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Abstract

This paper presents an investigation on the capability of gust load alleviation by
normal microjet. The numerical method integrates the unsteady Reynolds averaged
Navier-Stokes (URANS) solutions, structural dynamic equations of motion and the
Field Velocity Method. The method is verified for gust responses of rigid and elastic
models. The numerical results of microjet are validated against experimental and
previous numerical data. Load control capabilities of normal microjet are evaluated on
the 2D NACAO0012 airfoil and the 3D BAH wing with constant and dynamic
momentum coefficients under steady subsonic and transonic incoming flow conditions.
Thereafter, gust load alleviation effects using microjet are tested on the airfoil and the
BAH wing with and without the consideration of aeroelasticity. The results show that
normal microjet has a strong capability for load control for transonic incoming flow.
This is due to the jet effect on the shock strength on the airfoil upper surface. For the

3D BAH wing, significant load control effects can be shown for jet deployment on the
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span near the wing tip. Load reduction has also been observed near the wing root away
from the jet region. The test cases show that normal microjet is a promising approach
for gust load alleviation with a fast frequency response characteristic. A near constant
lift response under gust condition can be achieved by adaptively adjusting the blowing

momentum coefficients.

Keywords: gust load alleviation; normal microjet; blowing momentum; reduced

frequency; BAH wing

Nomenclature

s = non-dimensional time

Cmx = wing root bending moment coefficient
C. = lift coefficient

wy, = gust velocity

Wgo = peak velocity of ‘one-minus-cosine’ gusts

H, = gust wavelength

C, = momentum coefficient

Cuo = peak momentum coefficient
k = reduced frequency

M = Mach number

a = angle of attack
U, = freestream velocity
Cp = pressure coefficient



¢ = chord length
¢ = mean aerodynamic chord length
Rez = Reynolds number

x,y, z= Cartesian coordinates in streamwise, spanwise and vertical directions

1. Introduction

Gust loads are of critical importance to civil transport aircraft design, often
determining the maximum loads and the mass of the aircraft structure. For aircraft
design, a large number of gust load cases need to be considered, requiring expensive
test data. There is a strong interest in the recent years on alternative ways for reliable
gust load predictions. For example, a resent collaborative research project between
industry and academia named AeroGust [1] (Aeroelastic Gust Modelling) has been
carried out to investigate and develop numerical methods for gust simulations.

With gust load prediction, gust load control and alleviation can be investigated for
design of safer aircraft. Most research activities have been on the design of gust load
alleviation systems especially on the design of control laws, such as the linear quadratic
regulator theory [2], linear quadratic Gaussian method [3], and a novel model predictive
control approach based on the nonlinear Hammerstein model [4]. Effective gust control
depends heavily on the response time of the control means. Control surfaces comprising
of ailerons and spoilers have been used for gust load alleviation. However, these control
surfaces are often sized for maneuvers, and therefore exhibit low-frequency response
due to their large inertia [5]. Al-Battal [6] pointed out that these control surfaces become
ineffective for alleviating high-frequency gusts. Therefore, it is important to investigate
fast response actuators for gust load alleviation. In addition, being able to fly and

control aircraft without conventional control surfaces (namely flapless control) is one
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of the targets for future aircraft design with benefits including fewer moving parts,
possibly less weight, less maintenance and enhanced stealth characteristics [7]. One of
the promising methods to replace these traditional flaps is to employ fluidic actuators.
As a means for active aerodynamic flow control, fluidic actuators have been
investigated for many decades, including synthetic jets, circulation control using
Coanda effects, and steady blowing and suction. These methods have been shown to be
effective for aerodynamic improvements, such as drag reduction [8, 9], delay of
transition[10, 11], flow separation control [12-14], and stall control and lift
augmentation[ 15, 16]. Similar to lift augmentation, fluidic actuators are also capable to
reduce and manage lift, which provides a potential way for gust load attenuation. Some
initial studies have been conducted recently to evaluate the effects of fluidic actuators
for reducing lift. Boeije et al. [17] reported an experimental and numerical study of a
normal jet placed near an airfoil trailing edge on the upper surface, showing an effective
reduction of lift. More recently, Al-Battal ef al. [5, 18] conducted further experimental
investigation to compare the lift reduction capabilities between normal and counter jets.
Rao et al. [19] studied aeroelastic response controls of flutter and limit cycle oscillation
using synthetic jet on the NACA 0015 airfoil. Blaylock ef al. [20]’s numerical study
compared load control effectiveness of microjets and mini-tabs deployed on the
NACAO0012 airfoil trailing edge. The results showed that both concepts had a similar
load control mechanism by affecting the trailing-edge flow, and therefore produced very
similar aerodynamic load control effects. Heathcote et al. [21] gave further insight in
comparing the effects of microjets and mini-tabs by wind tunnel tests and pointed out
that blowing and mini-tabs were viable methods for load control but with very different
behaviours. The blowing deflected the wake upwards thereby reducing lift. Conversely,

