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Abstract

Effective alleviation of aerodynamic peak loads — caused by gusts or maneuvers — allows significant
wing-structure mass reduction and lower energy consumption. Traditional control surfaces, like trailing-
edge flaps, are limited by deflection rates, whereas fluidic actuators, such as wall-normal surface jets,
use pressurized air to achieve much faster response. This study selects and evaluates a surface-jet design
for elastic 3D aircraft wings. First, a 2D RANS-based parametric study shows that using narrow slots
of 0.05 % chord width cuts mass flow requirements by 40 % at fixed pressure ratios, compared to prior
designs, despite lower efficiency at supersonic jet speeds. Chordwise positioning at x/c = 0.8 yields
greater lift reduction on a stiff 2D wing section, while x/c = 0.6 enhances decoupling between lift and
pitching moment control, which is beneficial for flexible wings and outboard locations. Two selected
actuator geometries were evaluated over varying Reynolds numbers, Mach numbers, and angles of attack
to generate a CFD dataset from which a reduced-order model is derived. Implemented in a low-fidelity
aeroelastic framework, results confirm that chordwise placement at x/c = 0.6 balances lift control and
pitching moment, achieving 20 % wing-root bending-moment reduction compared to the trim load at less
than 1.5 kg/s mass flow, while the most effective spanwise location is at 75 % span.

1. Introduction

The ambitious goal of reducing the climate impact of global aviation can only be met by introducing new aircraft
configurations that integrate sustainable propulsion concepts as well as novel airframe technologies.! These airframe
technologies aim to reduce drag, structural weight and ultimately the fuel consumption of future transport aircraft. A
reduction of wing structural weight can be achieved by alleviating peak aerodynamic loads that act on the aircraft struc-
ture during gust encounters and flight maneuvers. These flight conditions are sizing for the wing structure according
to certification requirements.”> Maneuver and gust induced loads can be alleviated either by passive structural means or
by actively controlling the distribution of aerodynamic forces during these events. Several conceptual design studies
considering load alleviation in the preliminary design phase together with multidisciplinary optimization demonstrate
the potential of active load control to reduce fuel burn by approximately 10 % compared to state of the art aircraft.! 34

Passive load alleviation exploits the structural response of a wing to induced loads, e.g. the coupling of the up-
ward wing bending to a nose-down torsional deformation, thereby reducing lift at the outboard wing section. The
load-alleviating structural response can be enhanced by implementing geometric non-linearities that increase wing
bending after a critical load-factor is exceeded.>® Active systems are required to achieve a higher level of load allevi-
ation than by a passive approach alone. The combination of trailing edge flaps for redistributing lift and thus reducing
wing root bending moment and leading edge flaps for controlling torsional moments showed high potential for load
alleviation on an elastic wing in quasi-steady maneuver flight.” Significant reductions of dynamic gust loads, however,
can only be achieved using high actuation rates of the flaps that are challenging to realize.®° Further drawbacks of
using control surfaces for load alleviation besides their limited deployment rates are the heavy electro-mechanical ac-
tuation system and its space requirement that can prevent implementation in the slender outer sections of high aspect
ratio wings. In addition, mechanical systems run the risk of getting stuck in deployed position and undergo frequent
and dynamic load changes that can lead to fatigue of the system.

Fluidic actuators have the potential to overcome most of these challenges. Using a pressurized air system, it
was demonstrated that very short onset times could be realized due to the system’s highly reduced inertia,'®!! which
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Figure 1: Concept sketch of a surface jet for gust load alleviation integrated into a transport aircraft wing.

becomes even more relevant in case of delayed gust detection.!> The air supply system including tubes and fast
switching proportional valves is potentially lighter and easier to integrate in small internal volumes of slender wings,
and offers a better fail-safe design as blowing requires the continuous input of energy to be active. A systematic study
by Khalil et al.'* on a transonic airfoil identified suitable flow control concepts for load alleviation and demonstrated
their higher control authority compared to (micro-)mechanical concepts. Among those concepts, the surface jet actuator
showed the highest lift reduction potential of about 60 % of the gust-induced lift under transonic conditions'? and was
therefore selected for the present study. This actuator consists of a thin air jet that is issued from an orifice on the upper
side of the surface under a certain angle against the outer flow, thus creating a separation region downstream of the jet
location. As shown in the concept sketch in Fig. 1, the flow deflection at the trailing edge is reduced by the separation,
which results in an effective de-camber of the airfoil and consequently lower airfoil lift.

The mass flow required in the 2D study by Khalil et al.'? to alleviate 50 % of the additional lift induced by a gust
of 70 m length sums up to 0.23 kg per meter span with a peak mass flow of 1.2 kg/s for a representative wing section of
4 m chord length. These values indicate the necessity to further reduce the mass flow demand of the actuator to enable
the application of this technology to future transport aircraft. A few studies'>'*!> provide guidance on actuator design
for high mass flow efficiency and integration on elastic three dimensional wings, but omit relevant aspects. Regarding
the actuator geometry in a 2D wing section, the enhancement of control authority by tilting the jet forward is well
described,'* but discussions of the jet width effect stay perfunctory. Especially an investigation of chordwise position
and its influence on the ratio of lift control over change of pitching moment is missing, which is particularly relevant
for the actuator integration on a flexible wing with aeroelastic effects. A surface jet implemented on the outer 25 %
of a tapered wing showed good capabilities of reducing wing root bending moment during gust encounters, including
the plunging and first bending mode in the aeroelastic simulation.'”> Considerations of aeroelastic effects including
torsional modes and discussions of the impact of spanwise and chordwise positioning and actuator induced pitching
moment on its aeroelastic effectiveness are currently missing in literature.

