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Abstract

The yaw-control device of a low-aspect-ratio
flying-wing configuration is investigated. The
novel layout of the so-called outboard split flap
with its hinge-line along the swept leading edge
is designed to achieve beneficial yaw-control
characteristics. Force and moment measurements
as well as stereo particle image velocimetry mea-
surements allow for the analysis of the aerody-
namics of the control device. Additionally, Un-
steady Reynolds-Averaged Navier-Stokes simu-
lations are performed and compared to the ex-
perimental data. Different outboard split flap de-
flections are investigated at zero degree angle of
attack and sideslip. The created force and mo-
ment increments of the deflected flap show, that
the yawing moment is created by a force vector
composed of a drag and side force contribution of
similar magnitude. The effective lever arm of the
outboard flap increases with the flap deflection
angle and reaches a value of the magnitude of the
wing half span. The wake flow shows significant
axial and lateral velocities in consequence of the
deflected flap, which can be associated with the
forces originating at the flap. The numerical re-
sults represent the characteristics of the outboard
flap well with minor deviations in the absolute
values.

1 Introduction

Flying wings belong to the category of the All-
Lifting-Vehicles (ALV). Such configurations do

not feature vertical surfaces, but all elements of
the aircraft are aerodynamically shaped to con-
tribute to the lift. A significant disadvantage of
flying wings is the reduced stability and control
[I-4]. The absence of a vertical tail entails a
considerable reduction of the directional stability
of the configuration. Therefore, the directional
stability and controllability must be provided by
control devices integrated in the wing. Further-
more, low-aspect-ratio-wing configurations with
medium leading-edge sweep exhibit a small wing
span, which requires effective yaw-control de-
vices. The strongly changing flow field at the
wing throughout the angle-of-attack polar fea-
tures attached flow at low angles of attack, flow
separation with areas of irregular flow and vorti-
cal flow at medium to high angles of attack. Con-
sequently, robust control devices with a sufficient
control effectiveness at various freestream condi-
tions are required. Several yaw-control concepts
for flying wings have been investigated. Publi-
cations are available for e.g. all moving wing
tips [5], elevons [1], split wing tips [0], blow-
ing [7], or drag rudders [&].

The Chair of Aerodynamics and Fluid Me-
chanics of the Technical University Munich
(TUM-AER) investigates a novel yaw-control
device of a low-aspect-ratio flying-wing configu-
ration with medium leading-edge sweep. The so-
called outboard split flap (O/F) needs to provide
a sufficient yawing moment to ensure the direc-
tional stability and control throughout the polar.
Previous investigations on the yaw-control effi-
ciency revealed a strong non-linear characteristic



of the O/F [9]. A comparison of numerical results
with the experimental data revealed certain dis-
agreements especially for large O/F deflections.
In this study, the aerodynamic characteristic of
the O/F is investigated in detail. The created
force at the O/F, the effective lever arm and the
wake flow are discussed. A comparison with
the numerical results of the Unsteady Reynolds-
Averaged Navier-Stokes (URANS) simulations
gives information on the capability of the applied
numerical tools to represent the overall charac-
teristics of the O/F and to determine the source
of the observed disagreements in the previous in-
vestigations.

2 Flying Wing Configuration

2.1 Wing Geometry

The investigated flying wing configuration fea-
tures a wing planform in a diamond shape with
a positive leading-edge sweep of @z = 55° and
a negative trailing-edge sweep of @rg = —25°,
see Fig. 1. The root and tip chord of the as-
sociated wind tunnel model read ¢, = 1.2m and
¢; = 0.03m, respectively, and the wing span is
b =1.235m. This results in a wing aspect ra-
tio of AR = 2.001 and a taper ratio of A = 0.025.
The mean aerodynamic chord is /, = 0.801m and
the aerodynamic moments are given with respect
to the moment reference point x,,,, = 0.501m.
The flying-wing configuration is equipped with
the symmetric NACA64A012 airfoil and exhibits
no twist over the wing span. The airfoil lead-
ing edge is sharpened within the first 20 percent
of the wing semi span. This airfoil modification
provokes a flow separation in the apex region al-
ready at low angles of attack. Additional infor-
mation on the airfoil design and the aerodynamic
relevance of the leading-edge modification can be
found in Refs. [10, 1 1].