the mini-tabs promoted separation over the upper surface. They also noted that the lift
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change by microjet located at the trailing edge is nearly constant for different angle of
attacks, which was consistent with the result drawn by de Vries et al. [17]. However,
for mini-tabs, optimal location varied with the angle of attack. At low incidences, it is
preferable to place the mini-tabs near the trailing edge, while locations near the leading
edge were found to be better when the angle of attack is high.

Previous studies using microjets were conducted for constant incoming flow and
therefore its ability to directly alleviate gust loads is still unknown. The motivation of
this study is to explore novel method for gust load alleviation. The feasibility and effects
of gust load alleviation by means of microjet perpendicular to wing upper surface is
studied. Firstly, validation work on numerical methods including the simulations of gust
and microjet has been done. Thereafter, load control effects of normal microjet with
constant and dynamic actuations are studied. Finally, the gust load alleviation effects
on the 2D NACAO0012 airfoil and 3D BAH wing without and with the consideration of

aeroelasticity are demonstrated.

2. Numerical Methods
2.1. URANS Solver

The numerical solver is the NASA Open CFD software CFL3D [22]. It is a multi-
block structured upwind finite volume CFD code. The 3D time-dependent compressible

Navier-Stokes equations can be expressed in an integral form as follows:

%JHWCIV+H[F_G].dA=O (1)

where, ¢ is the time, W is the conserved variables; V' is an arbitrary control volume; F
and G are the inviscid and viscous fluxes, respectively; dA is the vector of the

differential surface area.



The variables and the fluxes are

p v 0
P, [pvvx + pi] Ty
W = Py |, F = | PVVy + pj , G = Ty
PV, pvv, + pk| Tzi
€ (e +p)v Tijv; — 4

where, p, p, €, and v are the density, pressure of the fluid, total energy per unit volume,
and velocity, respectively. 7_ij is shear stress, and q is the heat flux.

For the convective terms, a 3™ order upwind-biased spatial differencing (Roe
scheme) is used, and the viscous terms are discretized by second-order central
differencing. For the turbulence model, k-o SST model is used in this study.

CFL3D has the capability to perform both static and dynamic aeroelastic analysis.
CFL3D performs aeroelastic analysis by solving the aeroelastic equations of motion in
the generalized modal state space as:

Mi+Cq+Kq=Q  q" =I[q1,92] ()
where q is generalized displacement vector; K is generalized stiffness matrix; C is
generalized damping matrix; M is the generalized mass matrix, and Q is generalized
force.

The time matching of the fluid/structure coupling uses a second-order backward
differencing and a predictor/corrector scheme, which can be found in Ref. [23] for more
details. Prior to running the CFL3D code for fluid-structural calculations, frequencies,
generalized masses, and mode shapes should be provided and projected onto the grid

points of the computational model surface.

2.2. Gust Treatment by Field Velocity Method

The gust perturbations is implemented in the computational domain using the



Field Velocity Method (FVM) proposed by Parameswaran et al. [24, 25], in which the
prescribed gust velocity is introduced into the grid velocities as:
Vgrial (%, ¥, 2), t] = Vgrial(6, ¥, 2), t] = vgusel(x, ¥, 2), t] A3)
Based on the dynamic mesh module in CFL3D, the functions based on FVM were

added in the code with the capability to simulate arbitrary gust shapes.

3. Validation and Verifications

For gust response simulations, the FVM method is integrated into the URANS
solutions, which was verified by the authors in Ref. [26]. The numerical responses of a
series of gust profiles including a step-change in the angle of attack, sharp-edged gusts
and the one-minus-cosine gusts using the 2D rigid NACAO0012 airfoil are compared to
the Wagner function [27], Kiissner function [28] and reference data from Ref. [29],

respectively. Some comparisons are presented in Fig. 1 and further details can be found

in Ref. [26].
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Fig. 1 Verification of the gust response simulations
To consider the aeroelasticity and rigid motions in gust response, additional
validation work is carried out using the 3D BAH wing with the plunging and the first
bending modes. The solver coupling URANS solutions, structural dynamic equations

of motion and FVM are validated through the comparison between the present
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numerical results and the available data as presented in the following section.