The present work aims to fill this gap in three consecutive steps. First, investigations on 2D actuator design
parameters are shown on a representative wing section of a civil transport aircraft. The study focuses on small slot
widths for high-velocity jets with low mass flow demand. Special emphasis is put on the influence of chordwise
positioning on control authority over lift and pitching moment. In a second step, the suggested actuator design is tested
under various flight conditions and a reduced-order model is derived. This model serves as an input for low-fidelity
aeroelastic simulations of the full aircraft with different actuator configurations integrated on the wing. During this
third step, initial conclusions are drawn on the actuator integration strategy for high aeroelastic effectiveness.

2. Numerical methods

2.1 Research configuration and operating conditions

A medium range aircraft developed within the Cluster of Excellence SE>A was used as research configuration for
the present study. Details on the conceptual design process of this aircraft including design considerations, top-level
aircraft requirements and implemented sustainable aviation technologies are given by Karpuk et al.'® The design flight
conditions with an altitude of 7650 m (25100 ft) and a Mach number of M., = 0.71 were chosen to be lower and slower
than for conventional medium-range aircraft to drastically reduce the climate impact of contrails. The aircraft features
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backward-swept, fully turbulent wings and over-wing mounted engines as depicted in Fig. 1. The wings have an aspect
ratio of A = b?/S ying = 12.11 with a span of b = 43.4m, and a leading edge sweep of ¢rr = 16°. The wing design
is based on the DLR-F15 airfoil!” with a root chord of ¢;ooy = 6.3 m with 13 % relative thickness and a tip chord of
cip = 1.63m with 10.5 % relative thickness.

A representative wing section was derived for the 2D simulations in this study based on the mean aerodynamic
chord of cpac = 4.1 m and 12 % relative thickness. Infinite swept wing analogy was applied to this section to account
for sweep effects. The sweep transformation

€D = CMAC - COS(¢c/4)
Myp = M, - cos(¢e)a) (D

Rexp = Rew - c08*(9c/a)

is based on the quarter-chord sweep of ¢4 = 13.8° due to the high subsonic character of the flow regime. This
results in a scaling of the chord length to c;p = 3.98 m, which increases the relative thickness of the transformed
airfoil to /¢ = 12.36 %. The design Mach number and the Reynolds number based on mean aerodynamic chord of
Recmac = 32 X 10° are scaled to M,p = 0.69 and Re,p = 30.2 x 10°.

2.2 Flow control concept

Active flow control through surface jet blowing was applied in this study by releasing pressurized air from a duct inside
the airfoil. In the first part of the study (see Sec. 3.1), this duct has parallel walls as sketched in Fig. 2. The variation of
geometric parameters includes ten different chordwise positions between x/c = 0.3 — 0.95, nine different slot widths
within w/c = 0.025 % — 0.5 % and six tilt angles relative to the local wall normal of 64, = 0° — 75° against the flow.
The jet blowing was realized by imposing an actuation boundary condition on the bottom surface of the duct (hereafter
referred to as "inlet"). The boundary condition requires the prescription of total temperature and total pressure of the
fluid at that inlet. A variation of jet total temperature can have noticeable effects on the actuator performance.'®!3
To exclude these effects, the total temperature was set to a fixed value of 356 K, which was chosen as an average
between ambient temperature at cruise altitude and typical bleed air temperatures. The prescribed total pressure is thus
the primary control variable to set a specific blowing rate. The correlation between jet pressure and blowing rate in
terms of jet momentum is later shown in Fig. 7e. For subsonic flow conditions, the CFD solver calculates the local
static pressure at the inlet by extrapolation from the flow field onto the edge of the computational domain. Supersonic
outflow conditions at high blowing intensities can be prescribed as well, which require the additional prescription of
static pressure on the boundary surface due to the supercritical nature of the flow. The static pressure in this case is
a variable of free choice and was set to free stream pressure. For all blowing rates, it is assumed that an ideal nozzle
upstream of the inlet operates in its design point to create these flow conditions. Off-design performance of the nozzle
is therefore neglected to show the hypothetical best performance of each duct geometry.

For the second part of the study, which is presented in Sec. 3.2, the best suited geometric parameters from the
first part were selected and kept constant, and the actuator’s performance is investigated across the flight envelope.
A convergent nozzle is used here instead of a rectangular duct to account for nozzle off-design conditions. The flow
conditions on the inlet are always subsonic for all blowing rates. High blowing rates lead to a chocked nozzle and
an under-expanded jet. A discussion on the choice of a convergent nozzle is given in Sec. 3.1. Examples of both a
rectangular and a convergent duct are shown in Fig. 3.

