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A coupled Computational Fluid Dynamic (CFD) and Computational Struc-
tural Dynamics (CSD) methodology is extended to analyze the®ectiveness of a
leading edge slat (LE-Slat) for mitigating the adverse e®ect$ dynamic stall on
rotor blade aerodynamic and dynamic response. This involvetie following im-
provements over the existing CFD methodology to handle a miHelement airfoil
rotor: incorporating the so-called Implicit Hole Cutting metod for inter-mesh
connectivity, implementing a generalized force transfer uine for transferring
LE-Slat loads onto the main blade, and achieving increased nadielization of the
code.

Initially, the structured overset mesh CFD solver is extensivelyalidated
against available 2-D experimental wind tunnel test cases in stdy and unsteady
°ight conditions. The solver predicts the measurements with suzeint accuracy
for test cases with both the baseline airfoil and that with two slacon gurations,

S-1 and S-6. As expected, the addition of the slat is found to beghly e®ective



in delaying stall until larger angles for the case of a static dwil and ameliorating
the e®ects of dynamic stall for a 2-D pitching airfoil. The 3-Daupled CFD/CSD
model is extensively validated against °ight test data of a UH-60Aator in a high-
altitude, high-thrust °ight condition, namely C9017, charaderized by distinct
dynamic stall events in the retreating side of the rotor disk.

The validated rotor analysis tool is then used to successfully demstrate the
e®ectiveness of a LE-Slat in mitigating (or eliminating) dynaic stall on the rotor
retreating side. The calculations are performed with a modi@& UH-60A blade
with a 40%-span slatted airfoil section. The addition of the slais e®ective in the
mitigation (and/or elimination) of lift and moment stall at o utboard stations,
which in turn is accompanied by a reduction of torsional structral loads (upto
73%) and pitch link loads (upto 62%) as compared to the base&rC9017 values.

The e®ect of a dynamically moving slat, actuating between slatopitions
S-1 and S-6, is thoroughly investigated, rstly on 2-D airfoil gnamic stall, and
then on the UH-60A rotor. Three slat actuation strategies with up [1; 3; 5]=rev
harmonics, respectively, are considered. However, it is notedat the dynamic
slat does not necessarily result in better rotor performance asropared to a
static slat con guration.

The coupled CFD/CSD platform is further used to successfully deomstrate
the capability of the slat (S-6) to achieve upto 10% higher thust than C9017,
which is beyond the conventional thrust limit imposed by McHugts stall bound-
ary. Stall mitigation due to the slat results in a reduction of brsional load upto
54% and reduction of pitch link load upto 32% as compared to éhbaseline

C9017 °ight test values, even for an increase in thrust of 10%.
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Chapter 1

Introduction

Modern rotorcrafts today face many challenges to meet evarereasing demands
from their military and civilian customers. This re°ects on ingceasing require-
ments for larger payload weight, range, endurance or redut&iel consumption,
as well as better maneuverability and agility, i.e. the abity to sustain larger
g-force. These demands translate to an increased thrust requirent besides
demanding a larger overall lift-to-drag (L/D) ratio. In addition to the above
stated demands, helicopters have contrasting aerodynamic teggments on the
advancing and retreating sides. For ezxcient operation, the a@wncing side re-
quires thinner blades for lower pro le drag Cdy), which is strongly in°uenced
by transonic/compressible e®ects. But, to balance the lift on thadvancing side
the retreating side requires thicker blades which would allwlarger sectional lift
(Clmax ) values; but these values are limited by stall phenomena. Thellimving
sections further discuss how these contrasting aerodynamic nedithit the rotor

°ight envelope.



1.1 Flight Envelope

In general for a helicopter at a nominal forward °ight speed theneed for a
larger thrust requires an increase in rotor collectivep§). To balance out the
advancing side lift, the local angle of attack ® on the retreating side blade
section becomes higher. Increasingly high@ ultimately leads to stall. This
has several consequences: a) the local lift no longer increas@ghb local drag
increases greatly, and c) the local nose-down pitching momemenalty becomes
larger which generates larger blade section torsional loads.h&d moment also
gets transmitted to the pitch-link which leads to blade pitchlink load fatigue
and eventually failure. These aerodynamic and structural pm®mena ultimately
contribute to various forms of °ight envelope limits, e.g. thust limit (due to loss
of lift), torsional limit (due to large nose-down pitching monent) or power limit
(resulting from large drag penalty). Figure 1.1 shows an exargof thrust limit
on a UH-60A rotor for a range of forward °ight speed. The arrow showthe
direction of increasing collective at a given forward speed drthe thrust value

is limited by the so-called McHugh's Stall Boundary [1].

1.2 Dynamic Stall in Helicopters

The discussion in the previous section on °ight envelope clearlyahs the signif-
icant role of stall in de ning the °ight envelope boundary. Unlile xed wing, the
helicopter rotor experiences a highly unsteady aerodynaménvironment. The
unsteady e®ects are severe, especially on the retreating sidehaf totor disk,
because the blade sections operate at low dynamic pressures aighlangles of

attack in this region. In forward °ight there is the potential for a lift imbalance
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Figure 1.1: Thrust limit on a UH-60A rotor [1]

between the advancing and retreating sides of the rotor disk.olcompensate for
the asymmetry the °exible rotor blades usually “ap up on the advaring side
and °ap down on the retreating side. The e®ect of the °ap motion abg with
the di®erential in pitch, due to the cyclic pitch inputs, on theadvancing and
retreating sides results in a lower e®ective angle of attack dnet advancing side
and higher angle of attack on the retreating side. The unsteadyperation of the
blade sections on the retreating side near the airfoil stall bowdary leads to a
phenomenon called dynamic stall (DS). Figure 1.2 describesetistages of DS on
a 2-D airfoil undergoing cyclic pitching. Dynamic stall is chracterized by the

following sequence of events:

1. With increasing angle the °ow stays attached to a highe® than what is

usually observed for the steady stall case.

2. Further increase in® results in the formation of an energetic leading edge

vortex which after detaching from the leading edge, convextiown stream



above the upper surface of the airfoil.

3. The downstream movement of the vortex along the upper suracauses
large aft movement of the center of pressure on the airfoil, wdh in turn

results in a large nose-down pitching moment.

4. Once the vortex convects past the trailing edge, the °ow sepes and the

airfoil goes into lift stall.

The dramatic °uctuations of the blade pitching moments durirg dynamic stall
lead to severe vibratory hub loads, which limits the operatic envelope of
helicopter rotors. A detailed discussion on DS is found in the bkdyy Leishman
[2].

It must be noted that DS °ow behavior is strongly in°uenced by statt stall
behavior of an airfoil. For example, Fig. 1.2 shows that the stiz airload stall
limits in lift, moment and drag are lower bounds to dynamic sth lift, moment
and drag, respectively. Moreover, many DS models, e.g. LeishmBeddos,
Beddos etc., are based on information extracted from staticréoil data. This
emphasizes the importance of understanding the fundamentabst airfoil prop-

erties before predicting and/or determining dynamic stall “@v behavior.

1.3 High Lift Concepts

In the past, there has been extensive research and developmemtlow speed
~xed wing high lift designs, a brief summary of which is presentedhiFig 1.3.

Broadly speaking the design concepts were in the form of:

1. Mechanical or conformal morphing designs, such as, variabkmber, inte-

grated trailing edge °ap (TEF), drooping or deforming leadig edge (LE),
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etc.
2. Multi-element concepts, such as, TEF, LE-slats or combinatioof both.

3. Flow control techniques, such as, direct °ow (blowing/suctioy zero mass

°ux (synthetic jets), vortex generators, etc.
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Figure 1.3: High-lift concepts. Courtesy NASA

The trend observed in these broad class of high lift concepts ikat the
increasing need for high lift bene ts requires increasingly omplex designs. There
exists a trade o® between complexity of the design versus its potial bene ts,
and in that regard multi-element concepts perform well in mataining a good
balance of the two. The following section discusses the airloaldacacteristics of

two typical multi-element designs, namely, a TEF and a LE-slat.



Figure 1.4: Clark Y wing with 21:1% chord split “ap and 30% chord Maxwell
slat [7]

1.3.1 High-lift Airloads

As mentioned before, the popular multi-element concepts imé past were: trail-
ing edge °aps (TEF) and leading edge-slats (LE-slats). Comparisf their rel-
ative airload characteristics would throw light on their rehtive performance in
relation to today's modern helicopter demands. As an exampl&arious airfoil
characteristics of a plain Clark Y airfoil geometry (Figure M), with that from
the same airfoil but with either a 211% chord split “ap or a Maxwell 30% chord
slat with gap [7], are compared in Figure 1.5. Figure 1.5(a) stvs the improved
Clnhax for the split “ap compared to the baseline airfoil. But, due to tle °ap
the e®ective angle of attack is increased, and therefore thefai undergoes stall
at a lower angle of attack and the stall is much sharper than forhe baseline
case. Adding the LE-slat not only improves theCl.x Vvalue, it also increases
the stall boundary by approximately 5; 6* angle of attack as compared to the
baseline airfoil and more than around Bas compared to the split °ap. The °ap

is also found to incur more of a drag penalty (around:R) as compared to both
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the plain and the slatted airfoil. Moreover, the °ap results in darger nose-down
pitching moment than the slatted airfoil, for the same lift vaue (Fig. 1.5(c)). Fi-

nally, Fig. 1.5(d) shows that overall performance of the sla¢d airfoil, in terms

of lift-to-drag ratio (CI/Cd), is better than that of both th e plain and split °ap

airfolil.

For the split °ap, although the °ap increases the lift, the increae in drag
is even greater such that the lift-to-drag ratio is decrease@ds compared to the
plain airfoil. For the slatted airfoil, the lift-to-drag rat io is greater at the large
angles of attack. Moreover, with increasing angle the lift eeying capacity of
the element itself diminishes for the °ap, but increases for theatl For example,
see Fig. 1.6. At the lower angles of attack the slat is less e®eetivin fact,
near zero degree angle of attack, separated °ow may occur on tbever surface
of the slat, resulting in increased drag. It should be noted thathis would be
ameliorated if the angle of the slat was increased; howeverathwould decrease
the e®ectiveness of the slatted airfoil at high angles of attackhus, the shown
xed slatted airfoil geometry is a compromise.

To better understand the airload behavior of multi-element &foils, such as
the ones discussed above, it is necessary to study their underlyiplgysics. The
following sections discuss the basic °ow physics of multi-elemeairfoils and

their advantages over conventional single element high liloncepts.

1.3.2 Multi-element Flow Physics

In a historical review paper [3] on high lift aerodynamics, A.MD. Smith char-
acterized the maximum lift carrying capacity of a natural baindary layer (BL).

He emphasized the theory that any multi-element airfoil woulgproduce higher
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lift than a single element airfoil. The theory in general state that lift due to

n + 1 elements is greater thann elements. In this paper, Smith laid out ve

predominant favorable e®ects of gaps or slots in multi-elentexnr°ows, three of

which are inviscid e®ects (Fig. 1.7) and the rest are viscous (Fit}8).

1.

Slat e®ect (inviscid)

Circulation e®ect (inviscid)

Dumping e®ect (inviscid)

O®-surface pressure recovery e®ect (viscous)

Fresh boundary layer e®ect (viscous)

From inviscid theory, any nite lift producing airfoil element can be approx-

imated by a point vortex with "nite circulation value (neglecting the thickness

e®ect). See Fig. 1.7(a). This approximation helps in understding the °ow

physics behind the rst three (inviscid) e®ects.
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Vortex

(a) Slat and Circulation E®ect (b) Dumping E®ect [4]

Figure 1.7: Inviscid E®ects of Gap
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Figure 1.8: Viscous E®ects of Gap
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The slat e®ectfrom the forward element, due to its nite circulation vortex,
causes decreased °ow angle at the downstream element leadingeedds). This
reduces the pressure peak on the downstream LE and thus protetite element
from °ow separation. Circulation e®ectdue to the down stream element causes
an increased °ow angle on the forward element at the trailing gé (TE). To
maintain the Kutta condition, the circulation on the forward element becomes
larger which results in larger lift. Since, the pressure peak dhe forward element
increases, it can be placed at a lower physical angle. The highoaty °ow on the
upper surface of the trailing element allows the °ow to leave thforward element
at a higher speed. Thislumping e®ec{Fig. 1.7(b)) reduces the pressure recovery
of the forward element as well as allowing for improved liftae to the larger area
under the pressure curve on the forward element.

The rst of the viscous e®ects is the®-surface pressure recoveg®ect, which
states that the pressure recovery in a wake is more excient than emn a bound-
ary layer (BL) on wall. See Fig. 1.8(b). The wake of the slat mges with the
BL on the wall and forms a Con°uent Boundary Layer (CBL) as illistrated in
Fig. 1.9. If the boundary layer and wake have a large enough segtion between
them, then there is also a layer or layers of unretarded air fno the upstream
gaps, which usually disappear further downstream as the layerenge. The CBL
can be very thick and extend from the surface well into the °ow el (e.g., 20%
chord). The CBL can generally withstand a larger adverse pressugradient
(avoiding separation) than a standard boundary layer.

The other viscous e®ect is related to the "age' of a boundary éaytself. Each
element has afresh boundary layemwhich originates on that element. A thin,

turbulent boundary layer can withstand stronger pressure gradnts than a thick

12



Figure 1.9: Process of formation of CBL in a typical multi-elment airfoil [6].

one and is less likely to separate. See Fig. 1.8(b). If the dem@ment of the
boundary layer on an airfoil is compared to that on a multi-edment system of
elements with an equivalent combined chord length, the ovali pressure recovery
of the multi-element system is, e®ectively, divided among all ¢helements. At
the same time, the boundary layer does not continuously growaalg the e®ective
chord as it would on the single element. Moreover, a fresh bowsy layer (BL)

allows for region of laminar °ow on downstream elements, favog reduced drag

values.

1.4 Previous Work

The problem of relating rotor thrust capability to airfoil sedion characteristics
becomes ditcult when it is recognized that the rotor thrust is ot dependent
upon the maximum static airfoil lift, but that there is an unsteady or dynamic

component [8] that increases the thrust capability. Similard the ndings in
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two-dimensional airfoils observed earlier, measurements dfet rotor thrust of a
full-scale H21 rotor in the 40- by 80-Foot Wind Tunnel by McClod and McCul-
lough [9] demonstrated that a rotor can provide more thrust tha that which
would be calculated using just the static airfoil lift coexcient This additional
lift, as mentioned earlier, can be attributed to the phenomason called dynamic

stall.

1.4.1 Fundamental Understanding of Dynamic Stall

Dynamic stall has been the subject of extensive research in thespd10, 11].
There has been a lot of experiments to understand the fundantahnature of
dynamic stall, including wind tunnel tests on two-dimensionakirfoils. Exper-
iments were conducted by McCroskey and his colleagues [1Z{&%clusively to
understand dynamic stall characteristics of eight airfoil seins in the 7- by 10-
Foot Wind Tunnel at NASA Ames Research Center. Bousman [1] used these
data to come up with a dynamic stall function. He studied the e®estof var-
ious parameters, namely, amplitude, frequency of airfoil aiations, Reynolds
number, boundary layer and Mach number, on the dynamic staluhction. In
his limited experimental and analytical e®orts in improvingdynamic stall per-
formance he concluded that variable geometry or multi-eleemt airfoil designs
would provide improved lift without a severe moment or drag pealty.

The knowledge obtained on dynamic stall from 2D wind tunnel &ing pro-
vides a useful basis for understanding dynamic stall on a helidep rotor in
forward °ight and maneuvers. However, signi cant di®erences exisetween the
two environments and it is useful to mention some of these di®eo&s. The

angle of attack on an airfoil can be expressed a® = Peonst + Melast i A In @
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conventional 2D wind tunnel test, the model is made rigid so thalastic motion
(Merast), €ven at the highest frequencies, is one to two orders of mamie smaller
than the control angle (onst). Similarly, the induced °ow angle @) is normally
small and is neglected. For a helicopter in °ight, however, alihree of these
angles are of approximately the same size. It is possible in °ight tneasure the
control angle of a rotor with reasonable accuracy and, with sarcare, derive the
elastic deformation in the blade from strain gauge measuremantHowever, the
induced °ow angle is dependent upon the trailed and shed wake tbie blade,
the in°ow induced by all the other blades and the °ow induced byhe fuselage.
Therefore, there is a need for the three dimensional study of wigmic stall in

“xed wings and/or rotors.

1.4.2 Three Dimensional Dynamic Stall: Wings and Ro-

tors

3D wing stall has been studied through extensive experiments lyorber [15],
and Lorber et al. [16] for SSC-A09 thin airfoil and Piziali [1]ffor a NACA 0015
airfoil. Lorber et al. studied the unsteady separation and dymaic stall process
along with the e®ects of compressibility, pitch rate, wave rat@and geometry on
dynamic stall of an oscillating wing with varying wing sweep args. The °ight
condition spanned Mach numbers of:@j 0:6 and Reynolds numbers of 2 6
million which broadly simulates all the °ow conditions that a telicopter usually
experiences during one rotor revolution. A comprehensiveview of experimental
investigations up to 1996 can be found in Carr and Chandraseki@a[18]. This
review of research on the e®ect of compressibility on dynamic ststhowed that

compressibility e®ects can have a major impact on dynamic stalemnts, and
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can even completely change the physics of the stall process tluatcurs at low
Mach number. They emphasized that future research e®ort should mto areas
of control, alleviation, or avoidance of dynamic stall.

Spentzos et al [19] conducted a CFD based study of three dimemsb dy-
namic stall of various xed wing plan form shapes. The main condion of
this work was that similarity between 2-D and 3-D calculatios is good only
in the mid-span area of the wing while the outboard section is danated by
the omega-shaped vortex. The °ow con guration near the wing tijis far more
complex with the tip vortex and the Dynamic Stall Vortex (DSV) starting from

the wing tip.

1.5 Stall Alleviation Techniques

Alleviation of dynamic stall has been one of the biggest concerramong he-
licopter researchers. Earlier stall alleviation concepts imlved xed geometry

innovative airfoil and passive control designs.

1.5.1 Innovative Airfoil Design

McCroskey and colleagues at NASA carried out extensive experintal tests
wherein they examined the dynamic stall characteristics of sesal airfoil de-
signs [12{14] in the 7- by 10-Foot Wind Tunnel at NASA Ames Research
Center. The airfoils they tested were: NACA0012, AMES-01, Wortann FX
69H098, SC1095, Hughes Helicopters HH02, VR7, NLR1 and NLR-7301 (see
Figure 1.10(a)). Bousman [1] used the Ames test data to better undstand the

airfoil design characteristics that a®ect the augmented lifni dynamic stall and
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(a) Airfoils tested in the NASA Ames 7°€ 10° (b) BERP Rotor [20]
Wind Tunnel [12{14]

Figure 1.10: Innovative Airfoil and passive Blade Design

the associated moment and drag penalties. Those data were used talerstand
what parameters most strongly in°uence the dynamic stall loadmand provided
some indications about the use of multi-element and variableegmetry airfoils

in rotors for enhanced dynamic stall performances.

1.5.2 Passive Control Techniques

Popular passive techniques used in the past to improve rotor permance were:
modi cation of rotor sweep, taper, twist, anhedral or tip shapelnnovative rotor
designs such as the BERP [20] rotor (with its RAE9645/48 airfosections) have
been successful in pushing the dynamic stall limit (Figure 1.10(pby incorpo-
rating a spanwise variation in airfoil geometry in combinatia with a modi ed
tip shape. Fradenberg et al [21] patented a helicopter bladé lmigh twist with an
improved tip that incorporated a combination of sweep, taperand anhedral to
improve the hover performance by unloading the tip and reduag the tip vortex
strength as well as displacing the vortex away from the returng approaching

blade surface. However, an experimental investigation on a \BEP-type" rotor
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by Yeager et al. [22] showed no performance gain either in how in forward

°ight, although this innovative rotor design showed good redwd hub and pitch-
link load characteristics. Gurney °aps [23] have been found toebe®ective in
maximizing lift and lift-to-drag ratio with reduced drag and moment penalty,
but only at light dynamic stall [24]. Moreover, several studie$25] have shown
that it requires a combination of passive °ow control devices, gtead of just one,

to attain an optimum con guration for stall alleviation.

1.5.3 Active Control Methods

The °ight envelope expansion that can be achieved by innovagvblade design
alone is limited, because of their passive nature for blade coot The passive
devices typically e®ective on xed wings are impractical on heopter rotors
because they would have to be deployed in a rapid, time-depeamd manner in
the rotor cycle. On the other hand, active control strategiesunlike passive
control elements, can be switched on and o® instantly. Thus, thetave control
mechanisms do not degrade the operational performance whemey are not
needed. Therefore, recently active control methods haveigad more popularity
than passive control methods.

One kind of stall control mechanism involves direct in°uence ofuid °ow
using °ow control mechanisms such as: boundary layer suction [2B6]pwing or
air injection [27], vortex generation [28], plasma actuatio of “ow [29, 30], or
mass-less \synthetic-jet" [31{33]. These control devices helpaimtain leading
edge suction by energizing the boundary layer, which delaysindary layer sep-
aration and stall. Although these °ow control techniques have dect in°uence on

the °ow and hence are more e®ective on dynamic stall (DS) contrahplement-
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ing them on a rotor, however, is very complex. For example, rédict °uid °ow
control would require °uid transfer from the hub to the rotating elements, which
would be very power demanding. Even in the case of zero-mass °owthods,
such as, synthetics jets, the mechanism involved in cavity actuah is highly
complex for a rotating element. Therefore, actively contited blade element de-
sign concepts, such as a) TEFs b) Variable Geometry LE and c) LH&Ss, have
become more popular among researchers for rotor DS allewiati

With the advances in smart material actuators researchers havnvestigated
the use of active °ow control techniques using trailing edge °ags dynamically
control the rotor °ow eld [34{36]. Mechanically an active traling edge °ap
is easier to design and implement, and is a suitable alternatiigecause of its
high control authority, low actuation power, and low aerodypamic drag. But, its
e®ectiveness in DS mitigation or alleviation is only mild dueotits indirect in°u-
ence on the leading edge aerodynamics. TEFs achieve DS mitiga/alleviation
either by: a) modifying the dynamic stall vortex trajectory by shifting the trail-
ing edge vortex [37] or by b) aeroelastically reducing the aligc twist through its
moment °ap e®ect [38]. In this context, active control conceptthat modify the
leading edge °ow directly, especially the deforming leadinglge airfoil concepts,
are more e®ective and hence are becoming more popular.

In the recent past, various control strategies involving defaing leading
edge concepts have been investigated in regards to dynamidlistantrol in high-
lift con gurations. Two such concepts are: dynamically deforing leading-edge
(DDLE) [39,40], and variable droop leading-edge (VDLE) [241{43]. With vari-
able droop, the °ow acceleration is slowed down prior to reaciyg the leading

edge and hence the adverse pressure gradient is much smoother rnitijated.
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This results in a mitigated compressibility e®ect too. While it Blps reduce stall
intensities in regards to moment and drag, it shows little or nanitigation of lift
stall events. This results in reduced lift-to-drag ratio at lager angles. Similar
arguments explains the limited stall alleviation capabiliy of DDLE devices. Al-
though VDLEs and DDLEs have direct control on the leading edg®w resulting
in dynamic stall alleviation, the e®ect is still mild. Moreoverimplementation
of deforming geometry devices is limited by the complexitynvolved in the inte-
gration of the active ber or active patches to the blade surfaz Leading edge
slats, in comparison, hold better promise as a dynamic stall cowir device as
they directly modify the boundary layer °ow on the upper surfae of the airfoil,

without requiring any special blade surface material for theiimplementation.

Leading Edge Slats

A leading-edge slat delays the onset of boundary layer sepamation the main
airfoil section and therefore provides a higher stall marginwhich is critical for
the blade sections operating on the retreating side of the ratalisk. However,
studies have shown that this high lift capability is accompamd with an increased
drag penalty. For example, steady and unsteady results from Hidift airfoil
sections, such as, VR-7 with the NACA-15320 as a leading edge slat (Btat),
showed improved steady lift and reduced hysteresis during dynamstall, but
increased drag at low angles of attack [44,45]. Noonan et al6]4nvestigated
two forward-slotted con gurations (C106 and C210) based on theC(6)-08 tip
airfoil. By comparing against a viscous transonic code, they sérved an increase
of 29; 61% in the maximum lift capability in comparison to the baselie single-

element airfoil, and a 150% increase in the drag. These slattedfails (RC(4)-10
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airfoils) in the HIMARCS-I rotor [47] showed a 15 20% improvement in the
rotor stall boundary accompanied by a reduction in the rotor ¢rque at high
thrusts, and high advance ratios, but was accompanied with a 3020% torque
penalty at lower thrust conditions. Carr et al. [48] have condcted detailed
°ow measurements demonstrating the e®ectiveness of these slat camagions
on RC(6)-08/106 and -08/210 airfoils in suppressing the dynamistall.