2.2 Qutboard Split Flap Geometry

The flying wing is equipped with a so-called
outboard split flap (O/F) integrated in the wing
tip section, see Fig. 1. The O/F is split with
respect to the z = 0 plane in an upper and lower

STEFAN PFNUR , CHRISTIAN BREITSAMTER

CT‘
PHLO/F
F

O/F

| Cro/F

PrE
Y [N -« ¥ AP —

M .

Ce

Fig. 1 Diamond wing configuration planform
and flap layout.

flap surface, which can be deflected about the
hinge line, see Fig. 2. The O/F is completely
integrated in the wing, so that the wing shows
no discontinuities for the fully retracted flap.
In contrast to conventional split flaps, the in-
vestigated O/F is deflected about a hinge-line,
which is almost parallel to the swept leading
edge with a hinge-line angle of @y o/r =51°,
see Fig. 1. The possible upper and lower
O/F surface deflection reads 0 <{ <50°.
Since only symmetric O/F deflections of the
right O/F are considered, the deflection an-
gle is defined as {=Cr=(Crv—Cr1L)/2.
The relative root chord of the O/F reads
Cro/F = Cro/p/cr=0.191 and the relative
O/F area is Sref,O/F = Sref,O/F/SVEf = 0.0198.
In lateral direction, the O/F is located in the
area of 0.806<n<1 with n=y/(b/2),
which equals a relative span of the O/F of
bor =boyr/ (b/2) = 0.194. Conventional split
flaps create the yawing moment by an additional
force in x-direction (drag). In contrast, due to the
rotation of the hinge line about the z-axis, the
O/F creates the yawing moment by an additional
force with a x- and y-component, see Fig. 3.
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The resulting O/F force vector is rotated about
the O/F force vector angle y,, which can be
calculated as

F,
Y2 = arctan _O/Fy . (D)
FO/F,x
The corresponding lever arm /y is defined as
M
ly= - 2 - (2)
FO/F,x + FO/F,y

and depends on y,. This entails two effects. Due
to the low aspect ratio of the configuration and
the upstream location of the moment reference
point in comparison to the O/F, the rotation of the
force vector can lead to an increased lever arm Iy
in comparison to a conventional split flap. For
an optimized set-up, the optimal lever arm can
be Iy, =1.087-b/2. Consequently, a higher
yawing moment could be achieved with the same
force. Furthermore, less drag is necessary for a
similar yawing moment, if the moment is cre-
ated by drag and side force. This would increase
the overall efficiency of the aircraft. Another ef-
fect, which should increase the effectiveness of
the O/F is the formation of a vortex at the O/F
back side. The flow separates at the inboard side
of the deflected O/F and the shear layer rolls up
to a vortex at the back side of the O/F. This vortex
would induce a high negative surface pressure at
the back side of the flap surface, and thus create
a higher yawing moment. The verification of this
effect is subject to this analysis.

3 Experimental Approach

3.1 Test Facility and Freestream Conditions

The experimental data is acquired in the wind
tunnel A of TUM-AER. It is a Gottingen type
low-speed wind tunnel (W/T), with a test sec-
tion of 1.8 m x 2.4m x 4.8 m (height x width
x length). With an open test section, the maxi-
mum velocity is Us = 65m/s. The W/T model
is mounted via a rear sting on a three-axis sup-
port, which enables the control of the angle of
attack, angle of sideslip, and roll angle. The
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Fig. 2 Back view of the O/F.

Fig. 3 Sketch of the intended O/F effect.

measurements are performed for a target Mach
number of Ma =0.13 and a Reynolds number
of Re = 2.3 -10° based on the mean aerodynamic
chord.