The blowing intensity is quantified by the mass flow s, the jet momentum / = riwje and the kinetic jet power
Ejel,km =1/ 2n'1vj26t. The dimensionless mass flow coefficient Cp, momentum coefficient C,,, and kinetic power coeffi-
cient Cpyi, can be calculated from these quantities by referring them to free stream properties according to Eq. 2. The
pressure terms were taken into account for the computation of the momentum coefficient in case of an underexpanded
jet, where Aje is the cross-sectional area of the nozzle throat. Mass flow, jet momentum and jet power were computed
by integrating the corresponding fluxes across the jet exit surface. For the convergent nozzle, this surface was placed
at the nozzle throat, as indicated in Fig. 3 by a dashed orange line.

m
Co= —2
Poo Voo ref

_ mvjet + Ajet(pjet — Pw)
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A discussion of the technical-physical interpretation of these coefficients is given by Radespiel et al.!® The momentum
coefficient, due to its normalization, can be seen as an additional drag component that appears due to a loss of engine
thrust caused by the extraction of bleed air. The power coefficient corresponds to the electrical or mechanical power
required to run an idealized compressor for air supply. The power added by a compressor to the blowing air can be
determined from a stream tube running from a point at free stream conditions to the jet exit. It follows that Pcompressor =
mcp(Trjeo — Thoo) With the heat capacity cp. In this study however, the total jet temperature 7T} was kept constant as
explained above, 5o that Pcompressor & #1. Therefore, only the kinetic component of the jet power is used here to quantify
the compressor power.

The reaction force of the ejected air is taken into account for the calculation of aerodynamic lift and drag by
adding the inverted vector of jet momentum to the solver forces. The pitching moment relative to the quarter chord
is corrected by adding the z-component of the jet momentum multiplied with its lever arm (x — 0.25¢), while the x-
component is disregarded due to its negligible contribution. The influence of the reaction force on lift is in the order of
2 % and approximately 10 % for the pitching moment.

x/c =30 % to 95 % K Integration
% surface

Figure 2: Actuator geometry Figure 3: Numerical grids

2.3 CFD Set-up

The unstructured finite volume solver TAU developed by the German Aerospace Center (DLR)* was used to solve
the RANS equations. A second order central scheme with scalar dissipation was used for spatial discretization and
an implicit Backward-Euler scheme for time integration with local time-stepping. Cauchy tolerances of 10~ for lift,
drag, and pitching moment were used to control convergence of the simulations. Turbulence modeling was realized by
the one-equation Spalart-Allmaras model in its modified version from 2012.2! All surfaces of the airfoil are treated as
turbulent walls. In case of active blowing, the actuation boundary condition described in Sec. 2.2 is imposed on the
bottom surface of the duct.

Two versions of a sample 2D grid with a rectangular and convergent duct of 0.05%c width at x/c = 0.8 and a
tilt angle of 60° are shown in Fig. 3. A CAD model of the airfoil with a fully parameterized duct was constructed in
the commercial CAD software CATIA® V5. The exported geometry was discretized in an automatic mesh generation
process using Fidelity Pointwise® with Glyph scripting language. A hybrid mesh set-up is used with a structured mesh
to resolve the boundary layer flow and an unstructured triangle mesh for the outer grid domain. The boundary layer
mesh resembles an O-topology with a blunt trailing edge and was generated by wall normal extrusion with a first cell
height iteratively selected to fulfill the y] < 1 condition for turbulent boundary layer resolution under all investigated
flight conditions. The cell density of the unstructured grid is increased around the slot, the trailing edge and in the
region of anticipated separated flow.

A grid sensitivity study was conducted based on the geometry used in a previous study.'? Three grids (coarse,
medium and fine) were initially created with a refinement factor of 2 applied between two levels. A fourth and final
grid was subsequently created based on the experience with the initial grids. Some characteristic properties and the
simulation results of all four grids are shown in Tab. 1. The final grid features the spacings from the fine grid, which
shows significantly improved simulation convergence due to low disturbance levels around the slot, and the extrusion
settings from the medium grid that provides sufficient boundary layer resolution. The grids were tested at three different
blowing conditions: No blowing, moderate blowing with subsonic jet velocity at C, = 0.01, and strong blowing with
supersonic jet velocity at C, = 0.025. All three conditions show very similar quantitative trends of which the one for
moderate blowing is shown in Tab. 1. The final grid is considered sufficiently fine, as the sensitivity with respect to the
medium grid is two orders of magnitude below the expected sensitivity to the geometric parameter variations.
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Table 1: Grid sensitivity study - grid properties and resultsJor 0:01

extrusion spacing in separa-

Grid level yi/m steps tion region

Nnodes C a (o] a Cm;y a

coarse 6106 50 0.02m 45k 78 10% 61 10° 17 103
medium 310°6 100 0.01m 157k 15 103 22 10° 39 104
nal 3 106 100 0.005m 382k 2 10° 50 106 33 106
ne 1:5 10% 200 0.005m 568k - - -

aDi erences with respect to the nest grid level

2.4 Aeroelastic framework

Complementary to the high- delity CFD simulations, an aeroelastic ight dynamics framework was employed to eval-
uate the performance of the actuator on a 3D wing with aeroelastic deformation &edt actuator positions. The
open-source framewotk 23 features a nonlinear unsteady model of an F-15 airfoil to describe the wing aerodynam-
ics. Spanwise downwash is considered using a nonlinear steady lifting line method. Structural dynamics are modeled
based on the mode displacement method. Furthermore, aerodynamic and structural models are coupled with constant
transformation matrices as well as nonlinear transformations for the in ow.