3.1. Verification of the Gust Response of the Elastic BAH Wing

The BAH wing is a jet transport aircraft test wing, on which Bisplinghoft ef al.
[30] conducted comprehensive investigations in the area of aeroelasticity. The BAH
wing is a half wing with a wingspan /=12.7 m, a mean aerodynamic chord ¢=4.1275

m, and a wing aera $=52.42 m?. The BAH wing planform is shown in Fig. 2.

(351
T
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1 - | . 1

"y (m)
Fig. 2 Planform of the BAH wing

A wide range of aeroelastic test cases have been previously validated using the
commercial software, MSC/NASTRAN [31], with high-fidelity structural analysis as
reported in [32]. The BAH wing has been adopted by Rodden et al. [33] as an
MSC/NASTRAN demonstration problem in random gust response analysis. In
MSC/NASTRAN, the aerodynamic force is determined by the Doublet Lattice Method
[34] ignoring the wing-section thickness effects. To compare with the MSC/NASTRAN
data, the NACAG65A004 airfoil is used here to construct the CFD model of the BAH
wing. The mesh topology of the computational domain is shown in Fig. 3 and the total

grid size is about 4.0x10°.



Fig. 3 Mesh topology of the BAH wing
The mode shapes are extracted from the structural model in MSC/NASTRAN and
are projected to the grid points on the wing surface of the CFD model. In this study,
two typical modes are included in the simulation. The first is the plunging mode and
the second is the first bending elastic mode with a natural frequency of 2.44 Hz. The

mode shape profiles are shown in Fig. 4.

(a) Plunging mode (b) The first bending mode (/=2.44 Hz)
Fig. 4 The mode shape profiles of the BAH wing
In MSC/NASTRAN, the demonstration case calculates the time history of the
displacement responses of the BAH wing due to a gust load. The gust is a square wave
gust shown in Fig. 5 with a duration of 2 seconds. The freestream Mach number is 0.62

and the gust amplitude wy is taken as 0.01 times the incoming flow velocity at 2 m/s.
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Fig. 5 The profile of the square wave gust

The square wave gust is assigned to the grid points of the CFD domain based on
FVM. Fluid and structure are coupled in the present numerical solver as described in
Section II. Responses of the fluid-structure interactions of the BAH wing under this
square wave gust is calculated by the present numerical solver. The vertical
displacement responses are compared with the MSC/NASTRAN results [31] shown in
Fig. 6. As shown in the comparison, the present results agree well with that calculated
by MSC/NASTRAN, which indicates that apart from rigid models verified in detail in
[26], the present solver is capable of and accurate for gust response simulations of

elastic models with motions.

0.5 0.2

Present result
Nastran result

Present result
Nastran result

(a) wing-root displacement (b) wing-tip displacement relative to the wing root

Fig. 6 Comparison of the real displacement responses
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3.2.Validation for Normal Microjet

Eggert et al. [35] evaluated RANS using CFL3D code to predict the effects of
active flow control by blowing from the leading-edge slot on the NACA 0018 airfoil.
In that study, the jet slots pointed at a 20° toward the trailing edge of the airfoil and the
freestream Mach number of 0.03265. CFL3D code using RANS predicted similar flow
characteristics to those present in the experimental data. To validate the current
methodology for normal microjet, the numerical and experimental results conducted by
de Vries et al. [17] are applied for the comparisons. The studies were conducted based
on the NACAO0018 airfoil with microjet placing at x/c= 0.9

To model jet blowing, Blaylock et al. [20] compared three different models:
surface jets with constant velocities, surface jets with parabolic velocity profiles and
jets created by plenums. The results showed close aerodynamic coefficients among
these three models. This finding is consistent to the studies conducted by Rumsey [36]
that the differences in aerodynamic coefficients between jets produced through plenums
and jets generated from the surfaces are insignificant. Therefore, jets originating from
airfoil or wing surfaces are used in this study.

The experimental model used by de Vries et al. [17] has c= 0.165 m; jet width hje=
0.001m placed at x/c= 0.9 on the NACAO0018 airfoil lower surface. The freestream
properties are M.= 0.176, Re.= 6.6x10°. The blowing velocity is 1.2U.. The pressure
was only measured at four points on the airfoil surface. de Vries et al.[17] also
conducted numerical investigation using the commercial computational fluid dynamics
software package ANSYS CFX 11.0. The total lift changes between the airfoils with
and without microjet under the same incoming flow condition as the experiment were

evaluated.