3.2 Wind Tunnel Model

The flying wing configuration described in sec-
tion 2.1 is manufactured as an aluminum wind
tunnel model prepared for a rear sting attach-
ment to a W/T support, see Fig. 4(a). It al-
lows a change of the wing tip section ele-
ment to replace the clean wing by the O/F. The
zero control configuration as well as six dif-
ferent symmetric O/F deflections are realized
£=10°,5°,10°,20°,30°,40°,50°]. The model
of the O/F also includes fixed rapid prototyp-
ing parts representing the flap deflection lever
elements for each flap position. The model al-
lows for force and moment as well as steady
surface pressure measurements. 192 pressure
taps are distributed in 7 chordwise sections
0.1< Cir < 0.7 with an increment of Acir =0.1



on the wing upper and lower surface. To en-
sure a turbulent boundary-layer, trip dots are at-
tached near the wing leading edge. This enables
a comparison with fully-turbulent URANS simu-
lations. More detailed information on the appli-
cation of trip dots on such configurations is given
in Ref. [10].

3.3 Measurement Techniques

Two different measurement techniques are ap-
plied for this study. The steady forces and
moments are measured with an internal six-
component strain-gauge balance. The mean val-
ues are used for the calculation of the force and
moment coefficients.

The flow-field data in the O/F wake is mea-
sured in several chord-wise sections by means of
stereo particle image velocimetry (Stereo PIV).
Figure 4(a) depicts the test set-up for the mea-
surements. The major components of the sys-
tem are mounted on a three-axis traversing sys-
tem next to the W/T test section. A double-
pulse Nd:Yag laser with an associated wave
length of ® =532nm and a maximum power
of E =325mJ creates the laser beam for the
illumination of the measurement plane. The
laser beam is converted into a sheet by a laser
sheet optic, which is aligned normal to the chord
line of the configuration. Two sCMOS cam-
eras are located on each side of the measure-
ment plane. This set-up enables the simultane-
ous measurement of all three velocity compo-
nents. Scheimpflugadapter are used in this set-
up to account for tilting the sSCMOS plane with
respect to the off-axis camera [12]. For each
measurement plane, 400 sequences are recorded.
From this set of recordings, the mean and tur-
bulent velocity flow fields are determined. The
measurements are performed in the wake of the
left deflected O/F. Since the URANS simulations
are performed for the right deflected O/F, the
Stereo PIV data is mirrored to the right wing
half for the comparison with the numerical re-
sults. The defined coordinate system for the
Stereo PIV measurement planes has its origin
at the trailing edge at the inner interface be-
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(a) Test set-up.

Crossflow Sections

(b) Measurement planes.

Fig. 4 Stereo PIV set-up and measurement planes.

tween O/F and wing, see Fig. 4(b). The origin
’2—”: = yc—”r” = (0 correlates with the body-fixed co-
ordinates Cir =0.808 and n = —0.806. Eleven
cross-flow sections at 0.1 < ’Z—V: < 0.2 with an
increment of A¢* =0.01 are measured for ev-
ery configuration and freestream condition. For
the zero angle of attack, an additional section
at f—”: = 0.3 is measured. The measurements
are conducted at three different angles of attack
o =[0°;10°,20°] and for three O/F deflections
€ =[10°;30°,50°]. Only symmetric freestream
conditions are considered.

4 Numerical Approach

The numerical simulations are performed with
the TAU-Code, which is developed at the Ger-
man Aerospace Center (DLR) Institute of Aero-
dynamics and Flow Technology. The TAU-
Code is able to solve the three-dimensional com-
pressible (unsteady) Reynolds-Averaged Navier-
Stokes ((U)RANS) equations. It is developed for
the application of unstructured grids and features
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a good parallel efficiency on high-performance
computers. The TAU-Code is a collection of dif-
ferent modules responsible for e.g. partitioning,
preprocessing, solving, mesh transformation, and
mesh adaptation. For the spatial discretization,
several upwind and central difference schemes
are available. Steady state simulations can be run
with a local or global time stepping scheme. A
dual time stepping approach is implemented for
time-accurate simulations. For turbulent flows,
several turbulence models like one and two equa-
tion eddy-viscosity models as well as Reynolds
stress transport models (RSM) are implemented

[15].