Several computational studies have been conducted to desigatston gu-
rations that can overcome the airfoil drag and torque penalts at low angles
of attack. Narramore et al. [49] combined a potential °ow/intgral boundary
layer solver with an inverse design tool to develop airfoil geatries which were
later analyzed using a thin layer Navier Stokes solver. A compgrensive rotor
dynamics solver, using a lift and drag table generated from theolver, was used
to develop a new slat design, A3C. This new design demonstrated a B¥rease
in maximum lift and a 47% decrease in minimum drag over the e&t C106
airfoil. This design was later successfully applied in a tilt rair study to improve
its maximum thrust capability [50]. Computations using CAMRAD [51] on the
UH-60A rotor with A3C slats showed a 25% increase in the maximum thstica-
pability of the rotor, but it incurred a signi cant power penalty at lower thrust.
A separate design e®ort applied adjoint optimization and an unstctured Navier
Stokes code and achieved drag reductions at lower lift coe®cit by reducing the
°ow separation on the slat lower surface [52]. A detailed discussiofh the °ow
on the optimum slot design showed that the design was e®ective in pugssing
the dynamic stall vortex, even at the high Mach numbers that hee tended to
negate the e®ectiveness of many °ow control concepts. Table lompares var-

ious active control devices and shows how LE-slats fair bettéinan others on

21



Properties TEF VDLE Flow Control LE Slat
Camber High High Low High
Energize BL Low Low Moderate High
Transition Delay Low Low Moderate High
Drag Penalty Low Moderate Low Moderate
Mech. Complexity Low Moderate High Moderate
Lift/Drag Moderate Low Moderate High
Stall mitigation Low Low Moderate High

Table 1.1: Comparison of Active Control Devices

many aspects, especially in terms of lift-to-drag ratio and sththaracteristics.

To summarize various LE-slat bene ts:

1. LE-slats directly in°uence boundary layer development onhie upper sur-
face of the main airfoil through favorablegap e®ects¢inviscid/viscous), and

thus sustain attached °ow until larger angles.
2. LE-slats are very e®ective in increasing stall margin.

3. They provide higher sustained lift Cimax ), reduced pitch down moment
compared to other multi-element airfoils such as TEFs, and thmefore re-

duced blade section torsional and pitch link loads.

4. With an actively moving slat, blade geometric properties can be slowly
varied across the rotor azimuth and as a function of changingdht condi-

tions.

Most recently, researchers at Sikorsky and UTRC have been ableitoprove
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Figure 1.11: S-1 and S-6 slat con gurations with respect to theaBeline air-

foil [55].

the Multi-Element Airfoil (MEA) xed geometry designs to overcane the ad-
vancing side drag penalty by incorporating an active slat acation and control
concept [53]. Amongst the several slat con gurations proposed byiber et al.,
two slat positions S-1 and S-6 (see Fig. 1.11) were used for thisdiu The S-1
position was speci cally designed to achieve a compromise betwédegh-lift and
low-drag, while the S-6 position provided higher maximum kfcharacteristics
on the retreating side, and was not expected to perform well ghe advancing
side due to high drag. The performance bene ts of these con gurabs on a
model Sikorsky rotor blade were analyzed using transonic windrinel measure-
ments [54] and later compared with an analytical study. Resudtindicated that
a modi ed S6-1 position (derived from the S-6 con guration) wathe best con-
“guration because of its high stall-extension capabilities andhinimum torque

penalty at lower thrusts.
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1.6 Motivation

Robust, reliable analysis methodologies are critical in ewating the merits of
novel rotor design con gurations involving active control suiaces, such as lead-
ing edge slats, on helicopter performance. Traditional anais methodologies
rely on simple, lower-order aerodynamic models to predict ¢haerodynamics
of the rotor blade-wake system, primarily because of their lowomputational
footprint allowing these models to be used as practical designdls. However,
these empirical models were derived from experiments perfoed on simple air-
foil con gurations, and lacked the fundamental capability tomodel the complex
°ow environment observed in multi-element airfoil con guratons. Furthermore,
the use of active control surfaces allow the designer considdebBexibility in
the shape, sizing, and the amplitude and phasing of the actuatio Conduct-
ing experiments across this entire design space, necessary toeltgy empirical,
low-order models of these con gurations, is impractical. Any atysis of such ex-
otic con gurations must, therefore, rely on high- delity CFD models which can
calculate the aerodynamic environment associated with congX aerodynamic
surfaces from rst principles by direct solution of the Navier-Sikes equations.
To obtain reliable predictions of the helicopter performace and the detailed
aerodynamic environment surrounding the rotor blades, bothhe °uid and the
structural domains need to be modeled accurately. Solvingeéhwo domains in
a single monolithic solver is impractical, instead a coupled sirfation using spe-
cialized solvers allows the modeling of the domain-speci ¢ faees in a simpler,
excient manner. Interactions between the °uid and the structual surface can
then be modeled by exchanging information at the °uid-structte interface. Ear-

lier studies concentrated on the use of CFD for optimizing awfl con gurations
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by generating airload tables, such as, lift and drag tables. Theomputational
structural dynamics (CSD) analysis was then used to carry out aaeroelastic
study on rotor performances [51]. In this regard an approaclnat couples CFD
and computational structural dynamics (CSD) is more appropate to capture

the aeroelastic e®ects of the mentioned active control mettsd

1.7 Objective

The focus of the current research is to develop and validate aupled Compu-
tational Fluid Dynamics (CFD) and Computational Structural Dynamic (CSD)
model to investigate the e®ectiveness of the LE-slat concept ialdying the onset
of dynamic stall on rotors and thus its e®ectiveness in expandiihe rotor °ight
envelope.

First, this requires the CFD based aerodynamic model to be rigausly vali-
dated against available 2-D wind-tunnel measurements on LE $an both static
and dynamic °ow conditions. Then, the validated CFD aerodynam model can
be coupled with a CSD model capable of predicting the dynansiof a °exible
rotor blade and computing the vehicle trim solution. The coujed simulation
should be used to analyze the baseline UH-60A rotor in a high-alide, high-
thrust °ight condition and validate against available °ight test data. The °ight
condition can then be analyzed with a slightly modi ed UH-60A blde that
includes slatted airfoil sections in the mid span region. Di®ereslat con gu-
rations, for example, S-1, S-6 and prescribed slat actuationscghd be used to
examine the e®ectiveness of leading-edge slats in mitigatirige tdynamic stall
on the retreating side.

Among various challenges encountered by such a CFD solver in a MEame-
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work, connectivity between grids in the overset mesh systems isnatable one.
In the conventional overset mesh system, the body tted blade meshaere em-
bedded inside a cylindrical o® body mesh to capture the entiretor blade-wake
aerodynamics. The hole-cutting and the data-exchange rouags in the baseline
solver were limited to simple rotor blade-wake mesh con guratis and would
not be capable of modeling the three mesh system when used with ademg-edge
slat. Therefore, the overset methodology needs to be modi ed tise a novel Im-
plicit Hole-Cutting (IHC) technique [56]. The current work will look into the
advantages and e®ectiveness of the IHC technique for MEA rotonalysis.

Although, there have been e®orts on understanding the e®ects & &lats
on rotors, including the recent ones at UTRC, these e®orts werestected to
slats remaining static with respect to the main blade. In orderd minimize the
drag penalty, it is necessary to actively control the position fothe LE slat as
a function of the blade azimuthal position. The objective isd orient the slat
in a position that delivers the maximum lift capability on the retreating side,
while reorienting it in a way that minimizes the drag penaltyincurred on the
advancing side. Initial e®orts in achieving actuation of slatrorotor were taken
by Torok et al. [57,58]. A novel span wise actuation concept f@an active slat
was developed by Bernhard et al. in [59], and is illustrated iRigure 1.12. But,
the analysis of this moving slat concept is very limited in theiterature. The
current work hopes to contribute to an improved understandig of the dynamic
slat concept by exploring its aerodynamic and structural imptation on rotors
in detail.

Detailed objectives of the thesis are:

1. An existing coupled CFD/CSD platform will be modi ed to incomporate
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Figure 1.12: Elastomeric bearing concept for slat actuatiorb3].
an actively controlled LE-slat system.

. LE-Slats actuation will be incorporated to achieve variale rotor blade ge-
ometry to e®ectively deal with the azimuthally varying rotoraerodynamic

environment.

. A novel hole cutting technique, IHC, will be incorporated ¢ exciently

achieve grid connectivity in a complex multi-element oversenesh system.

. This CFD solver will be validated with respect to two dimensinal wind
tunnel experimental data with and without slats and further nore the
CFD/CSD solver will be validated with a three dimensional UH60 rtor

°ight test case: C9017.
. Slat e®ectiveness will be demonstrated by:

() Achieving dynamic stall alleviation on UH60 rotor with redued drag

penalty.
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(b) Showing performance bene ts through slat actuation.

6. This MEA CFD/CSD platform will be used to demonstrate that the °ight
envelope can be pushed to higher thrustG;r =3} values by making use of

actively controlled LE-Slats.

1.8 Contribution of Thesis

The key contributions of this thesis can be classi ed into two may parts. A

brief description of these contributions are:
1. Methodology Development:

(a) Extension of existing CFD/CSD platform to analyze MEA desiq,
namely, LE-slats. It involves implementation of dynamic LE Sit

actuation on the helicopter blade.

(b) Development of a generalized force transfer routine for BA con g-

urations.

(c) Implementation of IHC methodology for improved connectiity across
meshes and optimization of the hole cutting procedure by apppriate
parallel implementation in an overset frame work required faa multi-

element bladed rotor.

2. Computational validation and determining physical mechaisms and ben-

e ts:

(a) Improved prediction and understanding of two dimensionallEA air-

foils as well as a three dimensional rotor (UH60 °ight test case C901
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undergoing dynamic stall phenomena with improved aerodyndm
modeling. This includes realizing the need for accurate melihg of
turbulence and turbulence transition for improved predicn of the

solver.

(b) Implementation of static and dynamic LE slat mechanisms to nitigate

and/or eliminate rotor dynamic stall.

(c) Determining increase in stall margin and quantifying pedrmance and

pitch link load bene ts.

1.9 Scope and Organization of the Thesis

The research work in the thesis is focused on extending, devefgpand validat-
ing a coupled CFD/CSD model to investigate the e®ectiveness dftiae control
elements, such as TEFs and LE slats, on expanding the helicopteghit envelope
as well as improving its performance in high lift °ight conditons. With an im-
proved connectivity algorithm (IHC) the solver can be a usefuldol in analysing
any multi-element rotor system or more generally speaking, amyulti-body mesh
system.

Chapter 2 describes the methodology used for this research. Tihevel hole
cutting strategy (IHC) with its merits over existing conventional hole cutting
is discussed. Further, actuation strategies for both TEF and LE at on rotor
blade are described.

The computational model for the analysis is validated and disissed in Chap-
ter 3. The validation cases span two dimensional wind tunnel erpments

through full scale model rotor °ight tests, i.e. C9017 °ight test.
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Chapter 4 looks into the e®ectiveness of LE Slats on improvingtor perfor-
mance by alleviating retreating side DS. It also explores the®ectiveness of a
dynamically moving slat on alleviating DS both on a 2-D airfdias well as on
rotors and their overall performance improvement.

The observations and conclusions from the present research iretthesis are

summarized in Chapter 5.
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Chapter 2

Methodology

The methodology used for the current analysis mainly consists lof delity aero-
dynamic tools used for predicting complex three-dimensionébw features and
procedures for °uid-structure coupling. The methodology came broadly di-
vided into: aerodynamic prediction using Computation FluidDynamics (CFD),
structural dynamics analysis using Computational StructuraDynamics (CSD)
and nally °uid-structure coupling. In this chapter, each of these aspects of
methodology is described in brief. Then, limitations of the»asting methodol-
ogy are discussed. The technical challenges to improve upon theitations are

discussed next.

2.1 Fluid Flow Modeling

The °uid °ow properties are governed by the three-dimensional Néer-Stokes
(NS) equations. The equations are numerically discretized at it® mesh points
and are solved using speci ed boundary conditions for the speci egmetry and
starting from given initial conditions. The NS equations are ani ed mathemat-

ical representation of the major conservation laws of physicsgi conservation
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of mass, momemtum and energy. For closure, additional algelrair di®erential
equations (e.g. equation of state, Stokes hypothesis or turdlent eddy viscosity

equation) are required.

2.1.1 Navier-Stokes Equations

The Navier-Stokes equations are the fundamental partial di®mtial equations
which describe the °ow of compressible °uids.The strong conservatibaw form
of the NS equations in Cartesian coordinates can be written as:

@Q, @F, @G, @H_ @F, @G, @W
@t @x @y @z @x @y @z

S (2.1)

whereQ is the vector of conserved variables;;, G;, H; are vectors representing
inviscid °uxes, F,, Gy, H, are vectors that represent the viscous °uxes, anl
represents the source terms that have to be included to accodaot the centrifugal
and Coriolis accelerations if the equations are formulatdd a non-inertial frame

of reference. The vector of conserved variables is given by
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where %zis the density, (U;v;w) are the Cartesian velocity components ane is

the total energy per unit volume. The °ux vectors are given by
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whereq,, ¢, and g, are the thermal conduction terms, which can be represented

in terms of temperature (T) and coezxcient of thermal conductivity (k), given

by:

@T
=i k= 2.9
' " @x (29)
The pressure p) is determined by the equation of state for a perfect gas,
given by
¥ 1 Ya
p=(°i 1) ej él/éu2+ V2 + w?) (2.10)

where ° is the ratio of speci ¢ heats, generally taken as:4. For a perfect
gas, T = =, whereR is the gas constant. With the assumption of Stokes'

hypothesis [60], the mean stresses can be represented by:
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(2.11)

where?! is the laminar viscosity, which can be evaluated using simple &lgraic

Sutherland's Law [60].

Non-dimensionalization of Navier-Stokes Equations

Non-dimensionalization of the governing equations is usefual achieving dynamic
and energetic similarity solutions for geometrically similasituations. Once the
solution is achieved, it provides exact solutions for all the S@s satisfying the
same boundary and initial conditions and having the same vals®f the dynamic
and energetic non-dimensional parameters. The solutions thabtained are of a
non-dimensional nature and are on the order of one. Generally characteristic
dimension such as the chord of an airfoil is selected to non-dinstonalize the
length scale, while free-stream conditions are used to non-ainsionalize the
dependant variables. The non-dimensional variables (dendtdy superscript o)

are given below:

ta X z
t° = e x°= = yn = X 7= =
Cc C C C
el ! o u o V o W
15 = u = — vV = — W = —
t1 a a a
1 T P e
]f’ - -l_u = — o= eu = — 2.12
’ Ya T, P Y4 a2 Ya a2 ( )

where c is the chord of the airfoil, a is the speed of sound and subscript
represents free-stream condition.

The non-dimensional parameters are de ned as:
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Reynolds Number : Re; = —
1
Mach Number : M, = Vi
aQ
1C p
Prandl Number : Pr= I (2.13)

where C, is the speci ¢ heat at constant pressure. For all computations irhis

work, Pr = 0:72 is assumed. V; is the free-stream total velocity given by

uz + vz + wf.

The Navier-Stokes equations in non-dimensional form can agabe repre-
sented as egn. 2.1, if the superscriptis ignored. The non-dimensional inviscid
and viscous °ux terms will also have identical form as before. ®erences arise in
the non-dimensional stress and conduction terms, which now beae a function
of the non-dimensional parameters (Reynolds number and Prdth number).
Neglecting the superscripta, the non-dimensional mean stresses and thermal

conduction terms, respectively, are given by:

" f ,
. _ My, @u, @p . 2@M,
1
g=i-— M1 0T (2.15)

Re; Pr(° i 1) @x
Rotating Reference Frame

The governing equations, usually solved in the inertial refenee frame, can al-
ternatively be solved in a non-inertial reference frame. Althugh choosing non-
inertial over inertial reference frame has signi cant advamtges in hover calcu-

lations [61, 62], it can have noticeable impact on solution ngergence even in
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forward °ight calculations. To account for a non-inertial reérence frame, the

°uxes in eqgn. 2.1 become:

8 9
YU i Ug)
% Ui Ug) + FE
Fi = U | UGV (2.16)
§ YU Ug)w §
(Ui ug)(e+p)
8 9
RVi Vg)
§ YAV Vg)u %
Gi=_ Yvi v v+p (2.17)
§ Vi vg)w §

~ (Vi vg)(e+ p) s

8 9
AW i W)
% YW i wWg)u %
Hi = YW | W)V (2.18)

% AW | Wg)w + p

- (Wi wg)(et p)
where,U = fu;v;wg is the vector of physical velocities in the inertial frame and
Uy = fug;vg;Weg = - £ 1 is the rotational velocity vector. - is the angular
velocity vector f0;0;- ,g, rotating about z-axis andr is the relative position
vector from the axis of rotation. Thus,Uq = fj - ,y;- ;x;0g. In addition, the

relative acceleration terms (due to coriolis force) have tbe included as a source

term vector S in egn. 2.1:
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i a4 , (2.19)

Note that the source term vector added to the right hand side of # NS
equations is an analytic expression. This enables better regentation of the
rotational e®ect in the non-inertial reference frame than ithe inertial reference

frame.

Transformation to Generalized Curvilinear Coordinates

The governing equations can be expressed in strong conservatiaw form in a
generalized body-conforming curvilinear coordinate systemith the aid of the
chain rule of partial derivatives. In e®ect, the equations at being transformed

to the computational coordinates»;”;3 are as follows:

@ & @ @
ot e e e (2.20)

where,
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1

Q = 3Q (2.21)
1
Fo= TDQ+ (i F)+»(Gii G)+ »(Hii H)  (222)
1., . , ,
6 = JLQ+ «(Fii F)+ 4(Gii G)+ o(Hii H)  (2:23)
1
H = 3[3tQ+ S(Fii R+ 3(Gii Gy)+ 3(Hii HY)I (2.24)
S = JES (2.25)
. .
whereJ is the Jacobian of the coordinate transformation (i.eJ = det &>2 )

2.1.2 Reynolds Averaged Navier-Stokes Equations

The governing NS stokes equations 2.20 are suzxcient for solvingiscid or lam-
inar °ows, but present dixculties in turbulent regimes. Turbulert °ow motions
occur in the vast majority of °uid applications encountered inengineering prob-
lems, especially in external aerodynamics involving helictgp rotors. Turbulent
°uid motion is an irregular condition of °ow in which the various quantities show
a random variation with time and space coordinates, so that statically distinct
average values can be discerned [63].

The most elegant solution to any turbulent °ow is via the Direct Numerical
Simulation (DNS) of turbulence. This approach is implement by discretizing
the Navier-Stokes equations 2.20 with a higher order accueahumerical scheme
and solved using an extremely ne grid mesh and hence can be congtignally
very expensive. An alternative approach to the DNS technique wi be the
adoption of Large Eddy Simulation (LES), which draws upon tB advantages
of the direct simulation of turbulence °ows and the solution of e Reynolds

averaged equations through closure assumptions. Although the pdarity of
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DNS and LES have become noticeable due to rapid developmenttogh per-
formance computing technology, the general trend of comgag turbulent °ows
still remains with the solution of the Reynolds-Averaged NavieGtokes (RANS)
equations with the inclusion of Reynolds stresses into the onigil full Navier-
Stokes equations. Resolving the turbulent °ows via this meansrqves to be
computationally much less expensive.

The RANS approach, which was presented by Reynolds in 1895, issbkd
upon the decomposition of the °ow variables into mean and °uctuseng parts.
The motivation behind this is that in most engineering and phgical processes,
one is only interested in the mean quantities. Therefore, any %o variable, A,

can be written as:

A= A+ A0 (2.26)

where A is the mean part andA° is the °uctuating part. The mean part, A is
obtained using Reynolds averaging given by
1 1 Zer
A= 3 lm = i AA(t)dt (2.27)
whereA = 1, if Ais density or pressure and\ = % if Ais other variables such as
velocity, internal energy, enthalpy and temperature. By deanition, the Reynolds
average of the °uctuating part is zero.

The decomposed variables are then inserted into the Navier-&&s equations
(eqn. 2.20) and the equations are Reynolds averaged to olstahe mathemat-
ical description of the mean °ow properties. If the overbar on # mean °ow
variables is dropped, the resulting equations are identicéb the instantaneous

Navier-Stokes equations with the exception of additional tens in the momen-

40



tum equation and the energy equation (not present if heat trasfer is neglected).
The extra terms in the momentum equation accounts for the adiional stress
due to turbulence and are called th&keynolds-stress tensor . These stresses

add to the viscous stress terms given in eqn. 2.11 and are given by

G =i valu? (2.28)

However, with the introduction of the Reynolds-stress terms, webtain six
additional unknowns in the Reynolds-averaged momentum edtians. In order
to close the RANS equation, the Reynolds stress terms are approdtad using
a turbulence model. Details of turbulence modeling will berke°y discussed in

section 2.1.4.

2.1.3 Initial and Boundary Conditions

RANS equations discussed in the previous section can be used to amalany
general problem. To characterize and de ne a particular °uid @ problem,
initial and boundary conditions are required. Initial condtions refers to the state
of °ow before the solution procedure starts and boundary condiin refers to the
physical as well as numerical conditions imposed on the °ow domaoundaries.
A patrticular choice or combination of boundary and/or initial conditions can
have a considerable in°uence on the accuracy or even the stapiproperties of
a numerical scheme.
Typically for a forward °ight rotor simulation, the initial co nditions of °uid

properties such as density, pressure and velocities can eithee Bet to the

freestream values or to a previously converged solution state.
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The two common boundary conditions for an external °ow are thewvall
boundary condition and the far- eld boundary condition. Wal boundaries are
natural boundaries of the physical domain which arise from thevall surfaces
being exposed to the °ow. For a viscous °uid which passes a solid walge
relative velocity between the surface and the °uid directly athe surface is zero.
The truncation of the physical domain or system for the purpose afumerical
simulation leads to arti cial far- eld boundaries, where certan physical quan-
tities have to be prescribed. The far- eld boundary conditiorhas to ful Il two
basic requirements. First, the truncation of the domain should &e no notable
e®ects on the °ow solution as compared to the in nite domain. Seuwd any

outgoing disturbances must not be re°ected back into the °ow- eld

2.1.4 Numerical Algorithm

The solver used in this work is the overset structured mesh solver OYR=
TURNS [64] (OVERSset Transonic Unsteady Rotor Navier-Stokes). OVERTURNS
solves the compressible RANS equations on two or three dimensiosiaigle block
structured grids.

The inviscid °uxes are evaluated using a nite volume upwind nunreeal al-
gorithm. The upwind biased °ux-di®erence scheme used is that paged by
Roe [65] and later extended to three-dimensional conservatidaws by Vatsa
et al. [66]. The use of upwinding eliminates the addition of gkicit numeri-
cal dissipation, which is often required in central di®erencelsmes. Upwind
schemes have been demonstrated to produce less dissipative nucaésolutions
compared to their central di®erence counterparts. First ordecchemes have unre-

alistic mesh discretization requirements. Therefore, the Vander [67] Monotone
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Upstream-Centered Scheme for Conservation Laws (MUSCL) appitais used
to obtain higher order accuracy. Appropriate °ux limiting is used to make the
scheme total variation diminishing (TVD). The Lower-Upper-Synmetric Gauss-
Seidel (LU-SGS) scheme, suggested by Jameson and Yoon [68,6%esl &as the
implicit operator.

The di®erential eqn. 2.20 is discretized in space and time in a taivolume
approach. In this approach, ctitious volumes are created aund each grid
point. A ctitious volume is created around a point using the milpoints of the
lines joining the adjacent grid points to the grid point. Thefaces of this new
volume lie exactly in the middle of two grid points. This volune is treated as a
control volume and °uxes are evaluated at the faces of the vahe, resulting in

conservation equations for the volume.

Figure 2.1. Schematic showing computational cell.

The semi-discrete conservative approximation of eqn. 2.20 cha written as:
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where, (;k;1) are the indices corresponding to the»(;";3) directions in the
transformed coordinate system andj(§ 3;k § 3;18§ 1) dene the cell-interfaces
of the control volumes as shown in Fig. 2.1 (2D cell shown for sittigty). The
spatial discretization (consisting of the inviscid and viscous °wes) reduces to
evaluating the interfacial °uxes|fj+%;ék+%; |4,+% for every cell §;k;1) in the

domain.

Inviscid Terms

The inviscid part of the interfacial °ux is computed using upwird schemes [67].
Upwind schemes have the advantage that the wave propagationgmerty of the
inviscid equations is accounted for (albeit approximatelyin the °ux calculation.
To evaluate the interfacial °uxes, the Monotone Upstream-Cented Scheme for
Conservation Laws (MUSCL) [67] approach is used. This proceauinvolves two
steps. First, the left and right states at each interface are renstructed from the
corresponding cells using piecewise cubic reconstruction wiKbren's limiter [70].
Next, these right and left states are used to de ne a local Reimanngblem and

the interfacial °ux is obtained by using Roe °ux di®erence splittig [65]:

F(q")+ F(d)

L. ARy —
F(q1Q)_ 2

R . L
1 A g (2.30)

whereA is the Roe-averaged Jacobian matrix.
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Viscous Terms

Helicopter rotor experiences °ow conditions ranging from higReynolds num-
ber attached °ow to low Reynolds number highly separated °ow. Tdathin-layer
assumption, appropriate only for attached °ow calculations, @mes invalid
for separated °ows (encountered near root and at large blade 8enal angles).
Therefore, in OVERTURNS, full viscous terms are considered witlu any thin-

layer approximations. Numerical discretization of these termswolve expres-

sions of the form [71]:

" o’
@» @

These terms are computed using second order accurate centra®eliencing.