Fig. 7 gives the comparisons of the calculated pressure distributions on models
with and without microjet to the experimental data from Ref. [17]. The comparison
shows a good agreement, especially for pressures on the upper surface. Fig. 8 presents
the comparisons of the changes of lift coefficients between the present results and the
reference data. In general, these results show a good match for both the models with
and without microje. It is also clear that the lift coefficient augmentation ACr=~ 0.4 is
obtained due to the microjet with Uje= 1.2U.. In general, the present solver can capture
the aerodynamic changes caused by microjet, which can be used for the following load

control and gust load alleviation studies.

5 -Tr
I Present results with microjet -6F Present results with microjet
“4r AR Ty Present results without microjet 5 o e i i Present results without microjet
L A Exp. results with microjet S A Exp. results with microjet
ak u] Exp. results without microjet g u] Exp. results without microjet
2F
a |
U -
BES
or
[ __
2 1 1 ] 1 1 1 2 1 1 1 1 1 1
0 02 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
x/c x/c
(a) a=8° (b) 0=12°

Fig. 7 Comparison of the pressure distribution of the NACA 0018 airfoil between the present

results and the experimental results conducted by Boeije et al. [17]
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Fig. 8 Comparison of the lift coefficients of the NACA 0018 airfoil between the present results

and the reference numerical results conducted by Boeije ef al. [17]

4. Evaluation of Load Control Capability under Steady Freestream Conditions

4.1. NACAO0012 Airfoil

Al-Battal et al. [5] and Leopold [37] compared the efficiency of microjets placed
on different chordwise locations on airfoils. Similar conclusions were obtained from
those two studies that microjets placed on the trailing edge are more effective. Another
important parameter about jet slot is the chordwise width, while there is little
knowledge about its influence. Here, based on the NACAO0012 airfoil, jets with slot
width ranging from 0.2%c to 1.0%c placed on x/c=0.95 are compared under different
blowing moment coefficients to get a quantitative understanding of the influence of jet-
slot width on the load control. Firstly, three different C-type grid resolutions are used
to find an appropriate grid resolution for a coarse 221x121 mesh, a medium 321x141
mesh (as shown in Fig. 9, having 81 on the slot and the rest on the airfoil section), and
a fine 421x161 mesh. These three grid resolutions are conducted on the airfoil with
slot-width of 0.5% at x/c= 0.95 and the first grid distance from the airfoil is kept

constant to ensure y'~O(1). Fig. 10 shows the pressure coefficient distributions of the
13



model with Mje= 0.2 at M= 0.3, a= 3° and the model with Mje= 0.7 at M= 0.7, a=3°
for these three grid resolutions. The results show a negligible influence from the grid.
The medium grid resolution is chosen.

Fig. 11(a) shows the results of lift reduction at M., =0.3, 0=0° for different widths
under the same blowing momentum coefficient of C,=0.004 and 0.009. In general, the
magnitude of lift reduction increases with the increase of jet slot width. It is more
obvious when the jet slot width is below 0.5%c, as the value of lift reduction tends to
be stable when the slot width increases from 0.5%c to 1.0%c for both C,=0.004 and
0.009. The trend is similar at M, =0.7, a=0° as shown in Fig. 11(b). A smaller width of
the jet exit will be preferable from practical view point. Therefore, in the following

studies, 0.5¢% is chosen for the slot width and x/c=0.95 is chosen for the jet location.

Fig. 9 NACAO0012 airfoil with microjet at x/c=0.95
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Fig. 10 Influence of grid resolutions on surface pressure distribution
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Fig. 11 Influence of jet slot width on lift coefficient at a=0°

To evaluate the load control effects, a series of computations with different
momentum coefficients were conducted under M»=0.3 and M.=0.7 at a=3°. The lift
coefficient reduction with the increase of momentum coefficients is shown in Fig. 12.
The maximum velocity of the microjet is set to be 1.5M., before oscillations starts to
appear. For the case with oscillation, the standard deviation is also shown in the results.
The phenomenon of lift oscillation was also observed by Blaylock et al. [20] in the
numerical study of normal microjet on NACAO0012 airfoil. As shown in Fig. 12, normal

microjet demonstrates a stronger load control capability at transonic speed than that in
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subsonic range.