The actuator performance is evaluated in this framework for the con guration presented in Sec. 2.1. Figure 4
shows the available actuators of the aircraft: There are three sets of conventional ailerons with a depth of 20 % local
chord and three sets of surface jets positioned at exfer 0:6 or x=¢ = 0:8. Figure 4 highlights only th&= = 0:6
surface jets for clarity. Actuators are implemented in the framework by modifying the local lift, moment and drag
coe cients of the respective wing section. De ection dynamics are implemented using second order dynamic models
with appropriate bandwidths and damping ratios (¢Gtnd 1005 for the 3dB bandwidth of the aileroA% and
surface jets? respectively, and both with a damping ratio of 1). Unsteady aerodynansict® through the de ection
of ailerons are modeled with the method presented by Leisifman.

Figure 4: SE2A Mid-Range Aircraft, primary control surfaces in blue, surface jets positioxed at0:6 in orange

h i
The quasi-steady change of the local aerodynamic c@nts cx = C; Cmy; Cd T through a surface jet actuation
is approximated using parameterized candidate functimﬁ%. These are tted to the respective CFD dateﬁFD,
ensuring smooth aerodynamic cogent gradients, which is bene cial for load alleviation controller design with
linearized models. The candidate function is parameterized by eight tting paranp&ters [p:; p2; :::;pg], and is
tted to C§FD for each Mach number separately using a least squares approach with a nonlinear generalized reduced
gradient solver. Mass ow and angle of attackeets are modeled separately.

c'(m ; p™) = cxm(mp™) cox (i pM) (3)

The candidate function is set up to best represent the change in liftobeet, but is used for all aerodynamic coe
cients. The change in lift coecient over increasingr shows a bilinear trend in the CFD data (later shown in Fig. 17
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and Fig. 16). Hence, the mass ow characteristic is modeled by two linear functions and a transition function
cxm(MpP™) =mpr 1 F(m;p™) + (M (p2+ pa)) psF(m;p™) @)

whereF (m; pF) de nes the transition from one linear function to the other:

Fmp) = S(L+ tanh(tn pr)ps) ©

The bilinear behavior is caused by the nozzle design, and the transition is approximately at the mass ow for which the
nozzle throat ow becomes sonic. This is discussed subsequently in Sec. 3.1. Increasing the angle of attack generally
leads to a larger change in lift coeient, up until the ow separation in uences the jet (later shown in Fig. 12 and

Fig. 13). Equation 6 models this ect.

cx (G PF=1+ps  expEr(  ps)) (6)

3. Results

3.1 Design study

In the rst part of this study, a variation of the two-dimensional jet duct geometry was carried out (see Fig. 2) to
identify a suitable con guration for the present operating conditions. The goal of this step is to investigate sensitivities
regarding ow control input and pitching moment ect with respect to the actuator geometry. The initial geometry
was taken from Khalil et &l and features a duct of@5% width at a chordwise position of 95¢@and tilted with
an angle of 45relative to the local wall normal against the ow direction. In a rst step, the chordwise position was
varied betweenx=c = 0:3 0:95 at constant slot width and tilt angle. The aftmost limit of the chordwise position was
chosen to ensure integrability in the trailing edge.

Results of the actuator performance in terms of lift change over momentumcem® for di erent actuator
positions are shown in Fig. 5a. The lift reduction increases with higher momentuncigs for all cases, but with
a decreasing slope due to saturatiom&s. The achieved lift change at a speci c blowing rate increases for more aft
slot positions untilx=c  0:75 0:8 and decreases again slightly forc > 0:8. An examination of the ow eld
of actuators located in the front half of the airfoil reveals that the separated ow created by moderate blowing rates
reattaches afterx 0:2c. The lift change results from the thick and weakened boundary layer on the upper side of the
airfoil that causes a virtual de-camber of the airfoil with corresponding lift reduction. The straay ef separated
trailing edge ow is missing, which explains the poor performance of the slotscat 0:5. The blowing rate at which
full separation of the ow between slot and trailing edge occurs decreases for further aft located slotsotH 8t8
even the smallest investigated jet momentur@ of 0:001 leads to full detachment of the ow.

The lift change factor ¢j=C is shown in Fig. 5b for speci ¢ targgt-cj values. The selected target lift changes
of j ¢j = 0:25 0:45 correspond to the expected range of required lift reductions based on preliminary studies of
critical gust loads on the reference aircraft con guration. The lift change factor is derived here as the absolute value of
the commonly de ned lift gain factor ¢=C and quanti es the e ciency of the ow control by relating the achieved
lift reduction to its cost in terms of jet momentum that has to be provided by the air supply system. It can be seen in
Fig. 5b that maximum values of 100 to 170 can be achieved in the desired lift reduction range by actuators located at
x= = 0:75 0:8. These lift change factors are 50 % higher than those of a comparable surface jet implemented by
Khalil et al1® due to more favorable positioning and tilting of the jet. On the other hand, they still lie well below lift
gain factors achieved by Coanda actuators, which are, however, limited to lift reductions of apout 0:4 under
comparable condition®. The observation of an optimal chordwise position for lift reduction at arosag 0:75 0:8
is in contrast to experimental results by Al-Battal et%lThey found for a symmetric NACA0012 model operated at
low-speed conditionsRe= 6:6 10°, M = 0:06) that lift reductions at moderate angles of attack are higher the closer
the jet is located to the trailing edge. However, ow eld visualizations and pressure measurements of their model
show that di erent pressure gradients and stall mechanisms are relevant for the low-speed tests compared to transonic
airfoils under cruise ight conditions.