(2.31)

Thus, the above expression will be discretized as:

AII _ _ # n B 3 #I
1 j+lk+l I j+ ik 1y P Lkt
o G o i Qi (2.32)
where
i+ Foqg
%+%;k = _jk—z_jlk’ (i: ®’_) (233)

Time Integration

Time evolution of the conservative variablesQ, in the equation 2.29 can be
achieved using either explicit or implicit methods. Explicitmethods have re-
strictions on time step size based on the mesh size and °ow quantitid$owever,
most implicit methods do not have such restrictions. Hence, imgit meth-

ods are preferred for RANS calculations with ne meshes at the Walurfaces.
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The OVERTURNS code uses the implicit Lower Upper Symmetric Gaussetiel
Scheme (LUSGS) [68, 69] along with Newton sub-iterations [72] order to re-
move factorization errors and to fully recover time accurac

If an index for time step is included in equation 2.29, an imptit scheme can

be written as the following.

n+l . n+1 n+l . n+1 n+l . n+l
@@nﬂ_. |£j+%| r‘ﬁjl% ék+%| éki%_ |4|+%| Iqli% én+1
at ' ¢ » : ¢’ : ¢3 Sk (2:34)

In the above equations, °uxes and conservative variables aredwn at time
step (n) and these quantities are desired to be evaluated at the new terstep
(n +1). Fluxes at (n + 1) time step need to be linearized and expressed in
terms of °uxes and conservative variables at stem}. The nonlinear terms are

linearized in time about®" by Taylor Series as:

Frel = Fn o+ Ae Q" + O(h?) (2.35)
Gl = G"+ Be Q"+ O(h?) (2.36)
At = Br+ Ce Q" + O(h?) (2.37)

where A = % B = % and € = % The source terms can also be linearized
with respect to the conservative variables. Note that the linedzation are second
order accurate and so if a second order time scheme is chosen gy used in
OVERTURNS), the linearization would not degrade the time accuacy.

With the °ux linearization and assumed rst order Euler implicit time dis-
cretization, (@O"*! = %), the equation. 2.34 can be written in 'delta form'

as:
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i
| +¢ t(5A"+ +B "+ C") ¢O"=j ¢t £F"++G"+ xH"; &"
(2.38)

which is simpli ed as

LHS ¢&" = ¢t RHS (2.39)

The RHS represents the physics of the problem and the left hand sidLHS)
the numerics. Therefore, the LHS determines the rate of congmnce of the
solution. In an implicit time integration method, the LHS is a brge banded sys-
tem of algebraic equations and is solved using LUSGS. In the LUSG@gorithm,
LHS is factored into three matrices, namely, lowerL(), upper (U) and diagonal
(D) matrices. Using rst order split °ux Jacobians and neglecting the igcous

contribution, these matrices can be represented as:

L=0tG Al ya i Biui Glaio) (2.40)
D=1+¢ t(A;k;l [ Aji;k;l + B\jJ;r|<;| [ |§ji;k;| + éj);r|<;| [ éji;k;l) (2.41)
Uu=¢ t('&; +1;k;l + §ji;k +1l + ji;k;l +1) (242)

This can be solved by a forward and a backward sweep using a twatfa scheme

that can be written as:

[D+L]¢O=i ¢t[RHS]

[D+Ultd=Dc¢O (2.43)
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Further simpli cations involve approximating the split °ux Jacobians, e.g.
A = %(,& 8 %), ¥ being the spectral radius. This reduce® to a diagonal
matrix and its inversion reduces to just a scalar inversion. Theontribution
of viscous °uxes can be approximated by adding a scalar term todhspectral
radius (e.g. % + ), where

ZE g 2.44
4 7 (2.44)

In OVERTURNS, the factorization errors due to the approximatims on the
LHS is removed by using Newton sub-iterations at each physical terstep. This
also removes the linearization errors. Furthermore, the"? order backward dif-

. . .. . . +1 — 3Qn+1i4on+éni1
ference in time (BDF2) is implemented by substituting@d"*! = e

Turbulence Modeling

With the introduction of the Reynolds stress term (eqgn. 2.28), more variables
are introduced into the RANS equation. Turbulence modeling xethis problem
by "nding closure to the RANS equation by approximating the Reynls stress

term. Assuming isotropic eddy viscosity, the stress term can be regented by:

2
pox @ o 2 (2.45)
) @x’ @x ' 3@x”
where 1, is the turbulent viscosity. Various turbulence models have len de-
veloped to obtain the turbulent viscosity eld. The models rang from zero
equation algebraic turbulence models (Baldwin-Lomax [73]four equation tur-

bulence modelsq?; f model [74]) to Reynolds Stress models. The four equation

°2; f model by Durbin, besides incurring increased sti®ness to the di@atial
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equations, demands extremely high computational time for sohg the turbulent
viscosity eld.

OVERTURNS uses the Baldwin-Lomax model, but it is restricted mosy to
steady and attached °ows ( [75]). For more general °ows, OVERTURNS use
the one equation model of Spalart and Allmaras [76]. The Spalallmaras
(SA) model is popular in aerospace °ow problems because it was deped
with such applications in mind, and therefore it is used in OVERURNS for all
computations in the present work. In the SA model, the Reynokistresses are
related to the mean strain by the isotropic relation,uﬁTj0 =i 2°S;5 , where® is
the turbulent eddy viscosity, which is obtained by solving a onequation PDE
for a related variable,® (and °; = f (9)).

Another popular turbulence model used in OVERTURNS is the SST k-
turbulence model [77], a two-equation eddy-viscosity modelThe shear stress
transport (SST) formulation ensures that the model behaves eording to k-

I formulation in the inner boundary layer and switches to K& formulation in
the free-stream. Thus this model avoids the common k-problem associated
with its sensitivity to the inlet free-stream turbulence propeties. The two extra
transportation equations are for solving two extra variablespamely, a)turbulent
kinetic energy, - , determining the energy of the turbulence, and b) speci ¢ dis-

sipation, ! , determining the scale of the turbulence.

2.1.5 Mesh Generation

To accurately represent blade surfaces, body conforming struced curvilinear
meshes are required. The blade surface geometry propertieshsas sweep,

non-linear twist, non-linear dihedral/anhedral, and chorddistribution can be
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represented as a function of span. Therefore, mesh generationa spanwise
manner would be more appropriate for rotor blades. In this stud a hyperbolic
mesh generation technique [78] is used to generate 2D C-typesmes around
the airfoil sections at the various spanwise locations, shown ind- 2.2(a). The
C-type meshes are free of a geometrical singularity at the tteig edge, which
is a major disadvantage of O-type meshes. Moreover, the C-typeesh allows
for appropriate clustering at the trailing edge which proviés good resolution
for capturing the shed wake. The 2D C-meshes are stacked in the spise
direction. For the root and the tip region, a C-O topology is ged, i.e. the
spanwise sections are rotated and collapsed. See Fig. 2.2(b).

For rotor problems, the blade mesh itself is overset in one or mdsackground
meshes, in order to model rotor blade-wake system. In the curremtork, a
background mesh consists of identical planes that are rotated the azimuthal
direction and hence is cylinderical. A sample background me#br a four bladed

single rotor is shown in Fig. 2.3.

2.1.6 Overset Mesh and Grid Connectivity

Once the overlapping meshes are generated, the data exchatmestablish con-
nectivity between the meshes is achieved by making use afimera or overset
methods. The chimera methodology involves three distinct stepnamely: i)hole
cutting, ii) identi cation of hole fringe and chimera bounday points and nally,
iif) nding donor cells and interpolation factors.

The hole cutting step involves de ning arbitrary hole regions describing the
blade surface geometries, and identifying the points that lisside these holes.

These points are not involved in the °ow solution. More speci cafl in a typical
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(a) Spanwise 2-D C-mesh

(b) C-O mesh at rotor tip

Figure 2.2: C-O mesh on UH-60A blade
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(a) Wake mesh azimuthal plane

(b) Wake mesh top view

Figure 2.3: Cylinderical rotor wake mesh.
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rotor simulation, the blade mesh is overset in a background mesHnowing

the approximate dimensions of the solid body, a box enclosingétsolid body is
de ned in the background grid. All the points inside this box arechecked as to
whether they lie inside the overset grid and the points that do ot are labeled
as hole points. Using the neighbor information, this hole regiois extended at
least one layer outwards.

After obtaining the hole points, a list of hole fringe points tha require in-
formation from other grids to serve as boundary conditions arextracted. As
the next step, the chimera points, de ned as the boundary pointsn the body
mesh that require information from the background mesh, are spieed by user.
The size of fringe and chimera points layer is dependent on tls¢encil size of
the spatial scheme.

The last step involves nding the donor cells of the other grid ash the in-
formation is interpolated, usually linearly, using the intepolation factors. The
donor cell search uses the so-called \stencil-walk" [79] proeaed. Figure 2.4
shows a typical wake mesh with hole for a UH60 rotor blade with C-O @sh.

More elaborate discussion can be found in Ref. [62,80].

2.1.7 Aeroelastic Deformation of a Multi-element Rotor

Blade

To simulate the actual “ow for a given steady °ight condition, thebase blade ge-
ometry (UH-60A in our case) needs to be dynamically deformed cmistent with
the blade response that conforms to a trimmed state over one rotcevolution.
This blade dynamic response which includes both rigid and elastap, lag and

torsion deformations is obtained from the structural dynamis analysis. Among

53



Figure 2.4. Conventional overset mesh

di®erent ways of expressing this elastic deformations, the mostgutar is using
Euler parameters §;; &; €3; €4; €5; €], which are nothing but linear and rotational
displacements. These parameters are radially and azimuthalgrying functions
i.e. g(r;A);i = 1;2;:::;6, wherei = 1;2;3 refer to linear motion andi = 4:;5;6
to rotations.

The rotation matrix used for deforming an undeformed blade cabe com-

posed by usinges; es; e5 as follows:

e@= 1j € & € (2.46)
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2 3
1i €i € 2(eses5+ €€s) 2(es€5 | €pex)
Tou = § 2(es65i €0fs) 1i € €  2(eses + eoey) % (2.47)
2(e485 + €085) 2(esesi @es) 1i € €
In the present work the deformations are provided in the formuf v; w; v w® A],
whereu, v andw are the linear deformations in the axial, lag and °ap directios,
vOand wOare the radial derivatives for lag and °ap degrees andl is the elastic

torsional deformation. The Euler parameters can be expressedterms of these

parameters [81] and thenlpy can be expressed as:

3

wo?

2
w VO wo
Toy = § i v°cosp1| wosmul (1i %)cosm vaWwSsing, (1 g)sinul (%-48)
i vSsinuy i whosy (1 %)sinuli viwhosy (1 %)cosu

The variable p, represents the total pitch of the blade, i.epy = .+ A, where

I are the control de®ections andA is the elastic torsional de°ection.

Mesh Deformation

The nal step of mesh deformation consists of deforming the undefoed mesh
coordinates to the deformed state using the transformation max Tpy. The

deformed mesh coordinates in the hub xed frame are obtained by
2 2
X0 X
E yoé =[Tbu ]Tg y % + Ajin (2.49)
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where K;y; z]" represents the undeformed mesh ang9y% z9" the deformed
mesh in the hub "xed frame. The vectorx;, is linear deformations (f;; e; e3]"
for Euler and [u; v;w]" for the present work). To ensure that the outer boundary
of the meshes stay stationary a cosine decay function was used foe deforma-

tions [82].

2.2 Structural Dynamics and Vehicle Trim

The rotor system can be modeled as a second order system, similar tasst
spring-damper, which is harmonically excited by an unsteadyfcing, i.e. aero-
dynamic loading in the rotor problem. The blade motions (bdt rigid and elas-
tic) need to be calculated such that they simultaneously satisfyhe vehicle trim
equations and blade periodic response equations.

Finite element based methods are known to accurately modehleimatic and
elastic behavior in bending and torsion of slender beams. A singletor blade,
because of its large aspect ratio, can be considered as a slendamin. The rotor
blade has all the 6 degrees of freedom and undergoes simultare °ap, lag
and torsion deformations. Due to non-linear coupling betweevarious degrees
of freedom, the governing equations for such a system is very qdex. This
coupling between the various degrees of freedom appear asssrcoupling terms

in mass, sti®ness and damping matrices.

2.2.1 Comprehensive Rotor Analysis

The comprehensive rotor analysis consists of four major parts. r6i part in-

volves structural modeling of the rotor blade, i.e., nite elment discretization of
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the blade and subsequent analysis of their natural frequenciasd mode shapes.
The second part involves computing the unsteady forcing and imelynamic mass,
sti®ness and damping matrices. In the third part, the blade equains of mo-
tion are reduced to the modal form, which are then solved usingmporal nite
element method. The fourth and the last part involves calcuteon of the con-
trol parameters generating a rotor response which would giveset of average
rotor forces and moments that would satisfy the vehicle trim agations. A more
detailed description of the analysis can be found in thesis wod¥ Sitaraman,

J. [82], but a brief overview is presented here.

2.2.2 Finite element discretization of the rotor blade

For a rotor with only °ap bending, the blade can be discretizednto two noded
beam elements with two degrees of freedom per node, i.e. diggment,w and
slope,w’. For a given displacement vector for the end pointsg{; t&p; 0s; ], such
that, qp = wy; o = Wi% s = Wy @ = W,0 the displacement can be written as:
X4
w(x;t) = Hig (2.50)
i=1
where,H; are the shape functions, otherwise known as Hermite polynomig&i].

To derive the system of equation of motion, Hamilton's variatinal principle

is used. The principle can be mathematically represented as:

Z,,
H= (xUj £Tj £tW)=0 (2.51)

t1
wherezU is the virtual variation of strain energy, =T is the virtual variation
of kinetic energy andtW is the work done by external forces. The element mass

and sti®ness matrices are derived based on this principle and green as:
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Z,

[mj1=  mH;H;ds (2.52)
0

Z 1
[i1= (FAHSHS +(El sin*(l) + ElycoS())(H{H))ds  (2.53)
0
where Ely and El, are °exural rigidities in the longitudinal and transverse
R
directions and Fo = Xl mxdx. The eigen values of the resulting mass and
sti®ness matrices are the square of the natural frequencies oistlsystem of

equations, while the eigen vectors represent the natural vistion mode shapes.

2.2.3 Vehicle Trim

Trimming the rotor means achieving an equilibrium in space sohat the net
forces and moments about any point is zero. Broadly speakingyim solutions

are of two types: a)free °ight trim and b) wind tunnel trim.

Free Flight Trim

For free °ight or propulsive trim, it is assumed that the engine ca supply the
necessary power required to maintain the °ight condition. The arget rotor
forces and moments are equal and opposite to those produced hg trest of the
aircraft. For a steady °ight, the comprehensive propulsive trinsolution can be
obtained by satisfying the three force (vertical, longitudial and lateral), three
moment (pitch, roll and yaw) vehicle equilibrium equations,”ap equation and
in°ow equation. For example, for a speci ed gross weight and ldvight speed,
the trim solution gives the rotor pitch controls (collectivepy, cyclic e and pys),

rotor dynamics e.g. °apping { (A)), vehicle orientation (longitudinal shaft tilt

®, and lateral shaft tilt Ag), tail rotor pitch (collective ) and in°ow ().
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Wind Tunnel Trim

Wind tunnel trim (isolated rotor trim) is a simpli ed trim proce dure where the
three rotor controls are adjusted to achieve speci ed free °ighgondition. With
the shaft angle always prescribed, the target values are eithea) target thrust
and the hub roll and pitch moments or b) target thrust, 1/rev longitudinal and
lateral °apping ( 1c and 1g).

While a free-°ight trim is a more accurate representation of ta helicopter
in °ight, it requires a good con dence in estimating the forcesral moments
experienced by the fuselage, the empennage, and the tail mtavhich are often
not available to the computational model. In contrast, the réor operating thrust,

and the rolling and pitching moments are more easily availabl

2.2.4 Uncoupled and Coupled Trim Procedure

The method of achieving periodic blade response for a xed coalrsetting is
known asuncoupled trim This method coupled with the requirement that spe-
ci ¢ targets are met is known ascoupled trim For example, obtaining a rotor
response such that a set of steady rotor forces and moments maintaehicle
equilibrium is a coupled approach to trim a helicopter [82]As the trim analysis
is non-linear in nature a reasonably accurate initial guess &snecessity. A trim
analysis of a rigid rotor blade is conducted to nd the initial ontrol estimate.
The vehicle force and moment equations and the blade “appingj@ations are
solved using an appropriate non-linear equation solver. Theggonse of the rotor
to the initial control estimate is found by solving the rotor egations using the
temporal nite element method. A force summation is conductedn the basis

of the blade response obtained to yield the aerodynamic forcaed moments
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produced by the deformed blade. The time averaged values éo\one rotor rev-
olution) of rotor forces and moments are substituted in the apppriate vehicle
trim equations to obtain the residuals of these equations. The al aim of the
coupled trim procedure is to nd the control estimate which drves these resid-
uals towards zero. Newtons method, based on the evaluation ofram Jacobian
matrix, is used to nd the nal control estimate. A nite di®erence gproxima-
tion is used to calculate the control Jacobian. The initial cotrols are perturbed
one at a time and the variation of the residuals are used appraptely to nd
individual terms of the control Jacobian. The control settigs are updated using
the control Jacobian and the value of the residual vector. Theshole process is
conducted in a loop until the residues to the vehicle trim equens are below a

speci ed error bound.

2.3 Coupling Structural Dynamics and Fluid
Dynamics

The information exchange between the two solvers, structuralydamics and °uid
dynamics, occurs at the °uid-structure interface. This transfeof information at
every rotor revolution is achieved using &oose Coupling [83] approach.

In the literature, there have been many studies on loose coupd. Initial
studies on the UH-60A faced convergence problems due to ina@tar pitching
moments which would lead to divergence of the torsional resps Earlier ef-
forts used full potential CFD analysis which overpredicted th pitching moment
magnitudes and led that divergence. In the loose coupling agach used in the

present study, CFD generated normal force, pitching momentsnd chord force
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are consistently coupled at all radial and azimuthal stationsife. C,r; A, Ccr; A
and C,r;A) to obtain stable high-speed solutions for the UH-60A helicopter
These aerodynamic forces are obtained in the deformed bladarie and trans-
formed to the undeformed frame for structural analysis. The camol angles are
calculated using full CFD airloads and thus ensures simultanes convergence of
trim, structural dynamics and °uid dynamics. The current couping approach
uses a full wake capturing method as against the wake couplingethod which
was used in earlier studies [82, 84].

The loose coupling algorithm, as shown in °ow chart Fig. 2.5, cabe de-

scribed by the following steps:

1. Initial guess for control angles and blade motions are ohiteed using UMARC
comprehensive analysis solution. Initial lifting line airlods are also calcu-

lated (F=M)Ni 1),

2. CFD airloads ((F=M)J&/J )are obtained using the above blade deformations
and trim angles. These airloads are expected to be more reliatthan the

lower order lifting line airloads (F=M)}' ).

3. The di®erence between the CFD and lifting line airloads, deedl asdelta
airloads, is obtained. The lifting line airload of the currenhiteration is

corrected using this delta airload.

C(F=M)" = (F=M)g{p i (F=M))*

(F=M)" (F=M)[L +¢( F=M)"

4. The comprehensive analysis solution is now re-run with the rcected air-

load ((F=M)N). The delta air loads are held xed over the trim iterations.
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The lifting-line air loads change from one coupled trim iteation to another
and provide the air load sensitivities required to trim the robr (control ja-
cobian). The lifting-line air loads provide aerodynamic daping which

makes the procedure stable.

5. Check for blade response and trim convergence. If the conyence condi-

tion is not satis ed return to step 2.

The nal air loads are the CFD air loads and equal the sum of liftig-line
air loads and the converged delta air loads. While the liftingine airloads and
delta airloads may vary, their sum, i.e. the CFD airload remai independent of

the initial lifting solution.

2.4 Limitations of Current Methodology

The existing CFD/CSD coupling platform assumed a single elemebitade rotor
and hence the °uid dynamics model had limited application onators. The
accompanying overset mesh combination of ne blade in a coarseake mesh
could make use of the conventional hole cutting exciently. Buthe conventional
hole cutting could handle only a two mesh system and required théhe ner

blade mesh be totally embedded inside the coarse wake mesh. Thhis thole
cutting method was found incapable of handling an extra mesHegnent due to
a LE-slat. Moreover, if the slat were to be actuated with respedb the main
blade for active control, it would be even more inetcient to ddeve dynamic
hole cutting using a conventional method. Therefore, handig a multi-element
bladed rotor demanded a novel hole cutting scheme (IHC). This lseme not

only can handle a multiple mesh overset system, and therefore che more
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Figure 2.5: Loose Coupling Flow Chart
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generic, but it also can perform more excient dynamic hole cuttg when the

slat actuates. Details of this hole cutting scheme will be discuskm the following

The other shortcoming accompanying the assumption of single elent blade



rotor was that the existing force calculation method could nichandle more than
one load carrying element per blade, such as in multi-elemehbtaded rotors.
The LE-Slat signi cantly modi es the °ow physics around the main lade be-
sides producing its own independent airloads. Therefore, ig&®ect on the main
blade airloads needs to be accounted for. This is achieveddhgh a general-
ized force transfer routine that can be applied to a multi-elment blade with as
many elements as are attached to the main blade. This will bestussed more

elaborately in the following section.

2.5 Technical Challenges and Improvements

Several modi cations were made to the existing OVERTURNS CFD tooto
handle multi-element bladed rotors in forward °ight, some of Wich are already
mentioned in the previous section. The IHC hole cutting was impmented to
handle more than a two grid overset system to establish connectyiacross grids.
To be able to accommodate various actuation schemes for a LE&sla general
N/rev (N , 1) slat actuation scheme with appropriate phase o®set capability
designed. Since the slat is another element rigidly attached the main blade,
it too undergoes deformation along with the main blade overhe whole rotor
revolution. The code is modi ed to handle multi-element defonation. These

modi cations and improvements are discussed in this section.

2.5.1 Implicit Hole Cutting

The conventional hole cutting, as described in 2.1.6, has t&n limitations.

Firstly, the algorithm can handle only two overset meshes and geires that one
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mesh be completely embedded in the other. Therefore, this atghm is not
general enough and imposes limitations on the kinds of meshesed in the case
of more complex problems when more than one body exist, as intsd airfoll
°ows. Secondly, the hole cutting algorithm used in conventiothéole cutting
required explicit speci cation of the box around the bodies. Tis introduces
complexities when the body geometry is not well de ned. Morger, when more
than one bodies exist and lie close to each other (as in slattedades), the
boundaries of these boxes would overlap or intersect. This nexkthe problem
even harder because special care must be taken to ensure no opedatween
these hole cutting boxes. It is also noted that, since the box size explicitly
de ned, it does not necessarily take into account the grid comphility between
the hole fringe points and the donor cells. If the grid sizes afeigely di®erent,
this might result in huge interpolation error in accuracy. Although, the hole size
can be expanded outward from the body to attain grid compatility across grid
boundaries, it incurs extra computational cost. Moreover, iis not a fail proof
method to ensure grid compatibility.

The implicit hole cutting (IHC) method for overset meshes deveped re-
cently by Lee and Baeder [56, 85] overcomes the above menédrproblems and
limitations. The advantage of the IHC algorithm is it can handé more than two
meshes and therefore, is most ideally suited for problems invislg multi-element
airfoils, such as slatted airfoils. The IHC method does not req@rexplicit speci-
“cation of a box for hole cutting nor does it need to expand the dle size. Unlike
conventional hole cutters which determindioleand fringe boundaries, IHC steps
through every point in the grid system to test and select the best @lity cells

in multiple overlapped regions, leaving the rest as hole post It designates the
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(a) 2-D hole-cutting for MEA (b) 3-D hole-cutting for MEA

Figure 2.6: Overset meshes in 2-D and 3-D using Implicit Hole-Qutg

mesh whose cell has the smallest volume as theld point at any given point
in the °ow domain, all other meshes are marked a®ceivers In other words,
at any point, the solution is computed on the cell having the sniest volume
and interpolated at other points. The presence of the body isltesither by the
progressively smaller cell sizes towards the wall or by the gridpology (for ex-
ample, if all walls are located ak = 1). Since the hole cutting is determined by
cell size, the resultant hole from the IHC algorithm is automagtally optimum.
More detailed comparison between the conventional and impii hole cutting
can be found in Ref. [62].

Figure 2.6 shows examples of the holes cut using the IHC techngin two-
dimensional and three-dimensional grids. Notice how the mesh taiming the
“eld point switches smoothly in the region between the slat and # main airfoil

sections near the leading edge of the blade airfoil.
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2.5.2 Slat Actuation

The primary purpose of using a LE-slat in rotor in forward °ight isto alleviate
dynamic stall. This phenomenon being unsteady in nature, an taeely controlled
LE-slat can be expected to be more e®ective than a static slat. Byrthmically
actuating it with respect to the main blade, the rotor blade setonal property
can be varied across the rotor azimuth to improve rotor perfanance. A general
N/rev (N , 1) slat actuation mechanism is incorporated to accommodate meo
than 1=rev slat actuation. Over one period (one pitching cycle or on®tor rev-
olution), the slat oscillates between two prede ned optimum stacon gurations
(discussed more in the results sections). This requires the movaemef the slat

in two degrees of freedom,

1. periodic rotation (pitch up and down) of the slat about a prele ned pivot

point with an amplitude de ned by the optimum slat con gurations and,

2. periodic translation of the pivot point with an amplitude de ned again by

the optimum slat con gurations.