Fig.11 shows the evolutions of the Mach number contours and streamlines with
the increase in blowing momentum coefficients at M= 0.7, a= 3°. Also shown is the
region of interest around the microjets near the trailing edge. As shown in the results,
the high-speed jet flow presents itself as a blockage for the flow ahead the jet slot, thus
decelerates the flow and increases the pressure coefficients on the upper surface as
shown in Fig. 14. From the streamlines near the trailing edge of the blowing cases, it
can be seen that the microjet not only deflects the streamlines above the upper surface
but also entrains the flow from the lower surface upwards, which accelerates the flow
resulting in a reduction in the pressure coefficients on the lower surface. If the external
flow velocity is high, the blockage effects will significantly decelerate the external flow
ahead the blowing location, thus has a stronger load control capability under transonic
range. It is noticeable that when the momentum coefficient reaches a certain value, the
shock wave is eliminated as can be seen from the pressure coefficient distributions of
the model with C,= 9.65x1073. Behind the microjets, the pressure recovers rapidly due
to the strong separation region formed behind the jet slot, which explains why it is more

effective when jet slots are placed near the trailing edge.
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Fig. 12 Lift coefficient control effects on the 2-D airfoil
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Fig. 13 Revolution of the Mach number contours and streamlines with increase in the blowing

momentum coefficients at M= 0.7, o= 3°
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Fig. 14 Pressure coefficients distribution at M= 0.7, a= 3°

4.2. BAH Wing with Microjet

On the BAH wing, the original NACA65A004 airfoil section is replaced by
NACAO0012 airfoil for having a reasonable thickness for jet application. As displayed
in Ref. [30], the position of the aileron deployed on the BAH wing is from n=y/b=0.74
(b stands for the semi-span length) to the wingtip. Based on this information, a microjet
slot with the same length in spanwise direction is included on the BAH wing as shown
in Fig. 15. The slot is located on 95% of the local chord from the local leading edge

with a slot width of 0.5% of the local chord.

microjet slot

x (m)
o
——

5
y (m)

Fig. 15 The location of the microjet slot on the BAH wing

Following the previous grid convergence study on the NACAO0012 airfoil, a
baseline grid with 321 cells (including 81 on the slot) on the wing airfoil section, 141
cells in the wall normal direction and 121 cells along the span is generated. Through
the airfoil grid influence study, it has been demonstrated that the number of cells on the
airfoil section (321 cells) and the wall normal direction (141 cells) is enough to provide
reasonably accurate results. Keeping the number of cells on these two directions, the
number of cells along the spanwise direction is evaluated. From the baseline one with

121 cells over the span, a coarser grid with 81 cells and a finer grid with 161 cells are
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generated. Table 1 gives the effects of grid resolutions on the aecrodynamic coefficients
at M= 0.7, o= 3.0° under a blowing momentum coefficient C,= 1.43x10™%. It is
noticeable that for the lift coefficient, the difference between the medium and the fine
grids is less than 1.4%, and it is about 1.9% for the root bending moment coefficient.

From these results, the medium grid is chosen in the following study.
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Fig. 16 Grid topology on the BAH wing with microjet slot
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Table 1 Grid resolution effects on aerodynamic coefficients of BAH wing with microjet slot (M=

0.7, a=3.0°, C,= 3.58x10™)

Grid size Coarse grid Medium grid Fine grid
Ce 0.2741 0.2755 0.2793
Conx 0.1134 0.1140 0.1162

To get a quantitative understanding of the load control capability of normal

microjet on the modified BAH wing, a series of computations with different momentum

coefficients are conducted at M= 0.3, 0= 3°, Re, = 4.13x10%, and M= 0.7, o= 3°,

Re, =2.06x107, respectively. The maximum velocity for the microjet is also set to

Miet: 1 .SMOO

The reductions of lift coefficients due to normal microjet are compared in Fig. 17.

It is consistent with the results on the airfoil that normal microjet blowing achieved

19



stronger load control effect under transonic speed compared to that of subsonic range.

Since microjet slot is only deployed on part of the span near the wing tip, it is worth to

evaluate the influence of normal microjet on the whole spanwise load. The spanwise

load distributions (Cr iocar *c/cref) of the blowing cases are compared with the baseline

model as shown in Fig. 18(a) for M»= 0.3 and Fig. 18(b) for M.= 0.7, respectively. For

both Mach numbers, a more significant load control effect can be observed around

microjet deployment region (7= 0.74 to 1.0). Apart from this region, load control effects

are also shown on the spanwise loads towards the wing root where there is no jet

blowing placement.
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4.3.Time Step Resolutions and Dynamic Actuation of Normal Microjet

To successfully apply a microjet system for gust load alleviation, the performance
under dynamic actuations is an important consideration. For the simulation of dynamic
actuations, the influence of time step is evaluated under a transient actuation of microjet
at M,=0.3, a=3° and M»=0.7, 0=3°, respectively. For this simulation, the BAH wing is
initiated by the converged steady-state flow. Microjet is then activated at s=0 to the
maximum coefficient of C,=1.28x10° and C,=2.9x10* for M.=0.3 and 0.7
respectively. The non-dimensional time step As ranging from 7x10*to 7x107 is tested,
and the results are shown in Fig. 19.

