter dangerous stail flutter. Fig. Z shows also the vor-
ticity contours at « = 24.3” upstroke. The stall vortex is already fully developed and has slarled to
lift off the airfoil surface. This corresponds to the breakdown of the lift.
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Fig. 3: Force- and moment-distributions for the NACA 23012 airfoil section: Ma_, = 0.28.
Instantaneous vorticity distributions at & = 24.51° upstroke.

3.2 NACA 23012 airfoil.

Fig. 3 shows the corresponding distributions of 1ift, drag and pitching moment for the NACA 23012
airfoil section, The same paramelers are used as in the SC-1095 airfoil case. Experimental data
were not available for this set of parameters. The cverall behavior of the Jorce- and momenti-coel-
ficiants looks similar compared to the previous case. Bul in detail some remarkable differences
are present: Before the maximum lift is reached, some osciliations of the lift curve can be obser-
ved,



This is caused by compressibility effects as will be de-

monstrated in the following section, The mornent curve

shows a vory “peeky” behavior at high incidences Tre

T stall vortex (vorticity contours) at the same angle

a = 24.5° upsiroke as in Fig. 2 is still more concentratzad

/\_ and attached to the airfoil: 1ift stall and specifically mo-
'! ment stall are shifted considerably to higher incidences.

L

W

; . 4. Compressibility effects, laminar separation bubble.

Supersonic
— hubble The cases shown so far have been oblained for a
Machnumber of the uncoming flew of Ma_, = 0.28 i is
shown in Fig. 4 tha! this low Machnumber of the tngis-
turbed flow creates aiready a small supersonic bubbie
at the airfoil leading edge. The question arises, how the
dynamic stall process is influenced, if Machnumber arg’
. or Reynoldsnumber are considerably reduced. The folic-
Fig. 4: Machnumber contours al  \ing two subsections investigate these effects for ire

(s

NACA 23012, « = 21° upstroke. NACA 23012 and for the NACA 0012 airfoil sections.
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Fig. 5: Force- and moment-distributions for the NACA 23012 airfoil section: Ma_, = 0.12.
Instantanecus vorticity distributions at &« = 24.51° upstroke.

4.1 NACA 23012 airfail.

Fig. 5 displays again lift, drag and moment distributions for the NACA 23012 airfoil section atl
Ma_, = 0.12. All other parameters remaine unchanged compared to Fig. 3. Several differences are
observed between both cases: the lifl-curve shows a steep increase beyond «,.. = 25°. i e inthe
beginning of the downstroke. The momaenl-curve shows also a shift of moment stall {o higher inci-
dence {close to 25%). At downslroke however the moment-curve develops a hysteresis-loop «das-
hed area in Fig. 5) which corresponds to a strong negative damping in this incidence range
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The vorlicity distribulion in Fig.

4 {again al & = 245" upsiroka)
NACH = 0.28 shows as in the previous cases
the conceniration of vorticity
downsiream from the leading
edge. But even at this high angle
the flow is stili altached,

HACH 2 0,12

Fig. 6 shows vorlicity distribu-
tions [or both Machnumber ca-
ses in delail within the range of
maxima} incidences. Compres-
sibility is responsible for an ear-
lier development and shedding
of the stall vortex. Even at
a = 24.9° downsiroke the stall
vortex is slill attached to the
airfoil surface for Ma,, = 0.12. It
is completely seperated howe-
ver for Ma_, = 0.28. In the latter
case a counter-rotaling vortex is
aiready developing from the air-
foils traiting edge.

4.2 NACA 0012 airfoil.

In [2] detailled flow investiga-
tions have been made for the
NACA 0012 airfoil section under
dynamic siall conditions by me-
ans of peint diffraction interferc-
metry. Emphasis was placed on
the investigation of compressi-
bility effects occuring during the
beginning of the stall process.
Fig. 7 shows measured interfe-
rograms at four different inci-
dences during upstroke compa-
red to calculated density con-
tours for the same case.

Fig. 6: NACA 23012: Vorticity contours at high incidence
range, left: Ma_ = 0.12, right: Ma,_, = 0.28.

Due 1o the small Re-number of 606 000 a la-
minar separation bubble starts to form
beyond « = 8° in the experimental case
which is not present in the calculation (fully
turbuleni). The separation bubble shifis the
start of the dynamic stall process to earlier
incidences (x = 12°), Fig. 8 shows calcula-
fed densily contours at « = 13.68° upstroke
where a similar behavior {start of the stall
process) occurs compared 1o the experiment
al « = 12° It seems thal the separation
bubble initiates the dynamic stall process at
lower incidences. This is the same trend as
found in the previous section due to an in-
crease of Ma_, and the developmen! of a su-
personic bubble at the teading edge (Fig. 4.