The equation of motion of actuation mechanism is:

X
tp = i coqiA + A) (2.54)
1
U= o+C (2.55)
X L
¢xc = Xc; coJiA + A) (2.56)
1
¢yc = 0 (2.57)
X L
¢zc = zG coqiA + A) (2.58)
1
[xciyc;zd = [XCoryCo; 2] + ¢ [ Xc;yc;zg (2.59)
(2.60)
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where, |4 is the ith harmonic component of the total slat angle displacement g,
and |, pare the initial and absolute slat angles, respectively, de ned thirespect
to the main blade chord. Similarly, ¢ [xc;yc; zq is the ith harmonic component
of the total displacement of the slat rotation pivot point, and [XCo;YCo; ZG],
[xc;yc; zd are the initial and absolute co-ordinates, respectively, olhe pivot
point. The componentsxc; yz and zc refer to the chordwise, spanwise and blade

normal directions, respectively.

2.5.3 Multi-element Mesh Deformation

The deformation procedure applied to the other elements, suds a LE-slat
rigidly attached to the main blade, is the same as that of the ma blade itself.
The deformations of these elements are consistently done withspect to the
main blade elastic axis. This allows the use of the same transfortism matrix

([Tou]" as that used for the main blade to deform the slats (see Fig. 2.7).

2.5.4 Force Calculations on a Multi-Element Rotor Blade

The comprehensive analysis used in the present study does not inwrate the
slat dynamics. It interacts with the blade structure through its airload contribu-
tion evaluated through CFD computations. The LE-slat being a qearate blade
element, experiences its own airloads. For the present CFD/@Smodeling pur-
pose, it is assumed that the main blade experiences these airlsaih the slat.
The airloads (forces and moments) of the slat need to be transéerto the main
element through appropriate means. The following sections si&ibe the force

transfer procedure for two dimensional airfoils and for a theedimensional rotor.
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Figure 2.7: Slat deformation

Force Tranfer in 2D Airfoil

The force transfer from the slat to the main element follows thé&llowing steps

(see Fig. 2.8(a)):

1. Forces and moments of all the elements (LE-slats and mairegient) are

calculated with respect to the main element quarter chordXfa; Ygal-

2. For the ease of analysis and comparison with the baseline ailfthe com-
bined slat and main element are treated as one element. In thaase, the

forces and moments are transfered to the e®ective quarter ahofiXqco; Ygeol-
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Forces get added and transfered to this quarter chord:
fo;yg,tot = fo;yg,s + fo;yg,m (2.61)

3. The moment calculated in step 11, ), already includes the contribution
from the slat airloads. If required for the analysis, the momentsi now

transfered to the e®ective quarter chord:
M;2=Mz1i (Fxs+ Fxm)¢x+(Fys+ Fym)ty (2.62)
where, ¢() = ()aei (Jaa.
Non-dimensional parameters such a€l; Cd; Cm, are now de ned with respect

to the e®ective combined chord of the element.

Force Tranfer in Rotor

The force transfer procedure for a multi-element rotor blades described in the
°ow chart presented in Fig. 2.9. The procedure can be summarizdyy the

following steps:
1. De ne the elastic axis (E.A.) line of the rotor main blade.
2. Compute the forces/moments with respect to the rotor blade B.

3. If the element considered is a main blade, transfer loads fnothe main

blade to the deformed E.A.

4. If the element is a slat (or other external element other thathe main

blade) identify its spanwise stations nearest to the deformed K. stations.

5. Linearly interpolate in span the slat loads from the identi @ stations to

their corresponding deformed E.A. stations.
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6. Add the loads from all the elements (including the main blag) at E.A.

stations and then transfer them back to the main blade stations.

2.6 Summary

In this chapter, we discussed the three major aspects of methodgy, namely,
the °uid dynamics, the structural dynamics and the °uid-structure interaction.
The limitations of the existing model are discussed and the impiteented im-

provements required to handle multi-element bladed rotoraere described.
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Chapter 3

Validation

One of the major objectives of the present work is the develogmt of a CFD
overset-mesh solver for simulating multi-element airfoil (MEAY)otor blades. Un-
fortunately, there is currently no test data available that s suitable for fully
validating such a CFD solver. However, there are available 2-Dind tunnel ex-
perimental data for validating airfoils with slats and full-scale °ight test data for
validating rotor blades without slats. Therefore, the validéion will be performed

in two stages:

1. Validation of the CFD solver with available 2-D wind-tunné experiments

in static and dynamic °ight conditions, and

2. Validation of the 3D CFD solver (coupled with a structural soler) against

available helicopter °ight test data.

The wind tunnel experiment considered for the rst stage of valiation of
the solver is a compressible and high Reynolds Number (on the ordd a few
millions) °ow on SC2110 airfoil. Lorber et al. [53] conductedxensive 2-D wind-
tunnel experiments on an SC2110 airfoil with a slat, in both sty and unsteady

°ight conditions. The tests were conducted in the UTRC Main Wind Tnnel,
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using the 33in wide by 8ft high Two Dimensional Channel (TDC). Tie model
chord was 24in. The test Mach number range was2to 0:75, but for the present
work, the test data for only the Mach numbers of (8 and Q4 are considered.
The slat geometry was carefully designed to promote better taring of the

°ow around the leading edge of the main airfoil section and, tihefore, achieve
high C,,., values compared to the baseline airfoil. The experiments @ent an

ideal dataset to determine the capabilities of the CFD solver.Computations

are performed to match the measured conditions of the expermts in steady
angle-of-attack sweeps as well as a dynamic pitching airfeiith static slat.

The second stage of validation rst involves extension of the CFD ber
to handle multi-element (slat) bladed rotor °ows. This 3-D CFD stver is the
Overset Transonic Unsteady Reynolds-averaged Navier-Stokes EDVURNS).
The next step is theloose coupling of the solver with a comprehensive Com-
putational Structural Dynamics (CSD) solver, namely Universy of Maryland
Advanced Rotorcraft Code (UMARC). Final step is the validation ¢ the cou-
pled CFD/CSD platform with available °ight test data for a moderate speed
high altitude °ight condition, C9017. This chapter describeshe aforementioned

stages of validation in detail.

3.1 Steady State Airfoil: SC2110 with S-1 and
S-6

This section compares the airload predictions by CFD for slatd airfoils with
steady experimental data. It also investigates the physical nate of the °ow on

the airfoil and the favorable in°uence of slats on the °ow towarsl performance
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Main Element (SC2110)

-0.05

0.1

Figure 3.1: S-1 and S-6 slat con gurations with respect to the Baline airfoil [55].

improvements.

The steady state computations performed on the SC2110 baselmefoil are
with two di®erent slat con gurations, namely, S-1 and S-6 (see Fi@.1), for
which experimental measurements are available. As mentionpceviously, these
con gurations represent the low-drag and the high-lift slat dentations for the
multi-element airfoil section. Note that a lower-drag positio can be achieved
by moving the slat further up (with reduced maximum lift, e.g. see Ref. 53).
Steady lift and pitching moment coezcients are computed for ragle of attack
sweeps over a range @=[j 4*: 24] at Re=4:14£ 10°;M; =0:3.

Figure 3.2 shows the overset computational meshes used in theremt work.
The slat and the blade meshes are body- tted C-grids with, respiely, 317£ 97
and 36% 138 points in the wraparound and normal direction, respectaly. These
body- tted grids are embedded in a background wind-tunnel nsd with grid
size 151 101 to study the e®ects of the wind-tunnel wall on the aerodynam
behavior of the multi-element airfoil.

The experimental data was obtained in a wind-tunnel where thheight of the

76



(a) Baseline airfoil in Wind Tunnel (b) Slat and Main Element in Wind Tunnel

Figure 3.2: SC2110 airfoil computational mesh with and withat the slat mesh

embedded in the background wind-tunnel mesh at an angle of attk ® = 18*.

cfd-af
u experimental-af

| cfd-af ]
— — — - freestream-af -0.15 . \

experimental-af
— — — - freestream-af

5 0 5 10 15 20 25 0 5 ‘ ‘10 15 20 25
AoA AoA
(@ CL vs® (b) Cy vs®

Figure 3.3: E®ect of wind tunnel wall correction on lift and gching moment

coezcients of the main airfoil sectionRe =4:14£ 1°; M, =0:3.

wind-tunnel was four main airfoil element chords. It is, therre, necessary to
account for the wind-tunnel wall e®ects on the measurements. §ain a better
insight into the wind-tunnel interference e®ects, computatits are performed

for angle of attack sweeps with and without the wind-tunnel bekground mesh
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for the main airfoil element. Figure 3.3 compares the relat lift and moment
coexcients on the main element in free stream and that in the wiah tunnel
with experimental measurements. The results indicate that tire is considerable
wind-tunnel interference on the measurements especially methe static stall
region. Accounting for these e®ects, improves the predictionfstioe sectional lift
coexcients considerably. Marginal improvements are observéa the prediction
of the moment stall break point for the airfoil in the wind tunnel compared to
that in the free stream. However, observing the notable e®ect oing tunnel on
lift prediction, all further validation studies are done in awind tunnel.

Figure 3.4 compares the computational predictions of thefiand pitching
moment coexcients for the airfoil section with and without theleading-edge slat
over a range of angle of attack. In the gures, the non-dimensiahCl and Cm
values for the multi-element airfoil is obtained by normaliing the forces and
moments using the e®ective chord of the combined slat-airfoithe bene ts of
the S-6 con guration is evident from both the experiments anthe computations
of the lift coexcients. However, the 33% increase in the stall mairgcomes at
an increased nose-down pitching moment penalty over the emiangle of attack
range. This is not surprising if it is noted that the introduction of a slat in-
creases the e®ective camber of the combined airfoil sectionrtkar, because of
the augmented lift due to favorable gap e®ects of slat, e.g. texkd separated
°ow, the pitch down moment about the e®ective quarter chord ofne slatted
airfoil is larger than the baseline airfoil. The computed lif coexcients show
good agreement with measured values at lower angles of attack both with
and without the slat, but the values are over predicted near th lift stall event.

For the baseline airfoil, the lift stall point is predicted sliditly late. The mo-

78



(@ Clvs® (b) Cmvs®

0.6 0.04

0.03

. L
C0.02

0.01

(c) Cdvs® (d) Cd vs ® (zoomed)

Figure 3.4. Steady airload validation on baseline airfoil ahbaseline with S-1

and S-6 slat con gurations forRe = 4:14£ 10°; M, =0:3

ment predictions show a slight delay in the onset of moment stalbf all airfoil

con gurations, with baseline moment stall prediction being themost delayed.
From the drag plot it is observed that while the slatted airfois consistently over
predict drag values, especially at lower angles (see Fig. 3.)(dhe baseline, on
the other hand, slightly under predicts the drag values at thee lower angles, i.e.

for the range of® 2 [4*; 10].
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Figure 3.5: Variation of the non-dimensional pressure coezxcienver the airfoll
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surface with and without the slat,Re = 4:14£ 10°; M; =0:3;®=10%

3.1.1 Flow Physics: Presence of Leading Edge Vortex

The physics governing the aerodynamics of a slatted airfoil mebe understood
better by examining the surface pressure coezxcients and the strednes. Fig-
ure 3.5 compares the predictions with the experiments for aangle of attack that
is away from baseline stall point, at® = 10*. As the plots show, the predictions

are in good agreement with the experiment and therefore thérlmads, especially
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Figure 3.6: Skin friction coexcient (Cs ) over the airfoil surface with and without

the slat, Re=4:14f£ 10°; M; =0:3;®= 10%.

lift and drag values, are also well predicted. The °ow is fully aached for all the
con gurations and hence the CFD performs well at such lower aleg. The pre-
dicted surface skin friction values, shown in Fig. 3.6 further corm the attached
behavior of the °ows on all con gurations. It must be mentioned he that, for
the sake of comparison, the slats are are rigidly translated sudhatt their leading

edge is at the origin, i.e.X%= X j X g for the slat in Fig. 3.6(d), X, ¢ being
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Figure 3.7: Variation of the non-dimensional pressure coexcienver the airfoll

surface with and without the slat,Re = 4:14£ 10°; M; =0:3;®= 15*%,

the actual X -co-ordinate of the corresponding slats. The gures clearly show
that skin friction peak is signi cantly reduced (approximately by 50%) near the
main element leading edge due to the slat.

Figures 3.7 and 3.8 show th€, distribution and the streamlines with pressure
contours in the °ow eld for an angle of attack that is near the baeline stall point,

at ® = 15*. The over prediction of the suction peak near the baseline leiad
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(a) Baseline: Limited BL Separation (b) Slat-S1: No BL Separation

(c) Slat-S6: No BL Separation

Figure 3.8: Streamlines with pressure contourfe = 4:14£ 1°;M; =0:3;®=
15

edge clearly explains its over prediction of lift at this pait. Itis observed that the
discrepancy in surface pressure prediction with experiment ftne slatted airfoil
cases is not large enough to cause noticeable disagreement ieirtlintegrated
airload values. It is further observed that at this angle of atick, the boundary
layer (BL) on the baseline airfoil is already beginning to sepate at the trailing
edge (TE) (Fig. 3.8(a)), whereas that on the slatted airfoildgs still attached

throughout (Fig. 3.8(b), 3.8(c)). However, a closer look at ta streamlines near
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(a) Slat-S1: Limited BL Separation (b) Slat-S6: No BL Separation

Figure 3.9: Streamlines with pressure contours on slaRe = 4:14£ 10°;M, =

0:3; ®= 15*.

the slats shows that while S-1 experiences a light TE separati@ifig. 3.9(a)), S-6
still maintains an attached BL. A further point to note here isthat, even though
the slat experiences light stall on itself, it still helps sustain ached °ow on the
main element. These observations correspond well with the skiriction values
shown in Fig. 3.10. The zero or negative skin friction values aethe trailing
edge of baseline airfoil suggests a trailing edge separation aist angle. But,
the skin friction values on the main airfoil with slat S-1 and S are consistently
positive, suggesting a fully attached behavior of the °ow on the ain element,
although separated (and reverse) °ow regions on the upper surdagespecially
on S-1) may exist (see Fig. 3.10(d)). The slat S-1 shows more sepiarathan
S-6.

Figures 3.11 and 3.12 show th€, distribution and the streamlines with pres-
sure contours, respectively, in the °ow eld at a high angle of atigk (® = 18%).
A steep adverse pressure gradient is observed on the upper surfddd®baseline

main airfoil element (Fig. 3.11(a)), the °ow is unable to negmate the adverse
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Figure 3.10: Skin friction coexcient C;) over the airfoil surface with and with-

out the slat, Re=4:14£ 10°; M; =0:3;®= 15*%,

pressure gradient and the boundary layer is completely sepaeat as seen in
Fig. 3.12(a). In contrast, the introduction of a slat element elieves the huge
suction peak o® the main elment leading edge (LE) to the slat elent LE, i.e.

the slat “protects' the main element LE, and thus the main airfibelement sees a
considerably moderate pressure gradient on its upper surfacethe same angle

of attack { see Fig. 3.11(c). This is one of the favorable gap e® due to a
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Figure 3.11: Variation of the non-dimensional pressure coezxcieover the airfolil

surface with and without the slat,Re = 4:14£ 10°; M; =0:3;®=18%

slat discussed in the Introduction chapter. Figure. 3.12 furtthrecorroborates the
observations made from the surface pressure plots. While, Figl3(a) shows
the presence of a strong stall vortex, and hence a separated °ow@t 18*, the
other two Figs. 3.12(b) and 3.12(c) show a very well attached °oan the main
element. Figure 3.12(b) shows, although slat S-1 experiencesndd stall and

separated °ow (Fig. 3.13(a)), the BL on the main element still stgs attached,
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(a) Baseline: BL Separation (b) Slat-S1: Limited BL Separation

(c) Slat-S6: No BL Separation

Figure 3.12: Streamlines with pressure contourRe = 4:14£ 1;M; =0:3;®=
18

demonstrating again how the slat 'protects' the main element &éim BL separa-
tion. The °ow remains attached on slat S-6 in Fig. 3.13(b) becae the slat is
oriented at a lower free stream angle than S-1, thereby showitttat S-6 is more
e®ective at larger angles. Skin friction plots in Fig. 3.14 amborate the observa-
tion about the °ow physics made above. The baseline upper surfageperiences
zero or negative values over a wide area, which suggests deefi, dtat both the

S-1 and S-6 slatted main element shows positive skin friction vas even at this
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(a) Slat-S1: BL Separation (b) Slat-S6: No BL Separation

Figure 3.13: Streamlines with pressure contours on slaRg = 4:14£ 10°;M, =

0:3;®=18*.

large angle. Although, the slat S-1 upper surface experiencesgative values
(shown in Fig. 3.14(d)) over a wider range (consistent with Fig3.12(b)), the S-6
upper surface skin friction is dominantly positive and hence me attached than
the S-1 slat. Finally, the slat skin friction peaks are drastic& reduced, which

plays a crucial role in over all airfoil drag reduction.

3.1.2 Boundary Layer Prole: E®ect of Slat

The favorable gap e®ects of a slat can be better appreciated lifet boundary
layer pro e on the main airfoil is examined. Figure 3.15 showsow the slat
signi cantly changes the BL characteristics. The 'slat e®ect' (deribed in Intro-
duction chapter) at both 10f and 18 angles, results in reduced velocity near the
main element leading edge (at 5% chord from LE) which results its reduced
pressure peaks (Figs. 3.5(c) and 3.11(c)). The tangential velty (U;) pro les
at ® = 10* (Fig. 3.15(a)) at 10% and 50% chord locations show the process o
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Figure 3.14: Skin friction coexcient C;) over the airfoil surface with and with-

out the slat, Re=4:14£ 10°; M; =0:3;®=18*

the slat wake interacting and nally merging with the main elenent boundary
layer to develop into a con°uent boundary layer (CBL). At this angle, the ow
remains attached for both the baseline and the slatted S-6 magtement. Similar
wake-boundary layer interaction is observed for the slatted-6 main element for
® = 18* (Fig. 3.15(b)), resulting in a CBL which extends deeper intohe °ow

from the wall as compared to the °ow at 10. This thick CBL is e®ective in

89



5% Ch 10% Ch 50% Ch
0.02 - 0.04[ — 02—
' ! —BL
' . ---S6
1 1
1 1
! :
: N
(®] ! \\
< 0.01f ! 0.02f : 0.1t
' ,
?, :
| E .
! ]
0 A_;"/ 0 /‘ 0 /
1 2 0 1 2 05 0 05 1 15
ut/U¥ ut/U¥ ut/U¥
(a) Ui=U; prole at 10*
5% Ch 10% Ch 50% Ch
0.02 \ 0.04p \ - 0.2 T,
: " —BL 1
: . ---S6 !
1 A :
: / |
1 '\ 1
1 N :
O 1 ‘\ 1
S, 0.01] : 0.02 : 0.1 3
i ' ,:
i :
! 1
1 1
0 / 0 /’T 0 e ? '
1 2 0 1 2 -05 0 05 1 15
ut/U¥ ut/U¥ u/U

t

¥

(b) Uy=U,; prole at 18*

Figure 3.15: Comparing BL pro le on baseline airfoil and that vth slat S-6,
Re=4:14£ 10°;M; =0:3;®= 10* and 18.

withstanding a larger pressure gradient over the main elementohndary than

the boundary layer of the baseline airfoil. Therefore the °owemains attached
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for the slatted main element even at the 50% chord location, Wh the °ow is

already well separated for the baseline main element at thisdation.

3.1.3 Limitations of CFD Prediction: Turbulence Tran-
sition?

The assumption of fully turbulent °ow in the present study may not esolve the
right physics if the actual °ow has certain laminar regions onhe airfoil, which
may exist near the leading edges of the main element and slat.elifying the
correct laminar regions is essential to predicting a laminar paration bubble,
especially at larger angles, and consequently in predictingetright stall break
points in lift, moment or drag airloads. This section investigees the e®ect of
prescribed turbulent transition regions in the °ow, and sees ift iexplains the
lack of good CFD prediction at larger angles and near stall,g. surface pressure

“gures in Fig. 3.7.

cfd-baseline
——— cfd-s6
—1— expt-baseline
—@— expt-s6
T e e o e e o e e TR IR |
-5 0 5 10 15 20 25
AoA

Figure 3.16: C|=Cd for baseline and S-6

Considering theCI=Cd curve for the baseline and a slatted S-6 con guration,

we observe from Fig. 3.16 that the CFD over predicts airload l@es on the
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Figure 3.18: Skin friction with fully turbulent and with laminar-turbulent tran-

sition "xed °ow on slatted S6 airfoil at ® = 15*

baseline and under predict that on the slat-S6 airfoil. The higer CI=Cd values
for the baseline case can be explained by larg& values predicted by CFD
(Fig. 3.4(a)). But it does not explain the lower computed vales ofClI=Cd for

the slat-S6 airfoil. More careful examination reveals thathte Cd values for the
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slatted airfoil are predicted higher than the experiment, with contributes to
lower computed values of lift-to-drag ratio. Assuming laminafows on certain
appropriate areas on an airfoil, e.g. near the leading edges slat and main
element, would result in reduced values of skin friction, whicin turn would
result in reduced drag prediction. The laminar region is exméed to vary with
angle of attack and therefore the solver makes use of a 'tableloup’ approach
to ascribe laminar and turbulent regions on both the elementgslat and main
airfoil) for di®erent ® values. Using an appropriate X for laminar-turbulent
regions, the drag prediction can be improved, as shown in Fig.13(a). This
results in more accurate prediction ofCI=Cd values, at least at lower angles.
See Fig. 3.17(b).

Figure 3.18 compares the skin friction values on S-6 and maifement for
the two °ow conditions. The gures clearly show the e®ect of Xing tl laminar
region in the vicinity of the leading edge regions of the awofl elements. The
laminar-to-turbulent transition region is characterised bythe sudden jump in
the skin friction values both on the upper and lower surfaces. Ehreduced skin
friction value in°uences the drag prediction by a signi cant amunt, as observed
in Fig. 3.17.

However, as Figure. 3.19 demonstrates, the e®ect of transition x surface
pressure, and hence on lift, is very limited. This suggests thalé fully turbulent
°ow assumption suzxces to predict the lifting airloads to an accetble accuracy,
while the turbulent transition x still does not necessarily yied more accurate
lift airloads. A more rigorous turbulent transition modelingmay provide better
solution to this problem, but that is beyond the scope of the th&s. Therefore,

for all the analyses through the rest of the thesis, the °ow is assuméddily
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Figure 3.19: Comparing airload predictions from fully turlilent and laminar-

turbulent transition xed °ow on slatted S6 airfoil

turbulent.

3.2 Pitching Airfoil: SC2110 with S-1 and S-6

In this section, the MEA CFD solver is further validated, this ime for an un-
steady pitching airfoil (SC2110) °ight condition. Both the baseline airfoil and
the airfoil with static slat con gurations, S-1 and S-6 are analyed. This sec-
tion studies the favorable gap e®ects of slats on suppression of aaiyic stall
vortex and the consequent performance improvement of the diedl airfoil load
characteristics.

Two C-mesh topologies, consisting of 385 138 points (along wrap around
and normal direction, respectively) on the main element and1l3£ 97 points on
the slat, are used to model this °ight condition. Wind tunnel inerference e®ects
are accounted for by using a background wind tunnel mesh of thesil5¥E 101,

along streamwise and stream normal direction, respectively.
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Two unsteady pitching motions are considered at a reduced fregncy k =

lc=2v; =0:07.

®y(t) 15*j 5" cos(t )

®(1)

10*j 10 cos(t)

Pitching motion of ®(t) is considered at a Reynolds numbeRe = 4:14£ 1CF,
and a freestream Mach numbeM; = 0:3 and that of ®,(t) is considered at a
Reynolds numberRe = 5:52£ 1, and a free stream Mach numbeM; = 0:4.
These °ight conditions are typical of those encountered at midpan stations on

the retreating side of a rotor in forward °ight.

3.2.1 Pitching Amplitude 10" Baseline Airfoil SC2110

The comparison of the computational lift and pitching momentvalues with ex-
perimental measurements for the rst unsteady pitching motion®(t)) for just
the baseline airfoil element are shown in Fig. 3.20. The overdatend of the
predicted values seem to be somewhat oscillatory in nature, whicould arise
from the wind tunnel wall e®ect. Compared to experiment, at \eer angles the
lift-curve slope is well captured, but the stall event is predited late. Moreover,
CFD predicts a sharp lift overshoot near stall, probably due tohe presence of
the dynamic stall vortex (DSV).

Similar observations can be made about pitching moment and aly predic-
tions, i.e. fair correlation in upstroke phase in attached regn at lower angles,
followed by delayed prediction of stall events. The process afrination of the
DSV followed by the process of vortex shedding and then its cattion over
the airfoil results in pitching moment stall due to the movemenof center of

pressure. This also explains why moment stall occurs earlier théift stall. Lift
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stall occurs only when the DSV moves past the TE. Similar to lifprediction, a

huge overshoot of moment and drag values is observed near stall.