4.1 Geometry and Grid Generation

For the numerical investigations, the same geom-
etry as for the experiments is used. The sup-
port of the W/T set-up is modeled by an exten-
sion of the rear sting up to one root chord length
downstream of the root-chord trailing edge. The
W/T test section is not considered in the compu-
tational analysis. The numerical grid is created
with the unstructured hybrid grid generation soft-
ware CENTAUR . Due to the asymmetric geom-
etry, the full model needs to be simulated. To
minimize the asymmetries in the grid, a modular
meshing approach is applied. The O/F is located
in an interface box. This enables the exchange
of the geometry and recreation of the numerical
grid inside the box, without changing the overall
mesh. The applied grids for this study are based
on former investigations, which included a grid
independence and a y'-analysis [10]. The nu-
merical grid is significantly refined in the vicin-
ity of the wing leading and trailing edge, in the
vicinity and in the wake of the O/F, and above
the upper wing side, see Fig. 5. Detailed infor-
mation on the zero control configuration grid and
the grids for the deflected O/F is given in [10]
and [9], respectively.

'Data available online at https://www.centaursoft.com
[retrieved June 2018].

Fig. S Numerical Grid of the configuration with
deflected O/F.

4.2 Applied Numerical Set-Up

The numerical simulations are performed at
freestream conditions similar to the experiments
with a Reynolds number of Re=23-10° a
Mach number of Ma = 0.13 and a freestream ve-
locity of U. =44.23m/s. For the spatial dis-
crtetization, a second-order central scheme in-
troduced by Jameson [14] is applied. The re-
quired artificial viscosity is given by a matrix-
dissipation scheme, which leads to a more up-
wind biased method [ 15]. For the time discretiza-
tion, an implicit Backward-Euler scheme with a
LUSGS algorithm is chosen. A 3W multigrid
cycle is applied to speed up the convergence of
the solution. For the time-accurate simulations,
a characteristic time step of Ar* = Atl'& ~0.02
is chosen in accordance with Ref. [y ]. This
leads to a physical time step of Ar =4-10"%s.
All simulations are run fully-turbulent and with
the Spalart-Allmaras turbulence model [17] in
the SA-neg version [18]. This turbulence model
showed good results in former investigations on
low-aspect-ratio wing configurations with round
leading edges [9, 10].

5 Results

In this section, the effect of the deflected O/F on
the forces and moments and the flow around the
wing is discussed. The evolving forces and mo-
ments originating from the deflected O/F are dis-
cussed by means of aerodynamic coefficient in-



crements
AC; = Gi(€) - Ci(£=0°), (3)

the O/F force vector angle v, and the relative
lever arm ly/s, see Fig. 3. Assuming, that the
incremental forces determined from the global
aerodynamic coefficients are only originating
from the O/F, they represent the O/F forces. The
O/F forces can also be given as non-dimensional
coefficients

Fo/r,

“4)
q 'Aref

Co/ri=
For symmetric freestream conditions, the O/F
forces can then be expressed as

Co/rx =ACpcosa—ACysina, 5)

Co/ry =ACy. (6)

In the following Sections 5.1-5.3, all analy-
ses are discussed for a freestream condition of
a=pB=0°.