Particular attention is paid in this study on the control authority on both lift and pitching moment with regard
to aeroelastic control ectiveness on exible wings. Fig. 6 depicts the change of quarter chord pitching moment

Cmy Over change of lift for the investigated chordwise actuator locations. Each curve represents the performance

of one actuator geometry for dérent blowing intensities, corresponding to the respective curves in Fig. 5a. The jet
momentum coe cient is indicated by the contour plot and truncate@ at 0:01 for better readability. Starting at zero
change in lift and pitching moment for zero jet momentum, the pitching moment of all geometries experiences a nose-
up (positive) alteration as the lift reduces with increasing jet momentum. It becomes obvious again that the jets located
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(a) Lift change over momentum coeient (b) Lift change factor over ¢

Figure 5: Steady blowing performance for drent chordwise positionst

atx=c = 0:75 0:8 enable the largest lift reductions for a given jet momentum, but also produce signi cant positive
change of pitching moment that can have a detrimentateon actuator eactiveness if aeroelastic ects are taken

into account. The jets located &tc  0:6, however, show to some extent a reduced coupling between change of lift
and pitching moment. A possible compromise between high lift control authority and low pitching moment in uence,
and thus a potential candidate actuator with acceptable aeroelastiiveness for implementation on a exible wing,

can be found in the actuator locatedkat = 0:6.

Figure 6: Change of lift and pitching moment for érent chordwise positions

A subsequent variation of the slot width in a rangenet = 0:025% 0:5% was conducted for the actuator located
atx=c = 0:8 and tilted at = 45 relative to the local wall normal. From a simple consideration of the jet properties
de nedin Eq. 2, it is well known that for increasing slot width at constant jet momentum and constant jet pressure, the
mass ow increases and the jet velocity decreases with the square root of the slot width. The kinetic jeEpower
m\2, increases linearly with the jet velocity. These relations can be observed in Figs. 7a—c, which show the reduction
of lift coe cient over mass ow, jet momentum coeient, and kinetic jet power coecient for the investigated slot
widths. Data points obtained at a simitar but decreased slot width result in lower mass ow rates and higher kinetic
power. The required mass ow for the lowest slot widthvefc = 0:025 % is reduced by about 50 % compared to the
widest slot of 0.5 %c, while the kinetic power increases by an order of magnitude.

The momentum coecient was historically introduced to eliminate the in uence of slot widths on the perfor-
mance of a blown ap exploiting the Coandaext?’ It was experimentally con rmed that the lift change of the blown
ap is independent from the slot width if plotted agaist This also holds true for the surface jet actuator investigated
in this study, as long as the jet operates at subsonic exhaust velocities. The idealized jet Mach number

Met= ——— ()
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depending on the jet momentum for @rent slot widths is shown in Fig. 7d. In connection with Fig. 7b, it becomes
apparent that the lift reduction curves are similar for all subsonic data points, but start to gradually diverge as the jet
velocity approaches supersonic conditions. The in ow boundary conditions in the blowing duct are controlled in a way
that the jet is ideally expanded to free stream prespuréor every data point. The divergence of the lift reduction
curves is thus not an ect of the pressure term from te calculation. It may be explained instead by a performance
deterioration of the supersonic jet interacting with the cross- ow that leads to an increase in required jet momentum to
reach a targetedc;.

The relation between mass ow, jet momentum, and kinetic jet power foerdint slot widths shows how the
slot width can be used as a design parameter to tradeass ow demand against power requirement. Depending on
which of these quantities is limiting or sizing in the actual ow control system, a wider slot with higher mass ows
can be selected in favor of low compressor power demand or vice versa. The kinetic jet power may not be the critical
property in case of using engine bleed air stored in aglbueservoir. The engine's operational constraints in this
case depend more strongly on the withdrawal of core mass ow, making mass ow reduction the design driver of the
actuator. Also, the interpretation Gf as a thrust reduction (see Sec. 2.2) should be kept in mind. A certain diminution
of C -e ciency may be accepted to reduce the mass ow demand of the actuator by selecting small slot widths.

(@ ¢ overm (b) ¢ overC (¢) ¢ overCexin

(d) Jet Mach number ové& (e) Pressure ratio ov€r

Figure 7: Lift reduction and jet properties for a variation of slot widtrs

The total pressure ratiget = Prjet=Pr1 that has to be provided to achieve a certain jet momentum farent slot
widths is shown in Fig. 7e. It is computed according to Eqg. 8 and corresponds to the compression ratio a compressor
has to achieve to increase the total pressure of the jet uid from intake ram prgsgute the total pressurpye; at

the duct inlet. |

" 1
jet:%:p_l 1+ w2 (8)

Pr1 Pr1 2 -

If the blowing air is supplied from engine bleed aifs; gives the pressure ratio of the compressor stage from which
the bleed air is taken. In modern turbofan engines, bleed air is typically extracted from the higher stages of the high
pressure compressor at pressure ratios of 2022 Thus, the available compression ratio imposes a restriction on the
smallest slot widths that can be selected. At least for the moderate jet momen@um dd:01 studied here, realistic
compression ratios allow for the implementation of a slot widthvet = 0:05 % with corresponding low mass ow
and supercritical jet velocities.