——CFD Baseline
ool - Expt Baseline

0.6 H——CFD Baseline, |
- Expt Baseline

10 12 14 16 18 20 10 12 14 16 18 20
a a

(@ C. (b) Cwm

"|[—CcFD Baseline
0.7 - Expt Baseline

Cd

10 i2 1;1 a i6 :I:S 20
(©) Co
Figure 3.20: Periodic variation of the non-dimensional lifand pitching moment

coexcients as a function of angle of attack for the baseline 2-&irfoil element,

M; =0:3,k=0:07,®=15*] 5" cos(t).

Baseline Flow Physics: Presence of DSV

Figure 3.21 shows various stages of the baseline airfoil undargy the pitching
cycle. The Fig. 3.22 shows the corresponding surface pressure$ldAt lower

angles such as the one shown in Fig. 3.21(a) @= 15%, the °ow is still attached
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as corroborated by the corresponding surface pressure plot (F§22(a)). The
gradient of pressure rise from the suction peak near the LE is stdmooth which
maintains attached °ow. In such attached °ow at lower angles, itan be observed
that the predicted values correlate very well with the expemental values. With
increasing angle the suction peak near the LE keeps increasingiu nally the
DSV forms and sheds from the LE (Figs. 3.21(b) and 3.21(c)). Téiresults in
separated °ow, characterized by a large adverse pressure gratigmessure rise)
near the LE followed by °at regions of constant pressure values atown in
Figs. 3.22(b) and 3.22(c). A region of suction pressure rise in Fig.22(b) is due
to the presence of the DSV near the airfoil surface.

In the down stroke phase, when the angle is low again, the °ow réathes
(Fig. 3.21(d) and 3.22(d)). But, due to the unsteady e®ect, theeattachment is
delayed till much lower angles and therefore a reverse °ow reginear the TE
still exists at 15 in Fig. 3.21(d). It is also noted that when the °ow is initially
separated, the predicted surface pressure values do not cortelavell with the
experimental values (Fig. 3.22(b)). This partly explains lhe inaccurate and over

prediction of airloads compared to the experiment.

3.2.2 Pitching Amplitude 10*: Slatted Airfoil

Figure 3.23 compares the predicted and measured periodiciedion of unsteady
lift, pitching moment and drag for the multi-element airfoi with the slat at
S-6 con guration. CFD does well in predicting the lift curve sbpe during the
upstroke, but does not capture the exact trend of the lift vaation in the down
stroke, e.g. the nature of hysteresis loop post stall is itself di@at than what is

observed in the experiment. The moment prediction is good inoth the up and
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(a) 15 up (b) 19* up

(c) 19* down (d) 15* down
Figure 3.21: Streamlines on baseline SC2110 airfoil near btagion: Dynamic

Stall.

down stroke phases of pitching cycle at lower angles when the °asvattached,
but not right near stall. Similar to the baseline case, CFD over redicts the
moment stall extent for the slatted airfoil. Drag values, on theother hand,
are over predicted over most part of the pitching cycle (poss¥ldue to the
assumption of fully turbulent °ow).

The predicted airload values for S-1 slat con guration are copared against

experimental values in Fig. 3.24. The overall trend in all th airload predictions
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Figure 3.22: Surface pressure on baseline SC2110 airfoil neatl segion [53].

is that CFD captures the trend of airload variation during the pitching cycle
observed in experiment. The lift curve slope is well predicteut the values are
under predicted. Although the stall break point is fairly wellcaptured by CFD,
the reattachment region post stall is not. The moment values oapare well with
experiment at lower angles and predict moment stall break pai reasonably
well. However, post stall the predicted values deviate from egpimental values,

although the nature of the hysteresis loop remains similar to #t of experiment.
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Figure 3.23: Periodic variation of the non-dimensional liftpitching moment and

drag coezxcients as a function of angle of attack for the multelement airfoil with

the slat at S-6 con guration,M; =0:3, k =0:07,®=15*; 5*cos(t ) [53].

CFD predicts the drag stall event to a good accuracy and mainitas the right
trend of the hysteresis loop, but over predicts the values in éhup stroke and
under predicts in the down stroke phase of the pitching cycle.

The two gures discussed above demonstrate the e®ectiveness of aesdiir-
foil in mitigating dynamic stall by completely eliminating the DSV. Comparing
the Figs. 3.24 and 3.23, it is clear that S6 has better stall chacteristics than S1

and hence is more e®ective at larger angles. However, at loweglas, S1 is more
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Figure 3.24: Periodic variation of the non-dimensional lifand pitching moment

coexcients as a function of angle of attack for the multi-elesmt airfoil with the

slat at S-1 con guration,M; =0:3,k =0:07,®=15*| 5"cos(t ) [53].

e®ective than S6 in overcoming the moment penalty. The S6 comrgtion not
only sustains largerCl . till larger angles compared to the baseline airfoil, it
also results in complete elimination of a coherent DSV, due to ¢hfavorable gap
e®ects of the slat discussed in the Introduction chapter. This rd&in milder

lift and moment stall events.
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(a) 15 up (b) 19* up

(c) 19* down (d) 15* down
Figure 3.25: Streamlines on Slat-S6 SC2110 airfoil at higingles: mitigation of

dynamic stall.

Flow Physics: Suppression of DSV with Slat

Figure 3.25 shows various stages (at the same angles consideoedhe baseline
airfoil in 3.21) of the slatted airfoil (with slat S-6) undergang a pitching cycle.
The slatted airfoil results in mitigation of huge DS vortices Bowing for attached
°ow throughout the pitching cycle, although the °ow separates gitly on the

slat at large angles (Fig. 3.25(b)). Figures 3.26 further eigin how the pressure
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Figure 3.26: Surface pressure on Slat-S6 SC2110 airfoil atthangles [53].

suction peaks found on the baseline airfoil are reduced at thdelof the slatted
airfoil main element due to the favorable slat e®ect. The slat bes the suction
peak rise, but due to dumping e®ect (discussed in Introduction gbigr), which
allows the slat wake to dump °ow at larger velocity than freestr@m, even this
pressure rise on the slat is relieved. This allows the slat to beadager suction
pressure peak than the main element and still have attached °ow.hE resulting

surface pressure has much smoother pressure gradients on the sthtiefoil main
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element than that found on the baseline airfoil at the same stageven at large
angles, e.g. compare Figs. 3.26(b) and 3.22(b). The over preted suction values
on the main as well as the slat element of the slatted airfoil relis in the over

prediction of lift values at larger angles and post stall.

3.2.3 Pitching Amplitude 20": Baseline and Slatted Air-

foll
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Figure 3.27: Periodic variation of the non-dimensional lifand pitching moment
coezxcients as a function of angle of attack for the baseline &l section,M, =

0:4,k =0:07,®=10*; 10 cos(t ) [53].

Computations are then performed for another unsteady pitchg motion
(®,(1)) using both the baseline airfoil and the slatted airfoil with the slat at
S-6 con guration forM = 0:4 and Re = 5:52£ 10°. Figure 3.27 shows the lift
and pitching moment cycles for the baseline airfoil for thisipching motion. The
computations capture the overall trend of the pitching cy@s of the airloads very
well and the predictions are quite accurate in the attachedegion before stall.

However, similar to what was observed for the case & = 0:3, the airloads
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show an up shoot in maximum lift prediction near stall and an oveprediction
of the drop in moment stall. The moment stall point, however, ipredicted fairly
well. Both the lift and moment loads show some oscillatory behar in the down

stroke phase.
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Figure 3.28: Periodic variation of the non-dimensional lifand pitching moment
coezcients as a function of angle of attack for the multi-elesmt airfoil with the

slat at S-1 con guration,M; =0:4,k =0:07,®=10*j 10*cos(t ).

Both the lift and moment stall break points are predicted late than experi-
ment when S-1 slat is added to the main airfoil. On the upstrokene lift is under
predicted. Even the lift curve slope is under predicted. In ta down stroke phase,
while the predicted lift values are not correct, the predid moment loads are
fairly well captured, especially near the °ow reattachment rgion. See Fig. 3.28.
Similar to S-1 slat results, with the S-6 slat, the CFD lift and morent values
do not correlate as well with those from experiment in the upstike phase even
in the attached region. The stall predictions are delayed fdooth the airloads.
See Fig. 3.29. The correlation is even worse for lift values the downstroke

phase, but it is fairly good for the moment values. Essentially #¢n CFD simu-
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Figure 3.29: Periodic variation of the non-dimensional lifand pitching moment

coezxcients as a function of angle of attack for the multi-eleent airfoil with the

slat at S-6 con guration,M; =0:4,k =0:07,®=10*; 10 cos(t ).

lations seem to slightly overpredict the e®ectiveness of the dah ameliorating
the light stall.

An interesting observation that can be made about this case is thtow
separation is shock induced, and therefore is in°uenced by corapsibility e®ects.
For example, Fig. 3.30(a) shows that the baseline airfoil expences a weak
but noticeable shock near® = 14*, which seems to initiate °ow separation.
Eventually, when the angle of attack reaches 20the BL is fully separated and
the baseline is in deep stall (Fig. 3.31(a)). Delay of boundarayer separation
due to the slats is very clearly observed from the remaining ges in Fig. 3.30
and Fig. 3.31. The slat not only o2oads the shock from the main aioil onto
its own upper surface, it also maintains attached °ow on the maimirfoil till
larger angles. At® = 14* the slats experience light (Fig. 3.30(b)) to no stall
(Fig. 3.30(c)). Slat S-6 still sustains attached °ow even at 20 even though S-1

experiences a deep stall on the slat (Fig. 3.31). However, bothetslatted airfoils
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maintain attached °ow on the main element.

In general it is observed that with the slat the stall event is strogly mitigated.
The most signi cant gain of using the slat is the large reduction ofmoment
penalty due to the absence of stall on the main element, and indahregard the

S-6 slat is more e®ective than the S-1 slat.

(a) Baseline (b) Slat S-1 (c) Slat S-6
Figure 3.30: Mach contours on baseline and slatted airfoils apstroke® = 14:1*

during pitching cycle;M; =0:4,k =0:07,®=10*; 10°cos(t ).

(a) Baseline (b) Slat S-1 (c) Slat S-6
Figure 3.31: Mach contours on baseline and slatted airfoils apstroke ® = 20*

during pitching cycle;M; =0:4,k =0:07,®=10*; 10‘cos(t ).
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3.3 Unsteady Rotor: UH-60A Flight Test C9017

Since the ultimate aim of the work is to analyze rotor aerodyamics, the CFD
solver, having been validated against 2-D °ight conditions, isxended to handle
3-D slatted rotor °ows. As mentioned before, the solver is then cpled with a
comprehensive CSD solver. This section, carries out detailedlidation of the
coupled CFD/CSD analysis with available data for °ight test C9Q.7.

The high altitude Flight 9017, at a vehicle weight coexcient 6 Cy=%=
0:1325, is a °ight condition characterized by severe dynamic stadvents on
the retreating side of the rotor disk. This °ight counter is one bthe several
°ight tests conducted by the NASA-Army UH-60A Airloads Program [86] on
a four-bladed UH-60A aircraft in the early nineties. The °ight cadition is at
an intermediate advance ratio oft = 0:237. The free stream Mach number
is M, = 0:157, and the tip Mach number isM;, = 0:665. It is close to the
McHughs lift boundary (Fig. 3.32). The McHughs lift boundary s shown for
a qualitative assessment of the stall level. The boundary depictse measured
steady thrust limit of a 10-foot diameter CH-47B model rotor in he Boeing 20-
by 20-ft V/ISTOL Wind Tunnel [87].

Rotor dynamic stall di®ers from airfoil and 3D wing stall due to dditional
excitations caused by wake induced in°ow and high frequencyastic twist defor-
mations. The stall response occurs at Reynolds numbers of 1 to 6limn. The
local Mach numbers can be as high as 0.7 to 0.8 on the advancbigde and 0.2
to 0.4 on the retreating blade. High Mach numbers are relevambr the advanc-
ing blade stall cycle but for the level °ight case, such as C901his stall cycle
is not present. This °ight condition, C9017, is characterizedby severe dynamic

stall events on the retreating side of the rotor disk and preseni@n ideal test
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Figure 3.32: McHugh Lift Boundary [88]

case for the purposes of the present study, and is, therefore, aeadl candidate
to investigate the e®ectiveness of leading-edge slats in mitigg the retreating
blade dynamic stall.

The near-body °ow eld is modeled using a C{O type body con rming rash
with 133 £ 130£ 61 points (in chord wise, span wise and normal direction,
respectively). The blade surface spacing in the normal direoti is 5£ 10 ©
chords (required for viscous calculations) and the mesh outepbndary is at a
distance 259R away from the blade surface. The entire rotor blade-wake system
is modeled by embedding the blade meshes in a cylindrical o®lganesh with

4:4 million points (four wake meshes of size 1Z3130£ 61) | see Fig. 3.33.

3.3.1 Quantitative Validation: Airloads

Flight test data are available for the C9017 °ight condition atvarious spanwise
stations on the UH-60A as shown in Fig. 3.34. Figures 3.35 and 3.8Bow the

comparison of the predicted normal force and pitching momemime histories at
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(@) Computational domain with eight mesh system

(b) Background mesh near blade wake

Figure 3.33: Overset mesh system used in the simulation of the UH-60A-r
tor in forward °ight showing the body- tted blade meshes embeddkwithin a

cylindrical background mesh.
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Figure 3.34: UH-60A °ight test data stations [91].

Figure 3.35: Time histories of the non-dimensional sectionabrmal forces at
di®erent radial stations along the span for the baseline UH-60A atin C9017
°ight condition. Black dot: Flight test data, Blue solid: CFD-CSD with shaft-

xed trim , Red dash: CFD-CSD with free-°ight trim.

the nine radial stations for the baseline UH-60A rotor with the °ignt test data.

Results from the coupled simulation using the two trim algoritims are shown
here. The calculations show good overall agreement with theemsurements.
The results obtained in the present analysis are consistent witthdse obtained

with previous other CFD-CSD coupled simulations [88{90,92Zkee Fig. 3.37). It
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Figure 3.36: Time histories of the non-dimensional sectionaltghing moment
coexcients (means removed) at di®erent radial stations alondné span for the
baseline UH-60A rotor in C9017 °ight condition. Black dot: Flight test data,
Blue solid: CFD-CSD with shaft- xed trim, Red dash: CFD-CSD with free-°ight

trim .

must be noted here that the pitching moment values in Fig. 3.33re dimensional.
The pitching moment trend of the twin stall events, especially ar=R = 0:86,
are captured in the current work as well, but with a phase o®set tiie second
stall event as compared to the previous computation. In Fig..35, the °ight test
data indicates a large span wise discontinuity at 40R which is most probably
a manifestation of steady o®sets present in the °ight test data. Theitphing
moment variations at the outboard sections of the rotor bladare characterized
by two distinct stall events. The rst stall event is caused by an inagase in the
angle of attack induced by control inputs. The resulting largaose-down pitching

moment causes an elastic torsional response (dominantly 5/re@adding to °ow
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Figure 3.37: Time histories of sectional pitching moment coetents (means
removed) at three outboard radial stations for the baseline UHEA rotor in
C9017 °ight condition taken from previous CFD-CSD work by S#raman et.
al. [90]. Black solid : Flight test data, Blue solid: CFD-CSD with shaft- xed

trim, Red dash-dot: previous CFD-CSD with shaft- xed trim

(a) Flight test (b) CFD/CSD Baseline

Figure 3.38: Comparison of the predicted pitching moment vaation across the

rotor disk with °ight test data for baseline UH-60A rotor.

attachment and stall recovery. This is followed by a second stagdvent in the
retreating side of the rotor disk. The coupled simulation capties the two stall
events, although not resolved accurately in amplitude or phasy. This is clearly

understood from Fig. 3.38, which compares the predicted pit;ng moment (mean

113



180

Figure 3.39: Lift stall (LS) and Moment stall (MS) map on the UH-6@\ rotor.

removed) with °ight test data over the rotor disk. Finally Fig. 3.39 summarizes
the lift as well as moment stall points on the rotor disk at varios azimuthal
and radial station in a polar plot. The general observation thiacan be made
about both kinds of stall events (lift and moment) is that most dten the stall
event predictions are delayed. In addition, the model is uiide to predict the full
radial extent of the second stall events observed in the test daté&or example,
the computational model predicts only two of the radial locaons for the second
lift stall events and only one for the second moment stall eventddowever, the

agreement is still considered satisfactory.

Free Flight Trim versus Wind Tunnel Trim

Examining the results from the two di®erent trim procedures okely shows that

the dynamic stall events, particularly the magnitude and phasig of the mo-
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Blade Type Lo Mic s ® Co=%
C9017 Free-°ight trim 13.66 6.49 -8.47 -1.98 0.00959

C9017 Wind-tunnel trim | 14.86 7.01 -8.55 -2.85 0.01120

Table 3.1: Final trim control angles and the predicted rotopower for the baseline

using the free-°ight and wind-tunnel trim algorithms

ment stall, is much better resolved by the wind-tunnel trim algrithm. While
there is no noticeable di®erence in the normal force predmmtis by the two trim
procedures, the pitching moment shows wind tunnel trim resolgethe rst stall
events better at stationsr=R = 0:77 and 086, both in magnitude and phasing.
Moreover, the free °ight trim leads to incorrect and over preitted second stall
events at these stations. Table 3.1 shows the comparison of the nalmmed
control pitch settings and the corresponding power predictits obtained from
the analysis using the two di®erent trim methodologies. It is obsed that the
wind-tunnel trim requires a lower cyclic input, and shows a gihtly lower power
requirement at this °ight condition. In contrast, the free-°ight trim converges to
a higher shatft tilt angle resulting in larger in°ow and, therefoe, lower angles of
attack on the retreating blade sections. Although the free-°ightrim is a more
realistic model of the actual UH-60A °ight trim, the discrepancis found in the
results can be attributed to the errors associated with simplistimodels for the
fuselage, empennage and the tail rotor that is used in the analg. Because of
the aforementioned reasons, all further analyses discussed instipaper will be

obtained using the wind-tunnel trim algorithm.
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Figure 3.40: Time histories of the non-dimensional sectionabmmal forces at
di®erent radial stations along the span for the baseline UH-60A aotin C9017
°ight condition. Black dot: Flight test data, Blue solid: Grid size 13& 130£ 61,

, Red dash-dot: Grid size 138 259£ 61,
Cyan dots: Grid size 19€ 130£ 61

3.3.2 Grid Convergence Study

Appropriate grid size is essential in capturing the right physicef the °ow, es-
pecially when it involves unsteady aerodynamics varying aess the span. To
arrive at the appropriate grid size, grid sizes with varying nmbers of span-
wise and wrap around grid stations are considered. Their grid iensions are:
133 13CE 61, 13FE 197£ 61, 13F 25% 61, and 19% 13CE 61 along wraparound,
spanwise and normal directions to the blade.

Figs. 3.40 and 3.41 compare the airloads due to these three gridt is clearly

noted that the coarsest grid itself suxces to resolve the salient crecteristics of
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Figure 3.41: Time histories of the non-dimensional sectionaitghing moment
coexcients (means removed) at di®erent radial stations alondné span for the
baseline UH-60A rotor in C9017 °ight condition. Black dot: Flight test data,
Blue solid: Grid size 13Z 130£ 61, Green dash: Grid size 138 197£ 61, Red
dash-dot: Grid size 13E 259£ 61, Cyan dots: Grid size 19%€ 130£ 6L

the time history airload plots. For example, the spanwise coarsegtid already
predicts the two moment stall events at the outboard stations,specially the one
at r=R = 0:86, besides predicting the lift stall events to a reasonable agacy.
The ner grid resolution, with as much as half the grid spacing athe inboard
stations as the coarsest one, does not help improve either thegsing or the
extent of stall events by a signi cant amount. Moreover, the higer inboard
grid resolution is still unable to pick up the smaller stall everg at the inboard

stations (r=R = 0:55) besides over predicting the second moment stall events at
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Grid size o e s ® Co=%

133£ 130£ 61| 14.86 7.01 -8.55 -2.85 0.01120

133£ 197£ 61| 15.24 7.42 -8.70 -2.85 0.01172

133£ 259£ 61| 1540 7.87 -8.59 -2.85 0.01230

199£ 130£ 61| 1549 7.95 -8.48 -2.85 0.01235

Table 3.2: Final trim control angles and the predicted rotopower for the baseline

for di®erent grid sizes

certain outboard stations (=R = 0:96).

Table 3.2 compares the predicted trim control angles and pewfor all grid
sizes. This further corroborates the ndings from the airloadine history plots.
It shows that ner grid resolution has only moderate in°uence onrtm angles and
power prediction values, although it results in an increasingénd in the collective
angles. But, observing only moderate advantages of furtheridrre nement
compared to the initial coarse mesh size, the grid size of 183130£ 61 is

consistently used for all the studies done hereafter in the thesis.

3.3.3 Qualitative Veri cation: Streamlines and Vorticity

Contours

To understand the °ow physics of the 3-D dynamic stall phenomenostream-
lines are examined at relevant azimuth locations at a few raal stations. Fig-
ure 3.42 shows streamlines near the st stall evenA(= 270* and 282) at 80%
radial location. It clearly shows the presence of a vortex nedne trailing edge
which progressively moves away from the airfoil resulting in # rst moment

stall and then followed by a lift stall (deep stall). This is in ageement with the
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(@) r=R =80%; A =274* (b) r=R =80%; A = 282*

Figure 3.42: Streamlines (undeformed frame) at=R = 80% station near rst

lift stall event for the baseline UH-60A rotor in C9017 °ight condiion.

(a) r=R =93%; A =318* (b) r=R =93%; A =330*
Figure 3.43: Streamlines (undeformed frame) atR = 93% station near second

lift stall event for the baseline UH-60A rotor in C9017 °ight condiion.

trend and phasing of the rst stall event normal load predictions.Figure 3.43
shows streamlines near the second stall everk € 318* and 330) at a more
outboard station of 93%r=R. The dynamic stall vortex is only starting to form

near A = 318%, but has already convected past the trailing edge by the timene
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(a) Dynamic Stall Vortex (b) Surface Streamlines

Figure 3.44: Dynamic stall vortex on UH-60A blade at azimuthA = 270*

blade reachedA = 330*. These °ow physics correspond well with the azimuthal
location of the predicted second stall event.

Figure 3.44 shows volume and surface streamlines on the bladamihe rst
dynamic stall. Figure 3.44(a) clearly veri es the presence of strong dynamic
stall vortex on the UH-60A blade at this azimuth location,A = 270*. This corre-
lates well with the test data con rming the presence of the rst strag (moment
as well as lift) dynamic stall events. Figure 3.44(b) shows theooresponding
surface streamlines which clearly shows the separated °ow regiaand the sepa-
ration lines. The , -shaped separation region, which starts nearR 2 0:95 and
spreads inboard of the blade, goes on to suggest the DSV grows esirom

outboard to inboard as observed in Fig. 3.44(a).

3.3.4 More Quantitative Validation

This section quantitatively evaluates the credibility of the CFD/CSD model

for analysing the high altitude high thrust rotor °ight conditions. First, the
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predicted aerodynamics of the rotor is quantitatively comared against existing
experimental aerodynamic data, namely the surface pressureodes. Then the
predicted structural behavior is studied. Predicted rotor aeelastic quantities,
such as blade torsional moment, pitch link loads etc., are coraped with available

data from the °ight test.

Aerodynamics: Surface Pressure

Previously, Figs. 3.35 and 3.36 showed discrepancies in the @ad predictions
as compared to experimental data. This discrepancy can be batexplained if
the surface pressure values are examined. As discussed before, 9@1C °ight
condition is characterised by two stall events: one occurringear 276 and the
other near 330. Figures 3.45 and 3.46 compare the predicted surface pressure
coexcient with the °ight test data at these two stall events. The prelictions
are fairly good over most of the radial stations except for the st few inboard
stations (r=R < 0:55) where the suction pressure is over-predicted. Flat suction
pressure pro les on the upper surface suggests highly separated °oensistent
with the stall event. It is also observed in Fig. 3.45 that the °ow pogresses from
initial stages of stall to deeper stall from 270to 282" azimuth, characterised by
even °atter upper surface pressures and reduced areas under thessure curves.
Further, it is noticed that the size of the region of separatioris decreasingly
smaller towards the outboard stations, which is consistent withhte observation
made in the surface streamlines Fig. 3.44(b), at this azimuthatation.

A similar trend is observed in Fig. 3.46 as the °ow progresses fronildhstall
at 318" to deep stall at 336. The consistent under-predicted suction values at

the outboard stations (Fig. 3.46) re°ects the under-predictin of the normal load
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Figure 3.45: Surface pressure coezcient at di®erent radial statis near rst lift
stall event for the baseline UH-60A rotor in C9017 °ight condition Black dot:

Flight test data, Blue solid: CFD-CSD with shaft- xed trim.

values and the phase o®sets of the stall events. It is also observeat the airload

predictions are better in the regions where the °ow is mostly tdched (e.g. at
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Figure 3.46: Surface pressure coezcient at di®erent radial statis nearsecond
lift stall event for the baseline UH-60A rotor in C9017 °ight condiion. Black
dot: Flight test data, Blue solid: CFD-CSD with shaft- xed trim.
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r=R = 0:675) and tends to deviate from the °ight test data near inceptio of

stall events (e.g at the outboard stations), that is, when the °ows separated.