5.1 Force and Moment Characteristics

For a zero degree angle of attack, the measured
global aerodynamic coefficient increments can
be seen as the force increments originating only
from the deflected O/F and consequently as the
O/F forces. As it is described in Ref. [9], the SA-
neg model acts well in predicting the flow around
the overall configuration without deflected O/F,
but shows deficits for large O/F deflections. The
zero degree angle of attack case allows a de-
tailed discussion of the O/F characteristics with-
out influence of the upstream flow due to vortex
flow or separated flow with flow reversal. Thus,
an evaluation of the SA-neg model in predict-
ing the flow around the deflected O/F is possi-
ble. Figure 6 shows the drag, side force and yaw-
ing moment coefficient increment as well as the
O/F force vector angle Y, and the relative lever
arm Iy/s versus the O/F deflection { for the W/T
data and the SA-neg URANS results. The drag
and side force coefficient increment both show
a non-linear characteristic with respect to {, see
Figs. 6(a) and 6(b). The comparable magnitude
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of both coefficients also indicates the effect of a
rotated O/F force vector. The originating yaw-
ing moment is created by an increase in drag
and side force. This non-linearity is also repre-
sented by the yawing moment coefficient incre-
ment, which shows an increasing effectiveness of
the O/F with increasing deflection, see Fig. 6(c).
The O/F force vector angle ¥, confirms the in-
tended effect of the O/F with a significant rotation
of the force vector of almost 50 degree for a max-
imum O/F deflection. This effect is diminished
for small O/F deflections, whereas a minimum of
Y2 = 20° still represents a considerable rotation
of the force vector. Fig. 6(¢e) describes the rela-
tive lever arm versus the O/F deflection. It can be
observed, that the relative lever arm is bigger than
0.8 for £ > 10°. The lever arm slightly increases
with higher O/F deflection up to a value of almost
1. This matches with the O/F force vector angle
characteristic. Due to an increasing contribution
of the side force, the vector is rotated about Yy,
and the lever arm is increased.

The URANS simulations with the SA-neg
turbulence model show a good agreement and a
comparable characteristic with the experimental
data. Considering the drag and side force coef-
ficient increment, the numerical results predict a
similar trend with respect to {. For a small to
moderate O/F deflection, the values show a good
agreement. At {=350°, however, the URANS
computations do not predict the reduction of
the forces as it is the case for the experiments.
Overall, the disagreements in the drag and side
force coefficient increment are small, whereas the
URANS simulation slightly over predicts both
values in magnitude. This results in a relatively
higher deviation in the yawing moment coeffi-
cient increment. The O/F force vector angle and
the relative lever arm are represented well by the
numerical results. The characteristic with respect
to C as well as the absolute values are similar.
This indicates, that the resulting O/F force vector
has the same direction in both numerical simu-
lation and W/T. Consequently, the disagreement
in the yawing moment coefficient increment, es-
pecially at £ =50°, originates from a different
absolute value of the O/F force vector. Accord-
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Fig. 6 Force and moment coefficient increments and O/F force vector information versus O/F deflection

ataa=0°and B =0°.

ing to the URANS results, the major contribution
of more than 80 % to the yawing-moment incre-
ment originates from the back side of the O/F
surfaces due to a reduced surface pressure at this
side. At the O/F surface front side, the surface
pressure only slightly increases with the O/F de-
flection and thus hardly contributes to the yawing
moment.

5.2 Wake Flow Characteristics

A detailed analysis of the O/F flow is possi-
ble by means of the flow field data obtained in
the wake of the O/F with Stereo PIV measure-
ments. The occurring aerodynamic coefficient in-
crements are associated with the wake flow of the
O/F. The non-dimensional axial and lateral veloc-

ity u/Us and v/Us, respectively, are discussed to
highlight the changes in the velocity fields corre-
sponding to the aerodynamic force increments.
The positive drag increment created by the
deflected O/F is represented by a reduced axial
velocity, see Fig. 7. The illustrations show u/U.
in the ’2—’: = 0.10 section for the three different
O/F deflections including the W/T data and the
URANS SA-neg results. The two black, verti-
cal lines in each plot indicate the inner and outer
span-wise border of the O/F. In the inboard area
at y/s < 0.8, the thin layer of reduced velocity
of u/Us =~ 0.7 indicates the shear layer shed at
the trailing edge. For a small O/F deflection of
€ =10°, only a small additional area exhibits a
velocity deficit with minimal reduced axial ve-
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Fig. 7 Non-dimensional axial velocity /U at & = 0°, B = 0° and x/c, = 0.10 for different O/F deflec-
tion angles obtained from numerical and experimental data.