Fig. 8 NACA 0012: Densily contours at
x = 13.68 upstroke.
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M= 38

Fig. 7: NACA 0012 Interferograms, (3], versus calculated  density  contours, {A\p = 0.1}
ag = 0% &, = 107 »" = 0.1, Re = 800000
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5. Data visualization technigues.

In the previous seclions mosl of the calculaled dala have been displayed in a conventional way,
by plotting overalt forces and moments as function of incidence or by instantaneous plots of vorii-
eity, density ete, The unsteady separated flows on oscillaling airfoils are extremely complex. To
physicaily understand these flows, new means for dispiay are necessary o betler represent the
unsteadyness of the flow. Ono the olher hand the calculations produce a lremendeous amount of
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inforrmations: These data must be compressed in such a way thal the important events are visable
and ready for interpretation. New graphic software {ools [12] have recenlly been developed in DLR
with the ability and flexibility to do this imporfant job.

5.1 Pseudo 3d-viewing.

One possibility to investigate the flow completely over a whole cycle of oscitlalion is a pseudo 3d-
viewing, as displayed in Figs. 9. These Figures show flow events on the upper airfoil surface {NACA
23012) developing in time. The horizontal axis is the time-axis, the vertical axis {(aligned with U_}
represents the spatial dimension from airfoil leading (lop) to trailing edye (bollom}. The Figure
shows a projeclion of the airfoil, therefore the cherd is changing during the cycle, Bolh Figures
show the pressure-distributions on the airfoil surface for Ma,, = 0.12 {Fig. 8, top} and Ma,, = 0.28
(Fig. 8, bottom) corresponding to the cases discussed in the previous seclions. In addition lines of
zero skin friction, singular points {black within vorticies).elc. are als included [13]. Several flow
evenls can be observed from these Figures: Tongues of low pressure areas are developing from
the ieading edge aleng the chord as the effect of the dynamic stall vortex. A second pressure low
develops at the airfoil trailing edge at a later time. The slope of the pressure low in space and time
is a measure of the travel-velocity of the dynamic stall vortex. In both Machnumber cases this ve-
locity is very simitar. However the shedding event is shifted to later times in the low Machnumber
case. Areas of reversed flow and poststall oscillations can be studied as well. This type of pseudo
Jd-viewing can be varied in different ways, i.e. by display of other flow guantities. Such presenta-
tions may therefore serve as footprints of the unsteady seperated Nows,

5.2 Video movie.

The other way 1o visualize unsteady numerical data is to do it directly by video movie. Much work
has been done recently within a cooperation between the DLR-Institute of Fluid Mechanics and the
Institut fir den Wissenschaftlichen Filim (IWF), Goitingen to develop video movies from calculated
numerical data [7].

Within the scope of this cooperation the experts
developing the numerical code and producing
the data, the experts reducing these data eflfec-
tively by graphical visualization 1ools and the
experts on the "movie making” side worked
close together. The product from this coopera-
tion [7] shows different flow guantities like vor-
ticity-, Machnumber-, pressure-fields as func-
tions of lime, direct comparisons of these
quantities as time is progressing, focusing of
flow fields where important effects develop and
corresponding slow molions over paris of the
oscillatory cycles, where flow evenis are of
special interest.

Figs. 10 show as a special visualization techni-
que time-lines of particles during the movement
of the airfoil. Variing the colour of the instanta-
neous slarting lines in an effeclive way the {i-
me-dependent development of the unsteady se-
parated and vortical flows are made visible. A
similar technigue is applied in experimental
fluid dynamics with the hydrogen bubble me-
thod.

Figs. 10 show two instantaneous flow fields re-
presented by particles at the beginning (lop}
and the end (bottom) of the lift stall {see sketch
of ¢, versus «).

Fig. 10: NACA 23012: Development of time-lines.
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6. Conclusions,

A numerical code has been developed based on the 2d-unsieady MNavier-Slokes eqguations {o cal-
culate the viscous fiow about helicopter airfloil sections. Emphasis was placed on the deep dynamic
stall case including separation and vortex shedding from the airfoil surface. Comparisons of the
numerical results with experimental data show good correspondance of the overall forces and
moments. The large amount of data for ali field quantities has been made visible by corresponding
graphic toots recently developed in the DLR. Differen! visualization techniques, including pseudo
3d-viewing and the medium video movie have been applied successfully. Future work is necessary
to simplify and accelerate the procedure from the calculation of the data to the final visualization
product.
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