The results show that the differences in the lift responses from these three different
time steps are negligible, especially between As=7x10*and 1.4x1073. As=1.4x107 is
chosen hereafter. The lift coefficients converge to the same final steady-state value
generally at around s=10 after activating the microjet. Also shown in the results is the
sharp decrease of the lift coefficient at the first few non-dimensional time periods,
indicating the fast response characteristic of microjet. More than 50% of the total
change in lift coefficient has been obtained within s=1. This is consistent with the
results in [17] of the experimental and numerical study about the load control effects of

surface jet on the NACAO0018 airfoil at M.=0.176.
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(a)M=0.3 (b) M=0.7
Fig. 19 Influence of the time steps
To understand the behavior of the dynamic actuations, the responses of microjet
with periodic actuations are evaluated at M.=0.3 and 0.7, 0=3° respectively. The

dynamic blowing momentum coefficient has the following form:

Cy = Cyo * Isin(2mtf - 5)| 4)

The reduced frequency is k = nfc/Us, In EASA CS-25 [38], the typical gust
length is defined as 12.5¢, corresponding to a reduced frequency of 0.25. To assess the
effects of microjet actuation frequency, three different reduced frequencies, i.e. k =

0.125,0.25, 0.5, are tested with the maximum momentum coefficient C,, of 1.28x10°
3 and 2.9x10™* for M..=0.3 and M.=0.7, respectively.

The results are shown in Fig. 20(a) in the forms of hysteresis loops for the lift
responses against the changes in blowing momentum coefficient. All loops are
clockwise. For these three blowing frequencies, the slopes are all negative, indicating
effective increasing load control ability with increased blowing momentum coefficients.
The slopes decrease slightly with the increased reduced frequency at both Mach
numbers. This indicates the reduction of load control effects with the increase in

blowing frequency.
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Fig. 20 Lift response with dynamic actuation of CC

5. Gust Load Alleviation

5.1. NACAO0012 airfoil

‘One-minus-cosine’ gust is the typical discrete gust defined by the certification
specifications of large commercial aircraft covered by EASA CS-25 [38]. To test
normal microjet for gust load alleviation, the one-minus-cosine gust with gust velocity
of wy/Uy,=0.066 and wavelength of 11c is applied for the freestream flow condition
of M= 0.3, a= 3°. At s= 0, the gust hits the airfoil leading edge and travels past the
airfoil with the freestream velocity. Hence it takes s= 12 for the gust to pass the airfoil.
The unsteady normal microjet with ‘one-minus-cosine’ profile in the time domain (see
Eq. (5)) is tested. The peak momentum coefficients of Cuo= 1.1x107 (Mje=0.1) and

Cuo=9.9x107 (M;e=0.3) are applied for the two tested cases.

C,=0 s<0
1 2
CH=E#O(1—0031LZS) 0<s<12
C,=0 s> 12

)

Fig. 21 shows the gust load alleviations effects. It can be seen that normal microjet
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has the capability for gust load alleviation. The peak gust-induced lift increment is

controlled and further alleviated with the increase in blowing momentum.

0.8
No blowing
_____ Cu“:l.]x 10°
0.7k S C,=9.9x10"

Fig. 21 The gust load alleviation by normal microjet blowing at M.= 0.3

In [26], the authors demonstrated the adaptive circulation control for gust load
alleviation. Since microjet also has a fast response characteristic, it has a similar
capability to control the gust load timely with adaptive characteristics. To test this, the
same approach used in [26] is applied here. Based on the data for C,o=9.9%10 shown
in Fig. 21, the relationship of the lift coefficient reduction caused by microjet named
AC,(MJ]) and s relative to C,(s) can be interpolated, which can be expressed as

Cu(s) = fi(s, AC,(M]))) (6)
where, f; is the fitting function based on the data of AC,(MJ]), s and C,(s). A
quadratic polynomial function is chosen here. Based on this correlation, to compensate
the gust-induced lift increment, the required momentum coefficient can be predicted.
This process can be treated as an open-loop control. The profile of the predicted
momentum coefficients marked as ‘Adaptive’ is shown in Fig. 22(a). For the
comparison, the momentum coefficients with C,o=9.9x107 are also shown in the figure.