(a) 0.675@ 90° (b) 0.775@ 90° (c) 0.865@ 90°
6 6 6
4 4 e
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? "::"g .
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Figure 3.47: Surface pressure coezcient at di®erent radial statis on advancing
side of baseline UH-60A rotor in C9017 °ight conditionBlack dot: Flight test
data, Blue solid: CFD-CSD with shaft- xed trim.
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Figure 3.47 shows surface pressure pro les at two azimuth locat®on the
advancing side of the rotor. Consistently, the pressure valueseannder predicted
by CFD/CSD computations compared to experiment. The preditons are rel-
atively better at A = 180* than at A = 90*. It must be noted here that, the
experimental pressure values seem to be random and spurious atés. Further
veri cation of the experimental data still needs to be done. Wite under predic-
tion of the sectional pressure values ah = 180* are consistent with the under
predicted normal sectional loads in Fig. 3.35, the pressure uak atA = 90* are

not as consistent.

Structural Dynamics: Torsional Moment and Pitch Link Loads

Figure 3.48 compares predicted sectional torsional momentsfaur radial sta-
tions with those from the °ight test data. The trend of torsional noment time
history is well predicted in terms of waveforms and peaks, exuteat the junc-
tion of the rst and the second quadrant. The steady o®set in mean va is
an artifact of uncertainties in the test data. [88] The corraltion is better at the
inboard stations than outboard. However, the dominant &rev harmonics in sec-
tional torsional moments, especially at the inboard stations, arnot predicted
by the CFD/CSD solver. Instead, the predicted moments show a damant
4=rev trend. The discrepancy is due to the 4rev harmonic over-prediction of
the torsional section moments as demonstrated by Fig. 3.49. Thgure shows
the contribution of all harmonics (1j 10=rev) to total torsional moment at the
four radial stations. It is clearly observed that the fourth hamonic is dominantly
over-predicted consistently across all radial stations. In thesgures, it is further

observed that except for 4rev and 5=rev harmonic, the predicted amplitudes
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Figure 3.48: Comparison of CFD/CSD predicted sectional torsmal moments

with C9017 °ight test data.
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Figure 3.49: Comparison of CFD/CSD predicted amplitudes of drmonics of

sectional torsional moments with C9017 °ight test data.
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of harmonics the moments are consistently comparable or underedicted. This
re°ects in the overall under-prediction of the correspondingprsional moments.
Moreover, the 4rev amplitude monotonically diminishes towards the outboard
stations and hence it can be observed that the outboard sectidrtarsional mo-
ments ( 3.49(c) and 3.49(d)) starts picking up the smaller haronics.
However, the discrepancy is restricted only to the advancing fdand not on
the retreating side, as observed in 3.48. Thus, the error is no¢%ected in the
torsional oscillations (combined #rev and 5=rev harmonics) on the retreating
side, and hence does not jeopardize stall prediction at thesaraath locations.
Further outboard, the discrepancy is more pronounced. The $édata show an
even larger harmonic content (upto Frev or larger) at the outboard station
(r=R = 0:90), but computed values show still dominantly #rev content with

only smaller amplitudes of higher harmonic oscillations.
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Figure 3.50: Comparison of CFD/CSD predicted pitch link loadwith C9017

°ight test data.

Figure 3.50(a) compares the pitch link load time history (wih mean removed)

computed from the CFD/CSD analysis with the test data. To neglet the o®set
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in steady measurement error, the mean values are removed. Rilnk loads are
the spanwise integrated torsional moment loads and thereforééd trends and
errors in pitch link loads are direct consequence of the treadand errors found

in the sectional torsional moment predictions. The waveform ahthe peaks
are are well captured, except at the beginning of the second afirant. Both
the predicted and test data show a huge drop in values near azithuocations,

A = 270* and 360, suggesting the presence of sharp moment stalls at these
azimuths.

Similar to the observation made in torsional moments behavidhe predicted
pitch link loads show dominant 4rev behavior, while the test data shows Srev.
As described before, the discrepancy is due to over-predictiohthe 4=rev tor-
sional sectional loads; mostly on the advancing side. Figure 3(bP shows the
total pitch link load in terms of the amplitude contributions from its 1j 10=rev
harmonics. It clearly shows the dominant 4rev harmonic over-prediction, which

re°ects on the pitch link load time history.

3.4 Summary

This chapter describes in detail the validation and veri catbn of the CFD solver,
which can handle multi-element airfoil (LE-Slats) con guratons, against existing
2-D experimental wind tunnel data. It also demonstrates the sugrior advantages
of slats in alleviating and/or eliminating dynamic stall on a ptching airfoil.

Then, the computational model of the CFD solver is loosely colgd with a
CSD (comprehensive) solver and validated against °ight test datan a rotor in

a moderate speed, high altitude and high thrust condition, nasly, UH-60 for

°ight counter C9017. The predictions from the coupled analysisatisfactorily
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capture the trends of the C9017 °ight test condition both quatatively, and
guantitatively (to a limited accuracy). This establishes thecoupled CFD/CSD

model as a credible tool to analyze rotors with a slat.
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Chapter 4

Rotor Performance Improvement using

LE Slats

Having validated the coupled CFD/CSD solver for the UH-60A rotor, the solver
is now used for evaluating the e®ectiveness of a slat on dynamicllsédlevia-
tion and thus analysing its e®ect on rotor performance improreent. A detailed
analysis, using qualitative as well as quantitative parametsr is performed to
demonstrate the slat capabilities in attaining better rotor gerformance. Fur-
ther, studies are carried out to show the e®ectiveness of the slatachieving
higher thrust (pushing the thrust limit), which would allow expanding the °ight
envelope of the typical UH-60A rotor.

But, before the strategies to alleviate or eliminate dynamistall are studied,
it is vital to gain fundamental understanding of its dependece on rotor thrust
itself. Dynamic stall is a performance compromise and a conseque of rotor
wanting to achieve higher thrust limits. If the higher thrust requirement of the
rotor were to be reduced, the retreating side dynamic stall pbdem could be
totally eliminated. The rst section explains this better by demonstrating the

dependence of the rotor performance on rotor thrust settings.
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4.1 E®ect of Thrust Setting on Dynamic Stall

To understand the onset of dynamic stall and its dependence onetotor thrust

setting, computations are performed at the same advance rat{® = 0:237) as
that of °ight condition C9017, but at di®erent Cy=%settings. The conditions
chosen are such that the rotor operated at 10% and 5% lower thrustan the
baseline C9017 °ight condition. A fair estimate of the thrust e®¢on stall events
is rst obtained through a comprehensive analysis using UMARC. Figa 4.1
shows the normal force and pitching moment time history predions from the
linearized aerodynamic model. While 5% thrust reduction migates the stall
event by almost 50% (in terms of pitching moment drop near 300azimuth

location), 10% thrust reduction seems to eliminate the dynaruoistall altogether.
Figures 4.2{4.4 show the CFD prediction and comparison of theormal force,
pitching moment, and the chord wise force time histories for #se three thrust
conditions at several radial stations. It is observed that even 8% reduction
in the thrust is suzcient to nearly eliminate the e®ect of dynamicstall on the
pitching moment time histories in the retreating side of the rtor disk. As with

UMARC predictions, considerable reduction in the variations ohormal force
and chord wise forces are observed at this reduced thrust condit. But, unlike

UMARC, the CFD air load time histories do not vary appreciably wih further

reductions in the rotor thrust.

To obtain a quantitative parameter capable of indicating tle onset of dynamic
stall, two possible indicators are analyzed: (a) integrated bratory torsional
loads (4i 17rev) near the blade root (=R = 22:5%), and (b) the blade pitch link
loads. Figure 4.5 compares the time histories and the half petipeak blade

vibratory torsional moments at the blade root. UMARC underpredcts the peak-
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Figure 4.1: Variation of UMARC linearized aerodynamic airlods with thrust.

Cr=%=0:1325 C;=%= 0:125§ Cy=%~= 0:1190

133



(a) /IR=0.225 (b) r/R=0.400 (c) r/R=0.550

0.4 0.4 0.4
s 02 0.2 02| piaf_
(@] Om OW 0
(d) r/R=0.670 (e) r/R=0.770 (f) /R=0.860
0.4 0.4 0.4
S_ 02N 0.2 = 0.2/ =
© 0 0 0

(h) /R=0.960 (i) r/R=0.990

(9) /R=0.920

0 90 180270360

0 90 180270360
y (deg)

0 90 180270360
y (deg)

y (deg)

Figure 4.2: Variation of CFD normal loads with thrust. Blue solid: Cy=%=
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Figure 4.4: Variation of CFD chord wise forces with thrust.Blue solid: Cy=%=
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to-peak torsional moments as compared to CFD. For example,rfthe baseline
Ct=%= 0:1325, the half peak-to-peak predictions by the coupled aryais is 3347
Ib-in, from UMARC it is 1419 Ib-in while the °ight test data is 2512 Ib-in. It
is observed that a reduction in thrust by as little as 5% resultsni a signi cant
reduction (around 33%) in the half peak-to-peak moments. Favable e®ects of
thrust reduction are also observed in the pitch link loads (see i 4.6), indicating
that slight changes in the rotor lift distribution can signi cantly reduce or even
completely eliminate the dynamic stall phenomena in the re¢ating side. This
is well demonstrated by upto 55% reduction in peak-to-peak fgh link load
observed for the lowest thrust case. See Fig. 4.6(a). Figure Apbalso shows the
measured values from the UH-60A °ight counter C9020. This °ight calition
has approximately the same thrust as the lowest condition used the present

simulation. However, it must be emphasized that the °ight conditns are not

135



r/R=0.225
6000~
6000 —+—UMARC

000l — Ct/s i0.1325 —+— OverTURNS
= = = Ct/s=0.1258 5000/| ¢ Flight Test 9017
4000F - = Ct/s=0.1191 ¢ _Flight Test c9020)

3000+
2000F
10001

40001

3000}
'
-1000 [
e

-2000

200010
-3000 -
-4000

1000 ’//d B
-5000 -

0 90 180 270 360 Srtes 0.1259 0.1325
y (deg) Ct/s

4-17/rev tor (Ib-in)
o
Half PtoP 4-17/rev tor (lb-in)

(a) CFD predicted Torsional 4 17=rev mo- (b) Half peak-to-peak 4 17=rev torsional
ment vs azimuth (?) moments vsCr =%
Figure 4.5: Sectional 4 17=rev torsional moments atr=R = 22:5%: e®ect of
thrust on stall; Blue solid: Cy=%= 0:1325 Green dash: C+=%= 0:1258§ Red

dash-dot: C+=%=0:119

exactly identical and the comparison is strictly qualitative Although, the drop in
pitch link loads predicted by CFD with decreasing thrust is lager than measured,
the trend is correct.

Finally, Fig. 4.7 compares the vibratory 4rev rotor hub loads for the three
cases. All quantities are non-dimensionalized by the baseline @Y values. It
is observed that there is a noticeable reduction in all threeub forces and hub
moments (except forMy) with reduced rotor thrust values. This is expected
because, for the lower thrust conditions the dynamic stall evesare weaker,
and hence there is reduced unsteady load on the blade and consadly on the
rotor hub. It must be emphasized that the absolute values of theoling (M)
and pitching (My) moments are relatively insigni cant ( 3%) compared to the
rotor torque values M) and and hence their relative non-dimensional values are

not as important as that of the rotor torque values while comaring the relative
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merits of the various slat con gurations. The reduced hub loadsan be further
explained by Figure 4.8 which compares the vibratory normabads (3j 20=rev)
of the baseline condition with that of the two lower thrust condgtions. The
vibratory loads, especially the 3rev and 38 1=rev ones, contribute towards the
hub 4=rev loads. From the gure it is evident that the peak-to-peak valus of
these vibratory loads for the lower thrust settings are considably smaller than
for the baseline thrust setting and therefore, the hub loads aremaller for the
lower thrust conditions compared to the baseline one as desatbin Figure 4.7.
Table 4.1 compares control angles and power loss for the varsathrust cases.
With reduced thrust, there is reduced lift requirement and tlerefore, correspond-
ingly, reduced trim collective requirements. It is also obseed that the power
loss is better recovered for lower thrust conditions because tbieir attenuated

dynamic stall events.
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Table 4.1: CFD Predicted Trim Control Angles and Power

for Three Thrust Cases

Cr=% Ho Mac Mas ® Co=%
0.1325 (Baseline) 14.86 7.01 -8.55 -2.85 0.01120

0.1258 11.72 4.06 -6.95 -2.85 0.00666

0.1192 10.48 3.09 -5.99 -2.85 0.00514

Il Ct/s=0.1325
161 [_JCt/s=0.1259
I Ct/s=0.1193

Non-dimensional Hubloads (4/rev)

Figure 4.7: CFD predicted 4rev Hub loads; Cr=%= 0:1325
Cr=%=0:119
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Blue solid: C;=%= 0:1325 Green dash:C+=%= 0:1258 Red dash-dot: Cy=%=

0:119

4.2 Analysis of UH-60A with Slat

The results shown in the previous sections provide enough conri® in apply-

ing the coupled simulation to study the e®ectiveness of a leadirdge slat for

mitigation of dynamic stall in helicopter rotors. The focus ofthis section is to

study the performance of a modi ed UH-60A rotor blade with leadig-edge slat

for the C9017 °ight condition, and determine if the bene ts seeim 2-D compu-

tations translate into better aerodynamic characteristicsdr the rotor blade in

high thrust °ight conditions.
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4.2.1 Modi ed UH-60A Rotor Blade with Slat

To analyze the e®ect of slat on rotor aerodynamics a modi ed UH-60tor
blade is considered with a single slat that spans across 50%®0% of the ro-
tor radius. The slat geometry proposed by Lorber et al. [15] was ep cally
designed for a particular main airfoil section which is di®eréfrom the SC1095-
R8 sections in the midspan region of the baseline UH-60A blade. Usitlgs
slat geometry with the baseline UH-60A airfoil geometry will notprovide the
optimum channeling of the °ow near the leading edge of the maguarfoil section
{ see Fig. 4.9. Therefore, the modi ed blade geometry replacéise baseline
airfoil sections in the region such that it uses the same airfalat combination
that was used in the 2-D experiments. Note that the modi cations @re purely
restricted to the blade surface de nition used by the CFD meshes lyn The

blade structural properties were not modi ed to account for tie additional mass

increase from slat or the change in the blade moments of inertia

b

/ Modified UH-60A (SC21

Slat S-6

Original UH-60A (SC1095r8)

Figure 4.9: Modi ed UH60 Blade with Slat S-6

As a sanity check, to ensure that the modi cation of the rotor blad does
not drastically alter the lift and pitching moment characteiistics across the blade

span at the C9017 °ight condition, computations were perforntewith the modi-
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Figure 4.10: Predicted and measured sectional normal loads ©9017. Black
dot: Flight Test Data; Blue solid: CFD UH60A Blade Red dash: CFD UHG60A-

mod Blade.

“ed UH-60A blade geometry without the slat and compared against #nbaseline
UH-60A rotor results at this °ight condition { see Figs. 4.10 and 4.1. While
the normal load time histories show no noticeable a®ect, the ment load time
history show a slight deterioration of the pitching moment stallat certain radial
stations (=R = 0:86) and an over prediction of the same at certain other stations
(r=R = 0:92 96) due to the modi ed blade geometry. However, the nal trim
control settings and the rotor power remain largely unchangefor the modi ed

rotor geometry, as shown in Table 4.2.
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Figure 4.11: Predicted and measured sectional moment loads €@9017. Black

dot: Flight Test Data; Blue solid: CFD UH60A Blade Red dash: CFD UHG0A-

mod Blade.
Blade Type Ho Mac Mas ® Co=%a
UH-60A 14.86 7.01 -855 -2.85 0.01120
UH60A-mod | 14.63 6.69 -8.58 -2.85 0.01069

Table 4.2: Final trim control angles and the predicted rotopower for the baseline

and the modi ed UH-60A rotor geometries without the slat.

4.2.2 2-D Dynamic Slat Actuation

So far the slat has been considered to be static with respect to theain blade.
Actuating the slat with respect to the blade would introduce theactive control

feature to the blade design which would allow the blade more mwol authority
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on its in°uence on °ow physics. Appropriate actuation would lead d better
performance of the multi-element airfoil. Therefore, takig a step back to two
dimensional °ows, this section analyses the fundamental advags and the
disadvantages of a dynamic slat for an airfoil undergoing piting motion. No
experimental measurements are available for such a situatiosp the results are
compared with the pitching motion results obtained with the wo extreme static

slat con gurations.
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Figure 4.12: Time history of slat angle over one cyclg ¢ | versusA) due to

1=rev slat actuations

In order to determine the optimum dynamic slat actuation straegy that
will provide us with the maximum performance gains over thergire cycle of
the unsteady pitching motion, one must analyze the potential dvantages and
disadvantages of the S-1 and S-6 con gurations. Both con guratis have the
advantage of increasing the stall margin compared to the bagsedi airfoil, but
they are accompanied by a higher nose-down pitching moment nadty. Slat
con guration S-6 is more e®ective in pushing the stall margin toigher angles
of attack compared to the S-1 con guration. Consequently S-@urs larger

nose-down pitching moment over a wider range of angle of attathan the S-1
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con guration. However, the S-1 con guration has a lower nose-do pitching
moment penalty and lower drag at low angles of attack (typideof blade sections
on the advancing side). Thus, the dynamic actuation must be suchat the
slat is at the S-1 con guration when the airfoil is at its lowest fich angle, and
it is at S-6 con guration when the airfoil is at the maximum pitch attitude.
Figure. 4.12 shows change in slat angle with respect to the S-1sfimn over one

pitching cycle.
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Figure 4.13: Airload comparisons for static and dynamic slat case

Figure 4.13 compares the time histories of the lift, pitchingnoment, and

drag variations predicted for a dynamic slat actuation with hat predicted for
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the two static slat con gurations for an unsteady airfoil pitchng motion. The
overall behavior of the dynamic slat actuation represents a ogpromise between
the S-1 and S-6 aerodynamic characteristics. The normal andady loads for the
dynamic slat case are better than those for the S-1 con guratiomtoughout the
cycle. The nose-down moments characteristics are much impeavthan either
static con gurations, but is comparable to the S-6 airload chacteristics over
most part of the cycle. At larger angles moment values tend tawds that of the
S-6 values, and are closer to the low S-1 values at lower angléattack. Thus,
at lower angles it overcomes the large moment penalty and arber angles, it

not only delays stall, but also improves its lift-to-drag rato.

4.2.3 E®ectiveness of Slat on Dynamic Stall Mitigation

(a) Top View (b) C-O grid on slat S-6

Figure 4.14: Slat S-6 Geometry

A coupled simulation of the C9017 °ight condition for the modi & UH-60A
rotor blade is performed both with static and dynamic slat actations. The slat

spans 40% of the main rotor bladeréR = [0:5 : 0.9]). See Fig. 4.14(a). The
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computational mesh used for the slat is a C-O topology mesh with 92 77£ 65
points along wrap around, span wise and normal direction, resgtevely { see
Fig. 4.14(b). The surface spacing in the normal direction is % 10 © chords of
the main element and the outer boundaries are 10% of the slat spaway.

The existing CFD solver required both the blade mesh and the wakaesh
in any quadrant to be in one single processor and the computatidar the whole
rotor was performed using only four processors. Current methddgy improves
upon this parallelization for further reduction in the cost d the CFD computa-
tion. Each of the blade and the wake meshes is now split into mipte mesh
blocks to compute the solution in parallel. The mesh splittings done so as
to ensure the most optimal load balancing. For example, for a $tad rotor
computation with 10 processors per quadrant (and 40 processoos the whole
rotor), the slat mesh is split into 2, the blade mesh into 4 and the ake mesh
into 4 processors. The slat mesh being smallest requires fewer splésh blocks
than is required for the blade and the wake meshes. Figure 4.15nsuarizes
the computational speed up due to the parallelization for théaseline as well as
the slatted (S-6) rotor cases. The speed up values are obtained cymparing
the computational time for a given number of processordNp) with respect to
the corresponding minimum number of processor&N0) used for that partic-
ular rotor case. In the gure, NpO = 8 for the baseline rotor, andNpO = 12
for the slatted rotor computations. It is observed that the par#lelization of the
slatted rotor is less excient than that of the baseline rotor. It @n be attributed
to additional communication time required for the airload nformation transfer
from the slat processors to the main blade processors for rotor lagd compu-

tation. The reduced ezxciency of slatted rotor is also because ofi¢ overhead
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computation required for obtaining connectivity informaion for a larger overset
group (of three grids) as compared to the baseline rotor oversgtoup (of two
grids) during the hole cutting step. Overall, the baseline rotoclocks approxi-
mately 20 hours with 32 processors and the slat S-6 rotor clockgpaoximately
26 hours with 40 processors to compute solution for one rotor m@ution (360%)
on a Intel(R) Xeon(TM) CPU 3.20GHz machine. It must be noted herdghat
the parallelization is performed only for computing the °ow slation and not for

obtaining the connectivity information in the hole cutting step.

——Baseline
—e—Slat S-6
—Linear

3
Np/NpO

Figure 4.15: Computational time speed up foN p processors with respect to the
corresponding minimum number of processordl0) used for baseline as well as

slatted (S-6) rotors

The integrated sectional airloads at a given span, transferre the CSD
solver, is the vector sum of the slat and the main airfoil loads alit the elastic
axis. Note that the inertial e®ects of the slat are not modeled irhé structural
solver. However, the blade dynamics over the entire span is a®stthy the
modi ed airloads at the sections where the slat is present. This iturn a®ects

the aerodynamics over the entire blade span in the successive ged trim it-
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erations. The net e®ect is that the blade dynamic and aerodynaresponse is
considerably di®erent compared to the baseline rotor at all ldla sections when

the coupling cycles converge.

Free Stream

\\“\A

0 deg

Figure 4.16: Schematic of slat actuation over a rotor revolign with appropriate

phase o®set.

For static slat analysis, both the S-6 and S-1 slat con gurations we con-
sidered. For the dynamic slat actuation, the slat motion is presibed such that
the slat is at the S-6 con guration when the blade is af\ = 300* and at the S-1
con guration on the advancing side atA = 120*. This phase o®set is to ensure
the S-6 con guration during the deepest stage of the rst dynamic atl event.
A l1=rev actuation is introduced to transition the slat between these dxemes as
the blade rotates around the hub. See Fig. 4.16.

Figures 4.17{4.19 show the time histories of the non-dimens@nnormal
force, pitching moment, and chord wise force at six outboard dians of the
rotor blade. The normal forces show a slight alleviation of theeverity of the
dynamic stall at the outer sections with both static and dynamicslat actuations.

However, the most signi cant di®erence is observed in the retreag blade pitch-
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Figure 4.17: Time history of CFD normal loads with dynamic slat Blue solid:
no slat Green dash: steady slat S;fRed dash dot: steady slat S-1Black dot:

dynamic slat.

ing moment loads; the presence of the slat is able to completelyngnate the
two moment stall cycles in the fourth quadrant. However, a slighincrease in
the nose-down pitching moment is observed on the advancing siddoreover, all
the slat con gurations consistently incur larger drag penalty o the advancing
side, arising mostly due to larger pro le drag of the slatted airfib

The contour plots of the unsteady pitching moments (with meas removed),
shown in Fig. 4.20, over the rotor disk provides a better undershding of the
relative di®erences between the baseline no-slat rotor, andetistatic and the
dynamic slatted rotors. While the baseline rotor shows the presea of stalled
regions (blue colored areas) on the retreating side, introduegn of a slat seems
to eliminate these moment stall regions completely over the &m rotor disk.

The trends are similar to those observed for the 2-D airfoil seots analyzed
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Figure 4.18: Time history of CFD pitching moments with dynamt slat. Blue
solid: no slat Green dash: steady slat S;Red dash dot: steady slat S<1Black

dot: dynamic slat.

previously. While the net integrated sectional normal forcefook similar for
the two slat actuations analyzed, examination of the vibratry loads show ner
di®erences between the two actuations { see Fig. 4.21.

As mentioned previously, the presence of the slat also a®ects thadd dy-
namic response in the converged trimmed °ight condition. Thesdanges in the
blade deformations is re°ected in the nal trim control setting, and the rotor
power as shown in Table 4.3. The additional lift generation ém the presence of
the slat allows the rotor to achieve the same thrust at a lower delctive setting
compared to the baseline rotor. Even though the S-1 slat resuliis a lower col-
lective and complete elimination of dynamic stall, it incursa larger power loss
than both the static S-6 slat and dynamic slat actuation cases.

Figure 4.22 shows the variation of the e®ective geometric aagif attack at
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Figure 4.19: Time history of CFD chord wise forces with dynamislat. Blue
solid: no slat Green dash: steady slat S;Red dash dot: steady slat S<1Black

dot: dynamic slat.

three radial stations across the span. The geometric angle otatk shown here
includes the contribution from the blade collective and cyic pitch (eontrol ),
the built-in pre-twist ( hw), and the elastic twist response of the bladeA), i.e.
ot (L A) = Heontrol (1 A) + b (r) + A(r; A), where (r; A) refer to any radial and
azimuthal location, respectively. A reduction in the e®ecta&y geometric angle
of attack for the slatted-rotor con gurations is clearly notted, particularly in
the fourth quadrant of the rotor disk. In addition to improving the sectional
lift characteristics, the presence of the slat also introduces aebe cial blade
dynamic response which reduces the e®ective angle of attackréiy delaying

the onset of dynamic stall.
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(a) CFD/CSD Baseline (b) CFD/CSD Static S-6 slat

(c) CFD/CSD Dynamic slat (d) CFD/CSD Static S-1 slat

Figure 4.20: Comparison of the pitching moment variation aoss the rotor disk

for the static and dynamic slat analyses with the baseline no-slabtor.