A duct geometry featuring a convergent nozzle with a contraction rati®?cdrid a throat width ofv=c = 0:05 %
was chosen based on these design considerations to studyetis ef o -design performance for a high-velocity jet
actuator. The nozzle is located>atc = 0:8 and tilted by = 60 against the ow. The nozzle chokes@t = 0:002
and generates an under-expanded jet with> p; for anyC > 0:002. The corresponding Mach contour plot with
selected streamlines f@ = 0:005 is shown in Fig. 8. The supersonic regions of the jet in the zoomed-in inset are
enclosed by a black dashed line and an after-expansion of the jet downstream of the throat is clearly visible. Mach
numbers of locally up tdVjer = 1:7 are reached before the interaction of the jet with the cross- ow leads to the
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formation of an oblique shock. The jet stays supersonic and is further de ected by a system of oblique shocks. This is
in contrast to the continuous and shock-free de ection of subsonic jets. The entropy-loss experienced across the shock
surface may explain the slightly deteriorated capability of supersonic jets to convert their momentum into lift reduction,
as discussed above. Nevertheless, the jet has a straog @n the outer aerodynamics, e.g. reducing the suction peak
that is present on the suction side of the unblown airfoil.

The jet performance of the convergent nozzle is compared in the following with the duct with parallel side walls
to identify deviations from the ideal-nozzle assumption used for the design study above. The critical mass ow at
which sonic speed is reached at the throat of the convergent nozrle i8:3kg/s (C = 0:002). Figure 9 shows no
di erence in lift reduction for subsonic blowing conditions. For supersonic blowing however, the mass @eney
gradually deteriorates for the convergent nozzle. The mass ow at supersonic conditions equals the critical mass ow

p—
Munax = 0:6847Aetpo RTo; 9)

for the given reservoir pressupg and temperatur€,. An increase of mass ow is achieved by raisipg which leads

to a growth in throat pressum@noat = P = 0:53pp and thus stronger post-expansion of the jet. The potential of the

jet uid to gain kinetic momentum from its inner enthalpy is taken into account irctheomputation by the pressure

term in Eq. 2. The ability of the jet to convert its momentum into lift reduction is not signi cantly restricted by the
post-expansion compared to the ideally expanded jet. Therefore, only smaiédces in the lift reduction curve over

C in Fig. 8b are visible between both nozzles. In other words, the jet is always able to convert its momentum into
lift reduction, regardless whether the momentum is already kinetic (ideally expanded jet) or still has to be converted
from enthalpy (under-expanded jet) via post-expansion outside of the duct. However, the chocked convergent nozzle
requires a higher mass ow to reach the same jet momentum due to the limitatigu tof sonic speed. The results
indicate that the conclusions from the design study shown above can be generalized to realistic nozzles when plotted
overC , but the nozzle's o-design behavior has to be taken into account for assertions on mass ow requirements.

(& ¢ overm

(b) ¢ overC

Figure 8: Flow eld of the convergent nozzle operatedCat= Figure 9: Comparison of convergent and ideal
0:005,M; =071, =0. nozzle performance.

To conclude this rst part of the study, a suitable actuator geometry with corresponding operating conditions to achieve
signi cant lift reduction was established. The identi ed actuator has reduced requirements on mass ow compared
to previous studies, while complying with restrictions from the integration with a realistic supply of pressurized air.
Understanding of the coupling between control authority on lift and pitching moment was gained anctthefe
narrowhigh-velocity jets on actuator performance was analyzed.

3.2 Performance characterization under di erent ight conditions

Two actuators at dierent chordwise positionsc = 0:8 andx=c = 0:6 were selected for further investigations of their
performance at dierent ight conditions. The geometries were chosen based on the results discussed in Sec. 3.1 and
have the same slot width @f=c = 0:05 %, contraction ratio of:2 and tilt angle of = 60 as the actuator shown in
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cinm Hinkm M Re Rep
1:63 112 03 36 10° 33 10°
6:4 0 076 11 10° 1.0 10°

Table 2: Boundary cases for maximal and minimal Reynolds number

Fig. 8. The actuator at=c = 0:8 was selected due to its superior lift reduction at a gi®effor a torsionally sti wing)
and the @6c position was additionally included in the study as a potential candidate with high aeroelastiiveness.

First, the e ect of Reynolds number is investigated by scaling the model size while keeping freestream velocity,
ight altitude and thus Mach number constant. The Reynolds number of the 2D case varies bietyeerl(® 10°
to include boundary cases of actuator operation as given in Tab. 2. A fully turbulent airfoil was assumed in all cases.
The lift coe cients plotted over Reynolds number for drent blowing rates are shown in Fig. 10a. They increase with
Reas expected due to a decreasing in uence of boundary layer thickness. The resulting lift redugtiasshown in
Fig. 10b, di er by less than 10 % for the lowest Reynolds number and by less than 3R&fob 10°. The observed
Reynolds number dependency is small enough to be considered as only of secondary importance and will therefore be
neglected in the following investigations.