The time evolution of the lift responses are shown in Fig. 22(b). As shown in the results,
24



the gust-induced lift is better controlled by the adaptive blowing, as a near constant lift
response under gust condition is obtained by adaptive microjet blowing. It is true that

the adaptive blowing of this study is obtained under a given ‘one-minus-cosine’ gust

perturbation. The designed blowing momentum coefficient profile is tuned for this gust
perturbations. In practice, a database of the ability of normal microjet for various
momentum coefficients according to different gust velocities and freestream conditions
need to be prepared for an open-loop or closed-loop control in a well-designed control
system. This case study indicates the capability of normal microjet for adaptive gust

load control due to the fast response characteristic and the small ‘time-lag’ in response.

0.03 0.8

_____ Cuo=9.9><10“3 No blowing

Adaptive SEERER RN AN Adaptive
P 0.7} s

(a) C, profile (b) Lift response

Fig. 22 The gust response using adaptive microjet at M= 0.3

For a transonic condition, the one-minus-cosine gust with gust velocity of
Wy /Uxw=0.033 and wavelength of 20¢ corresponding to s= 21 for the gust to travel past
the airfoil, is applied for the freestream flow condition of M= 0.7, o= 3°. The unsteady
normal microjet with peak momentum coefficients of Cuo= 1.75%107 (M;e=0.3) and
Cuo= 4.87x107 (Mje=0.5) are tested. Fig. 23 shows the gust load alleviation effects. It
is clear that the peak gust-induced lift increment can be significantly reduced. The lift

coefficient after s= 11 for the unsteady blowing with C,o=4.87x107 is controlled even

25



lower than that of the initial time, indicating a strong load control capability of normal
microjet. Based on the data for Cuo= 4.87x107 shown in Fig. 23, the profile of the
adaptive momentum coefficients is predicted as shown in Fig. 24. For comparison, the
momentum coefficient C,o= 4.87x107 is also shown in the figure. As expected, the
values of the momentum coefficients after s= 11 decrease and the point of the peak
value shifts forwards a little due to the ‘time-lag’ in response. The time evolution of the
lift responses is shown in Fig. 24. As shown, the gust-induced lift is completed
suppressed by adaptive microjet blowing. Fig. 25 compares the Mach number contours
and surface pressure distributions for the baseline model, the model with Cyo=1.75%10
3 and the model with the adaptive blowing under the peak gust load. Compared to the
baseline model, the shock strength is weakened and pushed upsteam with the microjet.

These two case studies at subsonic and transonic speeds indicate that normal
microjet is capable for gust load alleviation. By timely adjusting the blowing
momentum coefficient, it is suitable for adaptive gust control, resulting in complete

suppression of gust loads.

0.8
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e C,=1.75x10"
M 3
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Fig. 23 The gust load alleviation by normal microjet blowing at M..= 0.7
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0.6 0.6

04

02

0

0 02 04 0.6 08 1

02 04 0.6 08 I
x x x

0 02 04 0.6 08 1

(a) No blowing (b) Cuo=1.75%1073 (c) Adaptive

Fig. 25 The Mach number contours at the peak gust load (s= 11) for normal microjet blowing
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Fig. 26 The pressure coefficient for models with and without CC at peak gust load (s= 11)

5.2. Rigid BAH Wing
This 3D wing case tests the gust load alleviation effects on the rigid BAH wing.

The gust velocity is set to be 7 m/s (wo/Ux»=0.029) corresponding to a gust-induced
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incidence variation of about 1.6°, and the wavelength of the gust is set to be 100 m
(24.2¢). The freestream condition is M.= 0.7, a=3°. During the simulation, at s=0, the
gust hits the leading edge of the root wing section and travels past the wing with the
freestream velocity. The momentum coefficients with a ‘one-minus-cosine’ profile is
used for the test, with two different peak momentum coefficients of C,o =8.87x10*
(M;e=0.5) and 2.92x1073 (M;e=0.9) respectively.

The gust responses in terms of lift coefficient and root bending moment coefficient
are shown in Fig. 27. These two unsteady microjets have significant alleviation of the
gust loads as shown in the results. To be specific, approximately 21% and 35% of the
peak gust-induced lift coefficient is reduced by these two unsteady microjets
respectively. A reduction in the peak root bending moment caused by the gust shows to

be 34% and 56%, respectively, relative to the baseline model.

0.5

baseline

baseline

045

AC,=0.032
_ AC,=0.053

0.4

0.35

0.3

(a) lift coefficient (b) root bending moment coefficient

Fig. 27 Load control effects with an unsteady jet blowing under gust condition

5.3. Elastic BAH Wing

In this case study, the plunging mode and the first bending elastic mode which are
the same as those used in the validation study are included in the gust response
simulations. Both the gust and the unsteady momentum coefficients with a ‘one-minus-
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cosine’ profile is the same as those used in the previous section.