Qualitative Analysis of Dynamic Stall Mitigation

The streamlines in Fig. 4.23 clearly shows how the introductioof any slat
(S-1 and S-6) causes elimination of the strong dynamic stall wex, otherwise
present at outboard stations on the baseline rotor. The stationshown are at
r=R = 73%; 75% and 79%.

Figure 4.24 compares the Q-criterion iso surface for the bas&irotor with
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Figure 4.21: Time history of CFD vibratory normal loads (3j 20=rev) with
dynamic slat. Blue solid: no slat Green dash: steady slat S;6Red dash dot:

steady slat S-1 Black dot: dynamic slat.
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Figure 4.22: Variation of the e®ective geometric angle of attk as a function of
azimuth at di®erent radial stations.Blue solid: no slat Green dash: steady slat

S-6 Red dash dot: dynamic slatBlack dot: steady slat S-1.

the slat S-6 UH-60A blade. Due to the lower collective and redugestall events,
the vortex wake strength has reduced with the introduction o§lat S-6.

The carpet surface pressure plots for the upper surface at relevatations
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Blade Type o Mic s ® Co=%
Baseline UH60A| 14.86 7.01 -8.55 -2.85 0.01120

Slat S-6 11.41 3,52 -5.72 -2.85 0.00674

Slat S-1 11.25 3.89 -6.63 -2.85 0.00727

Dynamic Slat 11.29 3.95 -6.46 -2.85 0.00700

Table 4.3: Comparison of the nal trimmed control pitch setting and the net
rotor power for the modi ed UH-60A con gurations and the baselindJH-60A

rotor.

reveal the e®ectiveness of the slat { see Figs. 4.25 and 4.26. The abkthese
“gures compares pressure peaks near the leading edge at rotdraard stations
where the slat is present. Due to the favorable gap e®ects due tatsh-6, the
suction pressure peaks are signi cantly relieved on the upper sact of the airfoil
at both the inboard stations shown in Fig. 4.25. The suction peakalues seem
to be reduced nearly by half. Even at the two stations outboardf the slat, the
indirect in°uence of the slat is found; the suction pressure peakslief is mild

but noticeable.

Stall Indicators: Pitch Link Load and Root Torsional Moment

Pitch link loads and root sectional torsional moment loads seevas appropriate
indicators for the onset of blade stall, and can be used as a quaative metric
for determining the e®ectiveness of a given slat con guration.idure 4.27 shows
the time histories of the vibratory torsional loads at the root(4 j 17/rev) and
the corresponding pitch link loads in the hub frame. The seveste pitch link

loads occur in the advancing and retreating side. The presencka slat clearly
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(a) Baseline (b) Slat S-6

(c) Slat S-1
Figure 4.23: Streamlines comparisons for baseline and slattetior cases at three

outboard stations,r=R = 73%; 75%,and 79%.

shows a reduction of up to 73% in the vibratory root (=R = 22:5%) torsional
loads, and a corresponding reduction of up to 62% in the pitchnk loads (see
Fig. 4.28). The level of vibration reduction that is gained # introducing a slat
is signi cant. An interesting observation is that the static S-6 slais the most
e®ective in stall alleviation in terms of the mentioned quarfiting parameters

and the performance of the dynamic slat actuation @rev) in this regard is
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(a) CFD/CSD Baseline (b) CFD/CSD Static S-6 slat

Figure 4.24: Comparison of Q-criterion iso-surface contour$ baseline rotor

with that having static S-6 slat.

(@ Cp at r=R =0:775 (b) Cp at r=R =0:865
Figure 4.25: Mitigation of pressure peaks near leading edgeméin blade due

to slat S-6 in slat region.

almost comparable to that of the static S-1 con guration.

Finally, in Figure 4.29, the 4/rev hub loads predictions arecompared for
the baseline rotor with the two modi ed slat con gurations. Once gain all
guantities are normalized by the predicted baseline rotor \i@es. It is observed

that the F, loads remain largely unchanged with the introduction of theslat. It
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() Cp at r=R =0:920 (b) Cp at r=R =0:990
Figure 4.26: Mitigation of pressure peaks near leading edgeméin blade due

to slat S-6 outboard of slat.
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Figure 4.27: Comparison of the vibratory torsional loads (¢ 17/rev) and pre-
dicted pitch link loads showing the e®ect of slat on rotor structal loads. Blue
solid: no slat Green dash: steady slat S;Red dash dot: dynamic slat. Black

dash: steady slat S-1

should be mentioned that the absolute values of the rollingM) and pitching
(My) moments are very insigni cant ( 2%) as compared to the rotor torque

(M,) values and hence their relative non-dimensional values amet as important
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as that of the rotor torque values while comparing the relatie merits of the three

slat con gurations.
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4.2.4 Performance Improvement due to Slat

Figure 4.30 plots the thrust and torque time histories for a bide over one rotor
revolution. A few interesting observations can be made from éhtime history
plots of torque contribution (Fig. 4.30(a)) for the variousblade con gurations:

25X 10

— Baseline 0.015¢
- = = Slat S6
=='Dynamic Slat|
2r oo Slat S1

Caty)

0.007 ——Baseline
- = =Slat S6
0.006+ == 'Dynamic Slat
©ooo Slat S1

0 60 120 180 240 300 360 0 60 120 180 240 300 360
y (deg) y (deg)

(a) Torque (A) (b) Thrust ( A)
Figure 4.30: Non-dimensional torque and thrust time history oweone rotor

revolution.

2 Slats help reduce the torque penalty otherwise observed in thmseline
rotor. This results mainly due to the absence of dynamic stall ewts,
besides due to the reduced trim control angles (collectivetph and cyclic

angles) possible due to the enhanced lifting capability of slattl rotors.

2 The presence of torque peaks, which consequently gets elimedhby slats,
are not restricted to only the regions experiencing stall evenn A strong
torque peak is present also in the rst quadrant, away from the sthtegion.
This trend however corresponds well with the thrust peaks obsesd in

Fig. 4.30(b).

2 Rotor with the slat S-6 con guration is most e®ective and that wh slat
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S-1is the least e®ective in alleviating the torque penalty. Ehdynamic slat
consistently shows intermediate behavior between these two stain gura-
tions. However, the di®erences between the slat con gurationg@atively

small.

4.3 Dynamic Slat Strategies

The dynamic slat actuation considered on the 2-D pitching aidil was such
that the slat is at the maximum upward position (S-1) at the smakst main
element pitch angle and is at the maximum downward position (8) at the
largest main element pitch angle. Thus, the direction of the slamotion is
always in the opposite direction to that of the main element moon during the
whole pitching cycle, which results in the slat imparting oppsing momentum to
the °ow. O®setting the phasing of the slat actuation with respect téhe main
blade would ensure that the direction of the slat motion is aliged along the main
element direction of motion at least over a nite section of the iching cycle.
This in turn might favor °ow augmentation on the main element b ultimately
improve its stall characteristics. The following section discusse¢he e®ect of the

phase o®set on the airloads on a 2-D pitching SC2110 airfoil.

4.3.1 Phase O®set of Dynamic Slat Actuation on SC2110
Airfoll

For this study, a 2-D SC2110 airfoil pitching at®t) = 15* i 5*cos(t ) at a
Reynolds numberRe = 4:14£ 10°, and a freestream Mach numbeM,; =0:3 is

considered. Figure 4.31 shows the three slat actuation motiofw two di®erent
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Figure 4.31: Time history of change of slat angle with respect ®-1 position over
one cycle (¢ps versusA) due to three di®erent phasingA = i 60%;j 90 ; 120°)

of slat actuation

phase o®set values compared to the baseline dynamic slat motiomsidered

earlier. The equation of slat motion is:

CH = ¢ pnax [SIN(A] A)] (4.1)

H Ho+ ¢ (4.2)

where, Cpnax IS the amplitude of slat angle actuation and @ is the total slat
angle displacement. Anglesgp, U are the initial and absolute slat angles, respec-
tively, de ned with respect to the main blade chord. As noted edier, values of
¢ pmax = 3:755 A = 90* ensures that the slat is at S-1 position at smallest
pitch angle and at S-6 at maximum pitch angle. Similar equatins of motion can
be used for rigid translation (¢ [xc;yc;zqd) of the slat and the slat pivot point
about which the slat pitches.

Current section looks at the e®ect of varying thA values on the airfoil airload
characteristics for the pitching airfoil. Two phase o®set valgeare considered,

such that the slat attains the S-6 position either 30 earlier (A= j 120) or 30*
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later (A= 60%) than the baseline actuation schemeA= j 90%).
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Figure 4.32: Airload comparisons of the three phasind\E j 60 90%;; 120)

of slat actuations

Figure 4.32 compares the airloads time history values from ¢hthree slat

actuations. It is observed that the slat actuation that leads A = | 120, dash-

dot blue) the baseline slat actuation (solid red) allows for inreasedClax, but

only very marginally (less than 2%). Moreover, the stall delays very negligible

and in fact, both the pitching moment drop as well as drag lossgst stall is more

than what is found with the baseline slat actuation. Delayinghe phasing of slat

actuation (A= j 60, dash green), however, seem to have strong in°uence on the
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airload behavior. This actuation not only reduce<l o Vvalue, but also causes
early stall events in the moment (Fig. 4.32(b)) as well as therdg (Fig. 4.32(c))
time history plots.

The airload behavior from the three slat actuations de nitelydemonstrates
the e®ect of phase o®set on underlying °ow physics during the pitehicycle.
However, it still does not show distinctly superior advantage ofryy one slat
phasing over the other slat phasing strategies. While the lead psiag o®set
(by +30%) results in slight Cl,ax improvement, it comes at an expense of larger
oscillatory airloads post stall, besides resulting in overall tger airload hystere-
sis loops. Similarly, the delayed phase o®set ((hy30*) may result in lower
Clnhax Values and early stall, but it also provides reduced overall doad hys-
teresis loops, reduced extent of stall events, reduced oscillatdehavior post
stall, and early recovery to attached °ow. Therefore it is not xpected to have
signi cant in°uence on the full scale rotor airloads and hence relat phase o®set
computations on actual rotor are considered any further.

The slat actuation considered so far consists of only aflev harmonic. To
further exploit the airload characteristic of the S-1 and S-&on gurations, a
logical next step in dynamic slat actuation strategy would be tgorolong the
duration of these extreme slat positions during the actuationycle. This can
be achieved by including higher harmonic (e.g. 3,=Bev or higher) actuations
of the slat. The following sections explore these actuation nteids as potential

stall alleviation strategies.
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cycle (¢ s versusA) due to three (up tol; 3; 5=rev) slat actuations and build up
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4.3.2 Higher Harmonic Slat Actuation on SC2110 Airfoil

As mentioned earlier, it is possible that there could be some beh& allowing

the slat to remain in their extreme slat positions (S-1 and S-6)f longer du-

rations, thereby enhancing the corresponding airload behawiof the airfoil at

these positions during a pitching cycle.

The following motions of these slat angles (see Methodology Gher for a

more general form) are given by:

¢ o1

UV

¢ s

¢ pnax [SIN(A| A)] (4.3)

¢ Pnax g sin(Aj A+ gsin(SAi 3A) (4.4)

¢ 75.sin(A' A) + lsin(3A- 3A) + 1s,in(5A- 5A)§ (4.5)
Mmax 64 i 6 i 50 i :

Lo+ C 1 (4.6)

where, Cunax IS the amplitude of slat angle actuation and ¢4 is the up toi'th
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harmonic total slat angle displacement. Anglepy, 1 are the initial and absolute
slat angles, respectively, de ned with respect to the main bladénord. For the
present work, values of G = 3:75% A= | 90 ensures that the slat is at the
S-1 position at smallest pitch angle and at S-6 at maximum pitchregle, and
thus maintains the airload characteristics required of theidoil at those angles.
Similar equations of motion can be used for rigid translationd([ xc; yc; zqd) of
the slat and the slat pivot point about which the slat pitches.

The magnitude chosen for the 13 and 5=rev harmonics is such that no new
minima or maxima occur and higher derivatives at global marium and mini-
mum are progressively set to zero (e.g. for upta=Bev the rst, second and third
derivatives are zero at extrema); this results in °atter curve near extrema and
more rapid change in slat angles in between extrema (see Fig33(a)). The rel-
ative magnitude of the components for the actuation that inktides up to 5=rev
is shown in Fig. 4.33(b).

The airloads due to these three actuation strategies are compd with each
other in Fig. 4.34. The addition of the higher harmonic contet in the slat motion
leads to a small but noticeable delay in all airload stall eveat With increasingly
higher harmonic content, the pitching moment penalty keep#ncreasing. At
larger angles, the airload behavior of the largest harmonic ta@ation is closest
to that of the S-6 slat characteristics. At lower angles, there iso signi cant

advantage of sustaining longer S-1 state using these higher hamwwactuations.
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Figure 4.34: Airload comparisons of the three (up to;B; 5=rev) harmonic dy-
namic slat actuations

4.3.3 Higher Harmonic Slat Actuation on Modi ed UH-

60A Rotor

The higher harmonic actuations (35=rev) discussed in the previous section are
now implemented for a slat on the UH-60A rotor blades. As mentioneehrlier,
the phase o®set for all slat actuations is chosen so as to ensure slatg@aration
of S-6 at 300 and S-1 at 126. This allows S-6 position at deepest stage of rst
dynamic stall event, as shown in Fig. 4.35. In the gure, the ;¢ pk3; ¢ s

slat actuations, respectively, refer to the up to Zrev, 3=rev and 5=rev frequency
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content during one rotor revolution.
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Figure 4.35: Slat actuation (up to 13;5=rev) with respect to S-1 position over

one rotor revolution (¢ ps vs A)
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Figure 4.36: Time history of CFD normal loads all dynamic slat etuations.
Blue solid: no slat Green dash: Zrev dynamic slat; Red dash dot: up to 3rev

dynamic slat, Black dot: up to 5=rev dynamic slat.

The airloads resulting from the above mentioned slat actuatiostrategies are

presented in Fig. 4.36 (lift) and Fig. 4.37 (pitching moment) As the gures
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Figure 4.37: Time history of CFD pitching moments with dynamt slat actua-
tions. Blue solid: no slat Green dash: frev dynamic slat; Red dash dot: up to

3=rev dynamic slat; Black dot: up to 5=rev dynamic slat

show, while all the slat actuation methods are successful in miagng stall on

the retreating side, their relative performance in doing so isot very clear.

Quantitative Estimate of Stall Alleviation

Figure 4.38 compare the three slat actuation schemes in termisquantities mea-
suring the extent of stall, such as, vibratory (4 17=rev) root torsional moment
and pitch link loads. Similar to observations made for rotors ith static slat, all

three slat actuations result in predominantly 5rev torsional sectional loads. The
distinctly di®erent characteristics of load due to Zrev from the other two higher
harmonic actuations is apparent from Fig. 4.38(a). Interestgly, unlike in the

airload plots, this plot is clearer in demonstrating relativey better performance

of 1=rev actuation in reduction of vibratory torsional loads (approxmately 64%)
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Figure 4.39: CFD/CSD predicted peak-to-peak vibratory rob torsional and
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than other higher harmonic actuations (approximately 40%dr both). It is pos-

sible that the higher harmonic actuations are actually causg some vibratory
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loads.

Only pitch link load time history, shown in Fig. 4.38(b), shows omparable
(or better at times) performance of higher harmonic actuatios than 1=rev actu-
ation. The peak-to-peak pitch link load reduction of the badme pitch link load
due to all slat actuations are¥% 50%. Figures 4.39 compares the relative half
peak-to-peak values of root vibratory torsional moment andifch link loads due
to all slat actuation schemes and corroborate the observatiomsade about the
relative performance of higher harmonic actuations. Table .4 further demon-
strates that there is no advantage of using higher harmonics efat actuation,
either in terms of reduced collective, or power reductiont#east at the baseline

thrust value.

Blade Type o Mic s ® Co=%
Baseline UHG60A 1486 7.01 -855 -2.85 0.01120

Dynamic Slat 1=rev | 11.29 3.95 -6.46 -2.85 0.00700

Dynamic Slat 3=rev | 11.37 4.35 -6.35 -2.85 0.00701

Dynamic Slat 5=rev | 11.39 4.36 -6.31 -2.85 0.00701

Table 4.4: Comparison of the nal trimmed control pitch setting and the net

rotor power for di®erent slat actuations.

4.4 E®ectiveness of Slat on Achieving Higher

Thrust

From the analysis so far, LE-Slats have been found to be very e®e=in con-

trolling and alleviating dynamic stall. However, there seemsotbe little bene t
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to higher harmonic actuation and at least for the baseline C9@Icondition, little

bene t to dynamic actuation. Therefore, only a static slat straegy is examined.
The °ight operational envelope can be expected to be pushed tchaher thrust

regime, and therefore to a higher rotor performance state, wdh is otherwise
limited by losses incurred due to dynamic stall. This section elgres the possi-
ble use of slats for two possible higher thrust settings & =%=[0:139% 0:1458],
i.e. 105% and 110% of baseline thrust, respectively. Based onliearesults only
the static S-6 slat con guration is considered for achieving tmming of rotors at

higher thrust settings.

(a) r/R=0.670 (b) r/R=0.770
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Figure 4.40: Variation of predicted normal loads with thrustsetting; Blue solid:
Ct=%= 0:1325 baselineGreen dash: Ct=%= 0:1391 with S-6 Red dash dot:
Ct=%= 0:1458 with S-6

Figures 4.40 and 4.41 demonstrate the e®ect of the slat on stalhchcteristics
in normal and pitching moment loads, respectively. While the &seline rotor

airloads are without slat, the other two higher thrust cases aravith slat S-6.
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Figure 4.41: Variation of predicted pitching moment with thrust setting; Blue
solid: Cy=%= 0:1325 baselineGreen dash:Cy=%= 0:1391 with S-6 Red dash
dot: Cy=%= 0:1458 with S-6

The presence of the slat helps alleviate the lift as well as powmits of the
baseline rotor, which is otherwise present due to dynamic stallhis allows for
trimming the rotor at the higher thrust values. Even at 105% bad@e thrust
setting, the rotor is able to trim to a control setting such that there are no
signi cant stall events, except the radial stations immediatelyoutboard of the
slat (r=R = 0:92). As expected, the stall event at this station for the even higer
thrust setting (110% of baseline thrust) is more severe. The stadidtures at these
higher thrust values with slat are similar to that of the lower baeline thrust
setting but without any slat, emphasizing the fact that prominet unsteady
dynamic stall features develop. It can be recalled that simitgphenomenon was
observed even for the baseline thrust setting with S-1 slat con gation. This

could be attributed to the interaction of the slat wake with the main blade °ow.
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Although the static slat is e®ective in alleviating stall and redcing pitching
moments on the retreating side, it also comes with a penalty oidgher negative
pitching moment on the advancing side. However, the moment palty is only
in the spanwise stations over which the slat is present, i.e=R =[0:5: 0.9] and
no signi cant moment loss is observed beyondR = 0:9 { see Fig. 4.41. The
presence of the slat also incurs larger drag loss, especially on #tvancing side
(Fig. 4.42), but this too is restricted to the region of the robr where the slat is

present, i.e.r=R =[0:5: 0.9].
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Figure 4.42: Variation of predicted chordwise force with thust setting; Blue
solid: Cy=%= 0:1325 baselineGreen dash:Cy=%= 0:1391 with S-6 Red dash
dot: Cy=3%,= 0:1458 with S-6

Vibratory normal load (3 j 20=rev) time history, which is predominantly
5=rev, in Fig. 4.43 reveals that introduction of the slat dampens duhe higher
harmonic content of the normal loads throughout the rotor cgle except near

stall. The lift stall events are comparatively more mitigateddue to slat at
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the higher thrust settings when compared to the baseline case, thie inboard
stations. However, the vibratory components are larger for theigher thrust
cases at the stations which are further outboard of the slat. Thiagain could
be due to the aerodynamic interaction between the slat wake thithe blade
boundary layer. The presence of slat tip vortices creates a simt peak which
might cause enhanced vortex shedding near the baseline bladadieag edge,

thereby initiating larger stall compared to the baseline.
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0.2 .
o 0.1 ,
U " (RY
-0.1
(c) r/R=0.860 (d) r/R=0.920
0.2 0.2
N2 0.1‘ A . 0.1 A“
=3 0 /] 0 ) h
g a) y £
-0.1 -0.1
(e) r/R=0.960 (f) r’/R=0.990
0.2 0.2
NE 0.1.‘ 4 ' R . 0.1 ‘
0" O\ ’ ORI
-0.1 -0.1
0 90 180 270 360 0 90 180 270 360
y (deg) y (deg)

Figure 4.43: Variation of predicted normal (3 20=rev) loads with thrust setting;
Blue solid: Cy=%= 0:1325 baselineGreen dash:C+=%= 0:1391 with S-6 Red
dash dot: Cy=%= 0:1458 with S-6

Polar plots of normal loads for these cases over the entire rotdisk shows
the portion of the rotor disk that contributes the most to increased lift. Fig-
ures. 4.44 shows the trend of reduced negative lift values ingtiourth quadrant
and increasingly positive lift values on the front (mostly thid quadrant) and

rear portion of the disk. These results relate well with the noria load time his-
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(a) Ct=%= 0:1325 Baselin (b) Ct=%=0:1391 Slat S-6

(c) Ct=%.=0:1458 Slat S-6
Figure 4.44: Variation of the polar normal load over whole tor disk with higher

thrust values

tory plots discussed earlier. Similarly, the corresponding pa plots of pitching
moment loads for these three thrust cases con rm the observationgade earlier
with the pitching moment time history plots. Figure 4.45 clealy shows the ab-
sence of large negative moment values observed in the baselio®r retreating
side at the inboard stations. However, there is a region of largegative pitching

moment at the outboard stations for higher thrust cases even witthe slat. But,
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(a) Ct=%=0:1325 Baseline (b) Ct=%=0:1391 Slat S-6

(c) Ct=%=0:1458 Slat S-6

Figure 4.45: Comparison of the polar pitching moment (mean meoved) load

over whole rotor disk of higher thrust settings with the baselin¢hrust.

this region spans only a small portion of the rotor disk in the foih quadrant
and hence does not deteriorate the overall performance ofetislat.

From a broad perspective, the overall e®ectiveness of the slandae best
judged when the nal trim control angles and power required & analysed. Ta-
ble 4.5 shows that with the addition of the slat, even the high trust settings

results in lower collective as well as cyclic values. Conseqtlgnthe power
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penalty is also reduced for both the high thrust conditions. As gected 110%
larger thrust condition results in larger trim control anglesand power than the

105% larger thrust condition.

Blade Type o e s ® Co=%
Ct=%4=0:1325 Baselin| 1486 701 855 285 0.01120

Ct=%=0:1391 Slat S-6 1216 415 j 6:53 | 2:85 0.00797

Ct=%= 0:1458 Slat S-6 1309 482  7:17 ; 2:85 0.00973

Table 4.5: Comparison of the nal trimmed control pitch setting and the net

rotor power of higher thrust settings with the baseline thrust.

4.4.1 Quantifying Stall at Higher Thrust settings: Pitch

Link Load and Root Torsional Moment

A measure of dynamic stall intensity is obtained looking at the ibratory tor-
sional moment at the root section (=R = 22:5%) as well as the pitch link load
time history over one rotor revolution. Figure. 4.46(a) showkow introduction
of the slat has successfully brought down the amplitude of torsiahvibratory
moments even at these higher thrust settings. Two interesting olbrsations:
a) vibratory torsional moments due to rotors at highCr=%with slat are pre-
dominantly 5=rev, and b) both the high thrust rotor cases with slat produce
increasingly sharper negative drop in vibratory torsional moent near the 300
azimuth or near the second stall event. This could be arising due pitching
moment (4.41) and vibratory lift (4.43) drops observed at olioard stations.
However, as Fig. 4.47(a) shows, due to dynamic stall mitigating®ect of

the slat, the nal trimmed state results in damped vibratory half peak-to-peak
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sional and pitch link loads of higher thrust settings with the baeline thrust.

values at both the high thrust settings. The slat enables 63% and0% reduction

in vibratory root torsional moments for 105% and 110% largerhtust settings,
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respectively.

Slat e®ectiveness is further appreciated from Fig. 4.46(b),hweh compares
the pitch link time histories for the three case. The use of the dlallows the
rotor to trim with reduced amplitude for the higher thrust settings. Similar to
torsional vibratory moments, pitch-link loads due to the slat ends to show 5rev
periodic behavior and the maximum negative pitch link drops again around 300
azimuth (near second stall event) and is o®set from the similar graobserved
in baseline case by about 30 Ultimately, the slat is e®ective in relieving the
pitch-link loads by 42% and 22% for the 105% and 110% largertlist settings,
respectively. See Fig. 4.47(b).