(a)c overRe (b) ¢ overC

Figure 10: Reynolds number ect for an actuator at=c = 0:8, M; = 0:71,and =0

In a subsequent step, Mach number and angle of attack were varied simultaneously to study the actuator performance at
di erent ight conditions. The Mach number valubl 2 f0:3;0:5; 0:71; 0:76gwere chosen to cover ight conditions
including high-speed cruise, design cruise and low-speed ighteRdint angle of attack ranges were selected depend-

ing on the Mach number to cover realistic cruise conditions in the linear lift regime as well as high loading conditions
aroundcmax that occur during gust and maneuver ight. The angle of attack variation for the highest Mach number
does not include values beyonét;.max) to avoid cases with shock-induced separation that occurs for these conditions.
The altitude was kept constant at the design cruise altitude ®f7650 m to restrict the parameter space. A variation

of Mach number therefore also results in a moderate variation in Reynolds number bB&wed3 32 10°, which

is not further taken into account as discussed above.

A sweep of blowing intensity from no blowing to supersonic blowing at a momentum cieat of aboutC
0:015 was performed for all combinations of Mach number and angle of attack. The blowing intensity is controlled
by prescribing dierent total pressures at the inlet boundary, as described in Sec. 2.2. The nozzle pressure ratio
NPR= priner=P1 is thus the control variable and used in the following to indicate blowing intensities.

The isolated eect of angle of attack variation &, = 0:71 is shown in Fig. 11 for the actuatoratc = 0:6.
Qualitatively similar results with minor quantitative drences are obtained for the actuatox=at = 0:8. Both ac-
tuators show the trend of increasing lift reduction over angle of attack. The negative slopes oftieves shown
in Fig. 11a increase with angle of attack in the linear regime. The obtaioelecomes maximal at the angle of
attack (Cimaxcleay 4 , atwhich the clean airfoil without blowing reaches its highest lift cogent, and breaks down
for higher . Figure 11b shows the sameest for the absolute lift coecients at the respective blowing rate. The
lift gradientdg=d decreases with stronger blowing (lowdPR) resulting in a spreading of the lift curves towards

(Crmax.cleay- These ndings are in contrast to comparable investigatibnsth a lower resolution of the parameter
space suggesting that;-values would be independent of the angle of attack within the linear regime. An incom-
pressible stud¥ on a symmetric wind turbine airfoil even indicated that lift reduction decreases tow@igiex cieas,
which was attributed to growing boundary layer thickness on the upper side of the airfoil impairing the actuator ef-
fectiveness. This eect is clearly not dominant under the high subsonic and transonic conditions investigated in the

10
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present study. An explanation of the decreasing lift slope shown in Fig. 11b can be found in the violation of the Kutta
condition caused by the forced separation between jet and trailing edge. The ow on the upper side of the airfoil is not
attached at the trailing edge, which allows the ow on the lower side to de ect slightly upwards at the trailing edge. A
comparable eect occurs at thick elliptic airfoils with round trailing edges that do not force the aft stagnation point to

a determined location, which results in reduced lift sloffes.

(@ ¢ over (b) ¢, over

Figure 11: Angle of attack eect for an actuator at=c = 0:6 andM; = 0:71

The resulting changes of lift and pitching moment fdg 2 f0:5;0:71;0:76gand all angles of attack are plotted in
Fig. 12 for the actuator located &tc = 0:6 and in Fig. 13 forx=c = 0:8. All sub gures show the values obtained
from the CFD simulation as circles as well as the tted data of the surrogate model as crosses connected by solid lines.
The optimized tting parameters favl; 2 f0:3;0:5;0:71,0:76g and ¢, cqand cyy are documented in appendix
Table 3 and appendix Table 4. The CFD data is generally well represented by the tted model, while some regions of
the parameter space revealed challenges in the modeling. A more detailed discussion of the tting quality is given at
the end of this section. The Mach numidé; = 0:3 was also simulated and modeled but is not shown here as it yields
very similar results aM; = 0:5.

Direct comparison between the actuator locations for all Mach numbers reveals that the actyator &6
produces a steeper gradient af with respect to angle of attack. The lift reductions obtained at0 for all Mach
numbers are smaller than those of the jetat= 0.8, as stated before in Sec. 3.1. The maximum valuegafbtained
at the stall angle of the clean airfoil, however, are comparable for both actuators. This is especially remarkable as the
corresponding changes in pitching moment of the more forward located actuator are signi cantly lower than those of
the more rearward actuator. Hence, an increased aeroelastitiveness of actuators locatedxat = 0:6 is expected,
which will be discussed for dierent spanwise locations in Sec. 3.3. The change of pitching moment increases with
Mach number for both actuators, which can pose a challenge for the aeroel&stiveness at high-speed ight.

Another di erence between both actuator locations is observitiat0:76 for high angles of attack: While the
e ect on lift and pitching moment of the actuatorxat = 0:8 drops quickly for > 2 , it remains more stable for the
more forward actuator. This actuator operates in a region where the ow of the clean airfoil is not yet separated, and it
can therefore still signi cantly aect the supersonic region, mitigate its magnitude and move the shock forward so that
pressure footprint and correspondingly lift are reduced. In contrast, the rearward actuator operates in a region that is
already separated on the clean airfoil. It has to eject a larger mass ow to createetrbeyond the already existing
separation, causing a notable degradation of control authority.