Fig. 28 shows the resulting time evolutions of the total gust-induced vertical
displacement of the leading edge of the wing-tip section. For the baseline model with
no microjet, the maximal displacement reaches to 1.35 m caused by the gust load. With
the control of microjet, a significant reduction in the vertical displacement is obtained
for both blowing cases. To be specific, the maximal displacement reduces to 0.95 m

and 0.75 m, respectively for the model with C,, =8.87x10"* and 2.92x10°.
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Fig. 28 The total vertical displacement of the leading edge of the wing-tip section

The time evolutions of the individual vertical displacement for the plunging mode
and the first bending mode are presented in Fig. 29. Compared to the rigid mode, the
displacement of the elastic mode is relatively small. The displacement of the elastic
mode is sensitive to the microjet control. For the baseline model, the initial vertical
displacement of the elastic mode is upwards due to gust load. When the microjet is
deployed with C,0=8.87x10*, the direction of the initial motion is the same as the
baseline model, but with a reduced magnitude due to the alleviation of the gust load.
However, when the momentum coefficient increases to 2.92x1073, the initial motion

becomes downwards. The reason is that the gust load on the outer wing sections where
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microjet slot was deployed experiences significant reduction, resulting in a downward
force in the wingtip section. For the baseline model, the vertical displacement of the
elastic mode reaches a maximum value of about 0.14 m at s=17, while it is only 0.03 m
and -0.05 m for the model with C,, =8.87x10* and 2.92x107, respectively. The
suppression of the wing-tip deformations can be noticed from the comparison of the
wing deformations at s=17 as shown in Fig. 30 (a). With the gust load alleviation by
microjet, the oscillation of the first bending mode displacement decays much faster than
the baseline model. Fig. 29 (b) shows that the oscillation caused by gust for the model
with Cy =2.92x10 fades away when s reaches 80. The comparison of the wing
deformation at s=80 is shown in Fig. 30 (b), where a significant alleviation on the
plunging displacement has been observed.

Fig. 31 shows the time evolutions of the acceleration of the wingtip section in
comparison with the baseline model. Significant alleviation of the acceleration due to
the gust load has been achieved by the microjet. As expected, the lift and root bending
moment are also alleviated which can be noticed in Fig. 32. An alleviation of the peak
of 35% due to the microjet with (o =2.92x% 107 has been obtained on lift, and 60% on

root bending moment.

30



/s
a,-"-"” I-'-'-'_'-"'-u-u.
N
baseline
..... C,,=8.87x10"
s C,=2.92x10°
L
L PR I T T S TR N
0 50 100 150
5
(a) plunging mode

Fig. 29 The vertical displacement of the leading edge of the wing-tip section
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Fig. 32 The time evolutions of the lift and root bending moment coefficients

6. Conclusions

The feasibility and effect of gust load alleviation by means of normal microjet are
investigated using a numerical method integrating field velocity method, structural
dynamic equations of motion and URANS solutions. The method is verified and
validated for simulation of gust responses for both rigid and elastic models.

The results show that normal microjet has a stronger load control effect at transoinc
speed compared to that at subsonic speed with the same blowing momentum coefficient
due to the jet effect on shock strength and location. For normal microjet deployed on
part of the span near the wing tip, in addition to significant load control effects in the
jet deployment region, load reduction has also been obtained on the span region where
there is no jet deployment towards the wing root. The results of the dynamic actuation
show fast frequency response characteristics as more than 50% of the total change in
lift coefficient caused by blowing can be obtained within the non-dimensional time s
=Uyt/C=1.

The results of gust load alleviation on both the airfoil and the 3D BAH wing

demonstrate that normal microjet is capable of suppressing the gust load disturbances.
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Due to the fast response characteristics, timely adaptive gust load control can be
achieved. For the test cases of the rigid BAH wing, a significant reduction in gust-
induced lift and root bending moment has been obtained. Because of the alleviation in
gust load, significant suppression of the gust-induced disturbances in the displacement
and acceleration has been shown in the case study for the elastic BAH wing.

This provides further insights into the feasibility and effects of load control and
gust load attenuation by means of normal microjet. Theoretically, the results improved
the understanding of the load control capabilities, dynamic response characteristics and
the gust load alleviation performance by normal microjet blowing. This improved
understanding can contribute to the design of novel gust load alleviation systems in the

future for more efficient and safer transport aircraft for reduced drag and emission.
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