Another interesting observation that can be made from Fig. 4.4% that,
the peak-to-peak values of the root torsional loads and thetph link loads on
slatted rotor at these high thrust cases are, in fact, comparabl® those at
the two lower thrust °ight conditions (at 5% and 10% lower than the baseline
thrust) considered for the baseline rotor. The common factor otributing to the
reduced loads in both the cases is the alleviated dynamic staVents in these

conditions.

4.5 Performance Prediction for Slatted Rotor

The ultimate aim of using a slat on the UH-60A rotor was to push the °igt enve-
lope by pushing the performance limits otherwise imposed due ttynamic stall
events. For the measure of performancé=D. value of the rotor is considered.

It is de ned as:

L Cr coq®y)

D.  [Co='i Cr sin(®@)]
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Figure 4.48: ComparingL=D. for baseline rotor with that having slats S-6 and

S-1

which is nothing but the ratio of “rotor lift' and "propulsive power'. Here,Cr; Cq
are the rotor thrust and torque, respectively! is the rotor advance ratio, and
® is the shaft tilt angle, where®;s < 0 implies shaft tilt towards the direction of
°ight. As Fig. 4.48 demonstrates, the use of slat has enabled the ootperfor-
mance to improve in the region of high thrust by a signi cant marm, e.g. the
L=De values due to slat S-6 improves by almost one and half times (ok gsimes
in Cr=Cq values) than baseline UH-60A at baseline thrust o€y=%= 0:1325.
However, the performance of the slatted rotor degrades compadrto the baseline

rotor at lower values of rotor thrust ( around Cr=%- 0:125).
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Chapter 5

Conclusion

The operational °ight envelope of modern rotorcraft is limied due to its rotors

thrust, torsional and power limits. For a rotor in a forward °ight, an unsteady
phenomenon that severely limits the rotor performance idynamic stall which

occurs on the retreating side of the rotor disk. There have beertensive research
in devising dynamic stall alleviation techniques in the past, rad recently the

active control methods have become more popular than others.

The active control of the dynamic stall on rotors using °ow contl devices,
although potentially highly e®ective, is more complex to impment than that
using variable geometry or multi-element airfoil concepts. Aong various multi-
element and variable geometry concepts studied in the lite@re, leading edge
slats (LE-Slat) have been shown to have superior e®ectivenesslievaating dy-
namic stall. These studies on LE-slats, however, were mostly on twonensional
pitching airfoils. The few studies conducted on rotors only udgea simpli ed
linearized aerodynamic model. The present work aims to dengirate the ef-
fectiveness of a LE-Slat on improving rotor performance by laviating dynamic
stall on a full scale rotor, by developing a platform that cougs a computational

structural solver with a high- delity CFD solver.
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This chapter summarizes the key contributions made towardschieving the
mentioned objectives of the present work, and discusses key olba@ons made
and conclusions drawn in the process. Then it presents the signirgze of the
present work and then nally concludes with a few recommendatns for future

studies.

5.1 Summary

The objective of the thesis was to extend and validate an existy coupled
CFD/CSD model to investigate the e®ectiveness of LE-Slats inldging the onset
of dynamic stall on rotors to increase the °ight envelope. Varitss methodologies
were improved over existing RANS code to include the capabilitio analyse a
multi-element bladed rotor instead of just a single element biked rotor. These
improvements included that of an improved overset grid coneévity using the
so-called Implicit Hole Cutting approach and a generalized ffice transfer routine
for transferring loads from the LE-Slat onto the main blade.

The CFD solver was extensively validated against available 2-8xperimental
measurements for both steady and unsteady °ight conditions witand without
slats. Two major slat con gurations, so-called S-1 and S-6, werensidered
for extensive experimental validations, besides investigatirtheir °ow physics to
understand the possible aerodynamic advantages over a baseliéoil in regards
to dynamic stall control. The solver was further used to study the®ectiveness
of dynamically actuating the slat in mitigating dynamic stall on airfoils. Here,
the capability of implicit hole cutting to handle a dynamicdly moving mesh in
the case of the actuating slat mesh, allowed for ease in establighitconnectivity

across multiple grids. These studies laid the foundation for thiater analysis of
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slats on a full scale rotor in actual °ight conditions.

The modi ed CFD solver was then coupled with the CSD solver (UMARC}o
analyze the UH-60A rotor in a high-altitude, high-thrust °ight condition, namely
C9017, characterized by distinct dynamic stall events in theetreating side of
the rotor disk. The coupled CFD/CSD model was validated with risting C9017
°ight test data. Finally, a modi ed UH-60A rotor blade with leading-edge slat
was analyzed to determine the e®ectiveness of leading-edgéssta mitigating
dynamic stall on helicopter rotors. As in the case of the 2-D studywo main
slat con gurations, S-1 and S-6, were considered for rotor analg. The nature
of the °ow physics for a full scale rotor and the change of its bewiar due to
slat at appropriate rotor span location were studied. Furtheryarious dynamic
slat actuation strategies, with more than £rev harmonic content, were studied

for their e®ectiveness in alleviating dynamic stall on a rotor.

5.2 Observations and Conclusions

Key observations and conclusions from the development of theethodology and
the studies involving the use of a slat with a 2-D airfoil as well sarotors are

discussed here.

5.2.1 Methodology

The implicit hole cutting technique is found to be an ideal cadidate for de-
termining overset connectivities in complicated overset mesystems containing
more than two meshes, in both static and dynamic °ight conditions.It could

even handle the mesh system where more than one mesh were movitagtive
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to each other, such as, in the case of a dynamically actuating slaoth for a 2-D
airfoil as well as rotors. Maintaining good connectivity aass mesh boundaries
required good overlap between them.

The generalized force transfer was found to be useful for seassléransfer of
airloads from slats to the corresponding blade. The routine wgarallelized and
airload transfer with a multi-block partition of the blade and slat was found to

be equally as accurate as for a single block airload transfer.

5.2.2 Validation of CFD Solver

The CFD solver, OVERTURNS, was validated against available expenental
wind tunnel data for the two dimensional baseline airfoil andhat with S-1 and
S-6 slat con gurations, for both steady and unsteady °ight. Furthemore, the
UH-60A rotor °ight condition with dynamic stall, C9017, was also gamined to
validate the ability of the code to predict dynamic stall on a 3D rotor. The key

conclusions drawn from this study are:

1. Predictions from the CFD solver captured the trends of aidlad measure-
ments for static angles of attack sweep with and without the slatbut it
predicted delayed stall events in both lift and moment. Integstingly, the
moment stall delay was more severe for the baseline airfoil (arad 4*) than
for the slatted airfoil (around 2*). The discrepancy between the prediction
and measurement was explained using surface pressure comparisdine
predictions were more accurate in attached °ow conditions dbwer angles

than separated °ow conditions at larger angles.

2. The multi-element airfoil was shown to have a higher lift mayin compared

to the baseline airfoil, but also had a higher nose-down pitchgnmoment
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at all angles of attack studied.

. The higher static stall margin for the slatted airfoil (e.g. aound 4* delayed
moment stall) is because of the better °ow characteristics ovehé upper
surface of the main airfoil section promoted by the favorable & major
gap e®ects of a slat. This greatly reduces the adverse pressuraligrat on
the upper surface and delays the onset of boundary layer sepaoaton the

main airfoil.

. Appropriate turbulent transition x was found to be successfuln improv-
ing the drag prediction in steady °ow conditions, due to othervée assumed
fully turbulent °ow. It was concluded that, in dynamic °ow conditions,
such as airfoil pitching, appropriate turbulent transition eould help capture
the leading edge separation bubble more accurately, thereimgproving the

prediction accuracy of the vortex size, intensity and associatéow physics.

. For unsteady pitching airfoil motion, the presence of the slavas shown
to delay the lift stall to higher angles of attack, e.g. by arond 2*. More
importantly, the severity of the moment stall was greatly redeed by both
slat con gurations compared to the baseline airfoil. The S-6 gl@on gu-
ration was observed to have better lift and moment charactesiics at high
angles of attack than S-1. Although these trends were modeledemjuately

by the CFD simulations, the delay in stall predictions were stilbresent.

. The predictions from the coupled CFD-CSD simulation showegbod qual-
itative and quantitative correlation with °ight test data for the baseline
UH-60A rotor operating at a high-altitude, high-thrust °ight condition

(C9017). A grid convergence study showed th%ti time step and grid size
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of 133E 130£ 61 was suzcient to capture the salient airload trends in °ight
test data. Consequent analysis of the °ow physics explained the s#yved

trends in airload time histories.

5.2.3 Rotor Performance Improvement using LE Slats

After the coupled CFD-CSD platform was validated, it was sucasfully used to

analyze and show the favorable e®ects of LE-Slats in dynamiclk&lleviation.

The following presents a few observations and conclusions frahe analysis.

1. It was observed that the use of xed-shaft angle trim (or wind tanel

trim) allowed the simulation to capture the pitching moment gedictions
during dynamic stall better. For example, the second moment dtecycles
at the outboard stations are better captured in wind tunnel trm analy-
sis than free °ight trim. The inability of free-°ight trim to cap ture the
moment stall as accurately as wind tunnel trim is possibly becae of the
low- delity modeling of the fuselage, empennage and the taibtor in the

comprehensive helicopter model.

. Dynamic stall is a high thrust phenomenon on rotors in forwak (and ma-
neuver) °ights. The e®ect of thrust setting on rotor airloads demmstrated
that dynamic stall could be eliminated with suzcient reductionin thrust

values.

. Static slat con gurations (S-1 and S-6) are highly e®ective imitigating
the severity of the dynamic stall at the C9017 °ight condition. Wth the
modi ed UH-60A blade geometry with slats, the dynamic stall event$or

the C9017 °ight condition are completely eliminated. This imccompanied
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by upto 73% reduction in the peak-to-peak values of the vibtary (4 j
17=rev) root torsional load and upto 62% reduction in peak-to-peakalues

of pitch link loads.

. Three di®erent slat actuation strategies with various combations of higher
harmonic content (up to [1; 3; 5]=rev), were studied, rst for the 2-D pitch-
ing airfoil and then for the actual rotor, to show the e®ectivesss of dy-
namic slat actuation on dynamic stall suppression. Higher harmanicon-
tent during dynamic slat motion on pitching airfoil ensured that its airload
characteristics were comparable with that of S-1 and S-6 corugations at
corresponding extreme up and down slat positions, respectiveljhis mo-
tivated its use in the full scale rotor study later. The Erev slat actuation
was found to perform relatively better than other higher hamonic actu-
ations. Overall it was observed that, the dynamic slat actuatio did not
necessarily out perform the static slat con gurations in terms obverall

rotor performance improvement.

. Use of slat S-6 position allowed achieving higher thrust valu¢spto 10%
higher) beyond the thrust limit value (Cy=%= 0:1325) of °ight condi-
tion C9017. Presence of slat S-6 alleviated dynamic stall ocang at
these larger thrust settings and still allowed the rotor to trim ly sustain-
ing attached °ow and suzcient lift till larger blade section anges. The
attenuated dynamic stall events was apparent from the redudepeak-to-
peak values of the vibratory root torsional loads (upto 54%)sawell as the
pitch link loads (upto 32%) even at the 10% higher thrust °ight ondition.
Besides pushing the °ight envelope of the rotor, the use of the slatso

resulted in improving the rotor performance at these higher tlust values.
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Even at the baseline thrust level, theL=De value of the slatted rotor was

found to be 65% larger than the baseline rotor.

5.3 Signi cance of the Work

The present work contributes not only towards the improvemedrof the method-
ology development of the CFD solver, but also on validating andnderstanding
the fundamentals of the physical mechanism involved in a MEA atysis. A brief

description of the signi cance of the work is:
1. Methodology Development:

(&) An existing coupled CFD/CSD solver was extended to incorpate
the capability to analyse an MEA design, namely, an airfoil wh LE-
slat. Dynamically moving LE Slat on a helicopter blade was also

successfully implemented.

(b) For improved connectivity across meshes in the overset framwork
required for the multi-element bladed rotor, an excient holecutting
procedure, Implicit Hole Cutting (IHC), was implemented. Thehole
cutting procedure was also optimized by appropriate parallemple-

mentation.

(c) A generalized force transfer routine for an MEA con guratn was

also developed.

2. Computational validation and determining physical mechaisms and ben-

e ts:
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(@) Improved prediction and understanding of two dimensionaVIEA air-
foils as well as a three dimensional rotor (UH60 °ight test case CIDL
undergoing dynamic stall phenomena was obtained with the imgved
aerodynamic modeling. This included realizing the need faccurate
modeling of turbulence and turbulence transition for improgd pre-

diction of the solver.

(b) Static and dynamic LE slat mechanisms were implemented toitigate

and/or eliminate rotor dynamic stall.

(c) Increase in stall margin was determined. Moreover, perimance and

pitch link load as well as torsional load bene ts were also quantd.

54 Recommendations and Future Work

The present study demonstrates the robustness of the computati@mmethodol-
ogy for reliable prediction of a slatted-rotor aerodynamicsand its usefulness as
a design tool to determine the optimum amplitude and phasing afynamic slat
actuation for stall alleviation in rotorcraft applications. However, certain aspects
of the analysis can be improved. These improvements and recoemdations for
future studies are discussed in this section.

Regarding methodology, the following are recommended:

1. Present study assumed fully turbulent °ow for all its analyses. Hasver,
as noted in Chapter 3, an appropriate turbulent transition malel would
help predict the °ow better. Future studies, especially involvig a 2-D
pitching airfoil experiencing dynamic stall, should use transon modeling

for better prediction of dynamic stall, dynamic stall vortex stength and
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related physics.

. Implicit hole cutting can be further improved by incorpoating an improved
donor search algorithm, which is one of the computationally ost expen-
sive steps. Further, the hole cutting procedure needs to be péedized to

overcome a computational bottle neck.

. The slat intertia e®ect as well as its own structural modeling required

to simulate a more correct slat e®ect in a coupled CFD/CSD framewk.

From the present study, the following suggestions can be made agding the

use of a slat in rotor performance improvements:

1. A static slat appears to be nearly as e®ective as the dynamlgamnoving

slat in rotor performance enhancement, i.e. in terms of stallllaviation,

reduction in pitch link and torsional moment loads.

. For a dynamically moving slat, it appears that higher harmoic slat actua-
tion is no more excient than I=rev actuation. The static slat con guration
S-6 is more excient than either static S-1 or dynamic slat actuatn strate-

gies regarding overall rotor performance improvement.

5.4.1 Future Work

The present CFD/CSD analysis tool handling MEA airfoil can be ged for the

following future studies:

1. Perform detailed thrust sweeps to determine new stall boundas.

2. Study slat edge e®ects through appropriate grid re nement sttegies.
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3. Perform an advance ratio sweep to determine if there existsnaperfor-

mance penalty at high advance ratios with the static or movinglat.

4. Obtain optimum amplitude and phasing of dynamic slat actuaon for dy-

namic stall alleviation as well as structural load and vibraton reductions.

5. Explore the use of moving slat actuations for achieving high thrust and

expanding °ight envelope.
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Appendix A

LE-Slat versus Other High-lift Devices:

A Numerical Investigation

Besides LE-Slat, some other active control devices that havaiged popularity
in recent years are: Trailing Edge Flap (TEF) and drooping lading edge device
(a deforming leading edge concept). As mentioned earlier,rtist capability of
a rotor can be evaluated to a reasonable extent from its blader@il load char-
acteristics. Therefore, the above mentioned high-lift deves are compared with
a LE-Slat on the basis of their static “ow characteristics. To get guantitative
estimate of their relative performance, these devices are gedd on their relative
lift-to-drag ratio properties, static stall characteristics and suction pressure peak
relief capabilities using a simple numerical experiment.

For the numerical experiment, an SC2110 airfoil in a fully tcbulent free
stream Mach number ofM = 0:3 and Reynold numberRe = 4:14 million is
considered. This represents a typical °ow condition encounted by a blade
mid-span station on the retreating side of a rotor in forward °igh The trailing
edge °ap considered has a 10% chord °ap de°ected down by 1The drooping
LE has its 10% chord near leading edge drooped down by*1@or slatted airfoil,
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Figure A.1: Various high lift devices

a so called S-6 slat con guration (originally designed at UTRC) isonsidered
(see Figs.A.1). Figure A.2 compares airloads for these devices & angle of
attack range of, ® 2 [4* : 24"]. These gures clearly demonstrate that a LE-
slat has the best static airfoil characteristics among the thregevices considered

when evaluated in terms of the following airfoil charactestics:

2 Lift-to-drag ratio (  L=D):

{ A TEF provides increased lift through improved circulation die to
the camber e®ect resulting from the °ap de°ection. But, the large

drag penalty at larger angles of attack ®) results in reducedL=D.

{ A drooping LE provides only moderate lift improvement but ircurs

large drag even at lower angles, which results in its lola=D values.

{ A LE slat results in signi cant L=D improvement. Besides producing

extra lift as a separate blade element (due to the presence of mo
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Figure A.2: Comparing airloads on various high lift devicesM
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than one boundary layer), the slat also incurs low drag penaltgnd

sustains larger lift even at larger angles.
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2 Suction pressure peak relief (see Fig A.3)

{ A TEF only indirectly augments the °uid momentum near the lead
ing edge through circulation. Therefore, the suction pressungeak
remains high at large angles. Because of this, there is a sharppulio

the suction pressure, which leads to a severe stall event.

{ A drooping LE helps in only delaying the adverse pressure gradte
by turning the °ow through its leading edge droop, but cannot &oid
large suction pressure peak and subsequent sharp drop of suction

pressure at larger angles.

{ A LE slat through its favorable 'slat e®ects' reduces the suctionres-
sure peak near the main element LE. Thus, the slat relieves the ma
element o® of large suction peak, and the °ow remains more atitescl

even at larger angles.
2 Static stall characteristics
{ A TEF has larger lift at lower angles but shows earlier stall copared

to the baseline airfoil. It also incurs largest drag and momenbéads.

{ A drooping LE has mild stall and separation delay with very litte lift

and drag advantages.

{ A LE-slat demonstrates best stall behavior: a) it delays the stalio
the maximum angle, b) it has largest lift near stall, and c) it ha

minimum drag and moment penalty at higher angles.

2 Boundary layer prole  (see Figs. A.4 and A.5)
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{ Boundary layer pro les further explain how a TEF, compared tahe
baseline airfoil, help accelerate the °ow only marginally andnly at
lower angles (e.g. at®y; = 12*). At larger angles (e.g. at®y; =
18, it is totally ine®ective and in fact, results in early leadig edge

stall (see Fig. A.5(a)).

{ A drooping LE helps accelerate the °ow near the leading edgenc
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to a small extent even farther aft of the airfoil (i.e. at 50% cbrd),
till large angles of attack. Although it is more e®ective thanhe TEF
in maintaining accelerated °ow near the leading edge, it stitan not
avoid separation and stalled °ow at large angles (e.g. &y = 18%).

See Fig. A.5(b)).

{ A LE-slat is the most e®ective device in maintaining attached °ow
through very large angles. As Fig. A.5 shows, the °ow is separated
for all the devices except for the LE-slat. Favorable 'slat e®st
relieve the suction pressure peak on the main element LE. Moreoy
the CBL, developed due to the slat wake interaction with the mia
element BL, is e®ective in the o®-surface pressure recovery altbee
main element. These two slat “ow features are e®ective in redugin
separation. Figure A.6, which compares streamlines for all thigevices
at ®y = 18*, exemplify the improved attached °ow capability of a

slatted airfoil compared to other devices.

The numerical experiment discussed above demonstrates that a-{Sat has
the best steady airfoil characteristics among the existing majaontrol devices,
especially TEFs and deforming leading edge devices. In theléaling sections,

the slat e®ectiveness is further investigated in dynamic °ow coiidns.
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(a) Baseline (b) TEF

(c) VDLE (d) Slat-6

Figure A.6: Stream lines on various high lift devices a1 = 0:3;Re = 4:14£ 10,
®pfs = 18:0*
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Appendix B

Numerical Studies of the Unsteady

E®ects in a Pitching Airfoll

This chapter carries out numerical studies of the unsteady e@s®f a moving
slat with respect to the main airfoil on the airfoil dynamic stal. But, before
evaluating the e®ectiveness of a slat in alleviating dynamic #tait is valuable
to understand the e®ects of the free stream angle of attack on theoperties of

dynamic stall.

B.1 E®ect of Varying Mean Pitching Angle

Figure. B.1 shows the e®ect of a mean pitching angle on the dynarmstall on a
baseline airfoil. It is clearly observed that with increasing man angle, the dy-
namic stall events get stronger and "deeper' because of strongertex shedding.
In all the cases, the airload values are comparable to each athe the attached
region before stall. Invariably, the hysteresis e®ects of thelaads get larger with
increasing mean pitch angle. It must be noted here that the lowe mean an-

gle produces a clock-wise moment loop resulting in a negativesional damping
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factor, but with larger mean angles the moment loops becomeunter-clockwise,
thereby providing more positive torsional damping; a negatestorsional damping
promotes aerolastic divergence or °utter. The drag hysteresi®ects are simi-
lar to the pitching moment hysteresis e®ects. The general consilon from this
numerical experiment is that, a reduced mean angle is overatore favorable in

ameliorating dynamic stall.

2.6
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o° 0.5F
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Figure B.1: E®ect of varying mean angle of pitching
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B.2 Quasi-steady Versus Dynamic Slat Actua-
tion

Figure B.2 compares the dynamic slat actuation with pitchingairfoil with the

corresponding quasi-steady run. As expected the quasi-steadyl@ads show
very small or no hysteresis e®ects at all, i.e. the upstroke and dowtroke
airload values do not show any unsteady e®ects. Although at largengles of
attack near stall the °ow characteristic becomes highly unstegd the e®ects
subside very soon after the angle is lower than the maximum valudhe °ow

reattaches much sooner than the case of unsteady pitching. Anethnoteworthy
observation is that the airload values from quasi-steady run aralmost always
bounded by those from unsteady run. This gure demonstrates theombined

unsteady e®ect of moving slat on a pitching airfoil.

B.3 Unsteady E®ect of Slat Actuation

To clearly understand the favorable e®ects of slat actuatiort, would be more
appropriate to see how the °ow physics and the airload charactstics vary with

the motion of just the slat while the main element stays stationar To carry out
this numerical experiment, the slat is actuated between the-$and S-6 positions
with reduced frequency ok = 0:07 at a free stream conditions oM = 0:3 and

Re = 4:14£ 10°. The unsteady e®ects are examined at three di®erent free stream
angles of attack, i.e. at® = [0*; 10%; 157]. Figures B.3 and B.4 summarize the
unsteady e®ects of slat actuation at these three di®erent anglesor Fhe ease

of comparison, the mean values of airloads are removed frometiplots. The

abscissa represents values of slat ang¥e which vary from ® = j 20* at the S-1
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Figure B.2: Comparing airloads of dynamic slat actuation wk corresponding

guasi-steady run

position to ®& = j 27.5* at the S-6 position. Figure B.3(a) shows the hysteresis
loop direction changes from counter clockwise at the lowest gle (® = 0*) to
clockwise at the maximum angle® = 15*). The gure also shows that at lower
free stream angles, the S-1 con guration has better lift chartaristics than the
S-6 con guration, but at larger free stream angle, the S-6 conugation becomes
a more e®ective lifting element than the S-1 con guration.

Similar to the lift time history, the drag and moment airloads also show

reversal of the direction of hysteresis loop from clockwise towaer clockwise
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Figure B.3: Comparing mean removed airloads of unsteady slanh agtatic main

airfoil at ® =[0*; 10%; 157]

with increasing free stream angles. The hysteresis e®ects, howease more
limited than what was found in the lift time histories. The courer clockwise
loops in moment plot suggest positive aerodynamic torsional dguimg at larger
angles ® = [10*; 15%]). Comparing relative behavior of the slat at positions S-1
and S-6 during actuation cycle it is noted that, invariably he slat at the S-6
position incurs larger nose-down pitching moment throughouthe range of free
stream angles. The drag characteristics at these two slat positnhowever,

are dependent upon the free stream angle; for example, at lovangles the slat
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Figure B.4: Comparing Cp and lift values of unsteady slat on stat main airfolil

with steady values of the corresponding slat con gurations a® = 15*

position at S-1 results in lower drag loss, whereas at larger aeglthe drag loss
is minimum at the S-6 position.

In general, the above investigation on the unsteady e®ects oftskveals that,
more favorable airload characteristics of S-6 slat con guratn is found at larger
free stream angles, and that of S-1 is found at lower free streamgies.

Figure B.4 compares the surface pressure values on the slattedfcal at

various stages of unsteady slat actuation with the pressure valef the corre-
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sponding steady slat con gurations, all at a main element free sten angle of
attack at ® = 15*. The di®erence inCp values clearly show the unsteady e®ect
of the slat actuation. The slat in its down stroke produces largearea underCp
curve, for both the slat and the main element, which results inraincreased lift
value (B.4(d)). The lift time history characteristics in Fig. B.4(d) relates well
with the surface pressure characteristics of the airfoil at theocresponding slat
positions during the actuation cycle. The nature of the hystesis loop of the lift
curve over the slat actuation cycle re°ects the unsteady e®ectktbe variable

slat con guration.
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