Figure 14 shows the mean tting error for the actuator positioneg=at= 0:6 andx=c = 0:8. The error is
averaged over all available NPRs per angle of attack and Mach number, where the number of NPRs is degeted as
This comparison is visualized for both lift and moment ce@nt. Figure 14a and 14b show absolute

NP M1) )
envs( ox(; Mi ))=i ck°(; NPRi); M) cf'(; NPRI); Ml)énNPR(; M)t (10)

i=1

and relative
enps( Cx(; My1))

CFDy .
max NPR M
NQR CX (1 R 1)

€rell Cx(; M1)) = (11)

values, respectively. The errors in Eq. 11 are computed relative to the largest absolute aerodynanientoger all
available NPRs per angle of attack and Mach number mak °(; NPRM;) .
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Figure 12: Surface jet aerodynamic cagents over angle of attack a&tc = 0:6, tted and CFD data

Figure 13: Surface jet aerodynamic codents over angle of attack atc = 0:8, tted and CFD data

The tting function is parameterized to best represent the CFD data of the lift cieat, resulting in a larger relative

tting error for the moment coe cient. The CFD data for the largelgl; are scattered more, which acts the overall

guality of the t. There is a large relative error for the pitching momentat 2 and = 8 of the actuator
positioned atx=t = 0:6 at M; = 0:5 as the given data points cannot be represented by the candidate function, refer
to Fig. 12 and Fig. 16. However, this deviation is conservative and the relative error is additionally elevated due to
the small absolute values. Overall, the tted reduced order models represent the aerodynanciemiseof the two
surface jets suciently well for the subsequent investigation on aeroelastectdveness that is carried out at a small
angle of attack (trimmed horizontal ight).

12
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(a) Absolute tting error (b) Relative tting error

Figure 14: Mean absolute tting error per angle of attack, averaged over NPR

3.3 3D integration and aeroelastic eects

The results shown so far relate to a 2D airfoil without elastic deformation. To investigate the actuator performance on a
exible 3D wing, the surface jets positioned:atc 2 f0:6; 0:8gare implemented in the aeroelastic framework presented

in Sec. 2.4 and tested regarding their aeroelast@ctveness for the aircraft con guration presented in Sec. 2.1. For

this investigation, the aircraft is trimmed &; 2 f0:5;0:76gand an altitude of 6000 m. Furthermore, rigid body
accelerations in rotation and translation are suppressed. This approach is similar to a conventional wind tunnel setup
for a constant angle of attack and provides a consistent testing environment.

The aeroelastic eactiveness of wing actuators can be characterized by various quantities. A change in wing
root bending moment relative to its trim valuAVRBM=WRBM i, is utilized here. Figures 15a and 15b show

WRBM=WRBM i, over increasing actuation (mass ow for surface jet, de ection angléor ailerons) forM; 2
f0:5; 0:76g respectively. The actuator types are indicated by color, and the spanwise position of the actuator section
is indicated by the line style. Figures 15c and 15d provide insight into tleeteof the elastic wing twist on actu-
ator e ectiveness by showing the aeroelastieetiveness with suppressed actuator pitching moment, representing a
torsionally sti er wing.

The wing actuators are employed symmetrically on the aircraft in this study, one set at a time. A maximum
aileron de ection of 10 is assumed due to the high operating velocities. The surface jets deplete a mass ow of up to
1.5kg’s per actuator section, which is based on Shmilovich ét-&f.where an available mass ow of up to 1.6/kg
is assumed (drawn from engine core or auxiliary power unit). The three spanwise actuator sections are de ned such
that the individual sections in uence the same reference wing area, i.e., the product of average chord and spanwise
length is kept constant. This ensures comparability of individual surface psttigeness over varying actuation.
Correspondingly, the surface jet sections have a lengtB:bf2:6; 2:2gm. The choice of spanwise surface jet section
length can lead to 3D ects on the actuator performance either due to varying slot width or because of longitudinal
vortices generated at the lateral ends of the slots. Suehbtg are not considered in the employed simulations. In
this study, only the spanwise position of the wing actuators are investigated. Thus, there is a research opportunity for
future studies to optimize the section length of surface jets based on high delity coupled simulations that are capable
of modeling such eects.

The spanwise position of the actuator section has several, in some cases oppasitg], Rlacing the actuator
section more outboard increases the lever arm with respect to the wing root, buetiedapart of the spanwise lift
distribution has lower absolute lift values due to wing taper and spanwise downwash towards the wing tip. Furthermore,
the outer wing section is naturally more subjected to twist and bending deformation. Tleeteare considered by the
aeroelastic model and result in the drent aeroelastic ectiveness curves for each spanwise position of the actuator
sections in Fig. 15. The midboard section is the mostative spanwise position in all cases, closely followed by the
inboard section, and the outboard section is the leasttéve. The only exception to this order isMi = 0:76 for the
ailerons, where the inboard section is the mogaive. One reason for the larger sensitivity on the spanwise position
is the increased pitching moment of the ailerons compared to the surface jets. That is, actuators with large pitching
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