locities of u/U. ~ 0.6, see Fig. 7(a). This cor-
responds to the small drag coefficient increment
for this configuration. The area of reduced axial
velocity is also restricted to the inboard section
of the O/F of 0.8 < y/s < 0.9, which is due to
the deflection of the O/F about the rotated hinge
line. An increased O/F deflection of 30 degree
significantly increases the span-wise area of re-
duced axial velocity, the vertical area, and the
absolute value of the velocity reduction. A fur-
ther increase of the O/F deflection only affects
the vertical area and the absolute value. The re-
stricted span-wise area of the O/F affecting the
flow, is probably the reason for the strong non-
linear characteristics and the low effectiveness at
small O/F deflection angles. The area affected
by the O/F increases in positive span-wise direc-
tion up to y/s ~ 1.05 for {=150°. The veloc-
ity reduction is most significant directly behind
the deflected upper and lower O/F surface, c.f.
Fig. 2, with velocity levels of u/U. ~ 0.2 —0.4
for £ > 30°, see Fig. 7(b) and 7(c). In between

the deflected O/F surfaces, the velocity level is
similar to the one, observed at the trailing-edge
shear layer. Comparing the URANS SA-neg re-
sults with the W/T data, reveals a good repre-
sentation of the flow structures in the wake by
the numerical simulations, see Figs. 7(a)-7(c) and
Figs. 7(d)-7(f). The structure of the velocity
deficit as well as the velocity levels are compa-
rable. For { =50°, the area of reduced velocity
is predicted slightly larger by the numerical sim-
ulation, and the maximum reduction in the wake
of the upper and lower O/F surface is smaller in
comparison with the experimental data.

The non-dimensional lateral velocity in the
wake of the O/F is illustrated in Fig. 8. The same
configurations, data sources, freestream condi-
tions and sections are shown as in Fig. 7. For
the small O/F deflection of ten degree, slightly
increased velocities can be observed between
the deflected O/F surfaces at y/s~0.83, see
Fig. 8(a). The small lateral velocities, as well as
the mixture of positive and negative lateral veloc-
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Fig. 8 Non-dimensional lateral velocity v/U. at o« =0°, B =0° and x/c, = 0.10 for different O/F
deflection angles obtained from numerical and experimental data.

ities correspond to the small side force coefficient
increment. In accordance with the axial veloc-
ity deficit, the effect of the 10 degree deflected
O/F on the lateral velocity is restricted to a small
span-wise area. Considerably higher lateral ve-
locities are observed for { = 30°, see Fig. 8(b).
Between the deflected O/F surfaces, significant
positive values of v/U. =~ 0.4 are observed. The
span-wise area affected by the flow deflection in
the wing outboard direction is significantly ex-
tended in comparison to the smaller O/F deflec-
tion. Above and below the upper and lower O/F
surface, respectively, as well as in the wing tip
area at y/s ~ 1, slightly negative lateral veloci-
ties are present. A further increase of { does not
change the characteristic itself, but the affected
area and the intensities of the induced velocities,
see Fig. 8(c). Both, the affected area and the in-
tensities increase with the O/F deflection. A com-
parison of the W/T data with the URANS results
shows a satisfying agreement, see Figs. 8(a)-8(c)
and Figs. 8(d)-8(f). The characteristic distribu-
tion of the lateral velocity is met well by the

numerical simulations. The trends with an ex-
tension of the affected area of induced lateral
velocities and increasing velocity levels with {
are predicted by the numerical simulation. For
€ = 10°, the positive and negative velocity levels
are slightly over predicted by the URANS simu-
lation. At higher O/F deflections, the biggest dis-
crepancy is observed in the outboard section at
y/s & 1. In this area, the URANS simulations do
not predict the negative lateral velocities, which
are observed in the experiments. This effect is
most significant at { = 50°.

Next, the span-wise distribution of the axial
velocity and the lateral velocity in the wake of the
OJ/F is discussed. The integral in vertical direc-
tion of the axial velocity deficit [ (1 —u/Uw)dz
and the lateral velocity [v/Uwdz is shown ver-
sus y/s for all O/F deflections at x,,/c, = 0.10
for both data sources, see Fig. 9. The integrals
are divided by [, to get non-dimensional values.
This data gives a more quantitative and detailed
information on the induced velocities per wing
span. Furthermore, it enables a more quantitative



comparison of the numerical results with the ex-
perimental data.

Figure 9(a) illustrates the span-wise distribu-
tion of the integral of the velocity deficit. Out-
board of the O/F at y/s > 1.1, the value con-
verges to zero for all O/F deflections and data
sources, since no influence of the body on the
flow is present. Inboard of the O/F, the effect of
the trailing-edge shear layer is visible by slightly
increased values above zero. The ten-degree
deflected O/F, represented by the dotted lines,
leads to a slightly increased velocity deficit at
0.8 < y/s < 0.9. With increasing O/F deflection,
the values significantly increase. Furthermore,
the span-wise location of the maximum moves
further outboard and the overall affected span-
wise are is extended. The span-wise barycen-
ter of the velocity deficit for the different O/F
deflections and data sources is given in Tab. 1.
The barycenter moves from y/s =0.83 for the
10 degree deflected O/F to y/s = 0.91 for the 50
degree deflected O/F. For { < 30°, the URANS
simulations predict the span-wise characteristic
of the velocity deficit very well. In some ar-
eas, the numerical simulation predicts a slightly
too high velocity deficit in comparison with the
W/T results. The characteristic of the maximum
O/F deflection is not fully reliable in the area of
y/s =~ 0.9, because the affected area by the O/F
is not completely captured in the frame. Con-
sequently, the correct maximum values might be
a little bit higher. However, in- and outboard,
a comparison between the numerical simulation
and W/T data is valid. In the W/T data, the af-
fected area in the inboard and outboard section
of the O/F is slightly larger than in the URANS
result. The span-wise barycenter of the velocity
deficit is also predicted well by numerical simu-
lations, see Tab. 1.

Figure 9(b) shows the integral in z-direction
of the lateral velocity component. This gives an
indication on the overall induced lateral veloc-
ity per span-wise section of the O/F. Similar to
the axial velocity deficit, the overall induced lat-
eral velocity component per section strongly in-
creases with increasing deflection. For the ten
degree deflected O/F, almost no lateral velocity
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(a) Non-dimensional integral of 1 — u/U in z-direction.
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(b) Non-dimensional integral of v/U. in z-direction.

Fig. 9 Non-dimensional integral in z-direction
of the velocity deficit 1 —u/U. and the lat-
eral velocity v/Us versus y/s at x,,/c, = 0.10 at
o=0° and B=0° for all O/F deflections and
data sources.

per span-wise section is present. The positive
and negative lateral velocities almost cancel each
other out in the span-wise sections. The W/T
data shows a slight reduction at y/s ~ 0.9, which
is not observed in the URANS results. With in-
creasing O/F deflection, positive values are ob-
served in the inboard section, and negative val-
ues are present in the outboard section of the O/F.

Table 1 Lateral barycenter of the velocity deficit
atoe = 0° and § = 0° for the different O/F deflec-

tions and data sources.

€ [deg] ‘ WIT [y/s] ‘ SA-neg [y/s]

10 0.83 0.84
30 0.88 0.89
50 0.91 0.91
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Consequently, the positive lateral velocities in
the area between the deflected O/F surfaces out-
weighs the negative velocities outside of the O/F
surfaces. In the outboard section at y/s > 0.95, it
is the other way around. The peaks of the integral
values increase and move further outboard with
the O/F deflection. Overall, the affected area in
inboard direction is significantly larger in case of
the lateral velocity integral in comparison to the
axial velocity deficit integral. A comparison be-
tween the URANS results and experiment reveals
a larger deviation in the outboard section of the
O/F. The integral values are higher for the numer-
ical simulations, which corresponds to the absent
negative lateral velocities in the outboard section
in the numerical results, compare Fig. 8(f). The
large deviation for the 50 degree deflected O/F at
y/s 2~ 0.85 is motivated by the too small frame
measured in the Stereo PIV tests. In the outboard
section at y/s = 1, the wrong prediction of the
lateral velocity by the numerical simulation is the
reason for the deviation.

Both, the integral values of the axial velocity
deficit and the lateral velocity indicate a signif-
icantly increasing influence with  and an out-
board movement of the maximum values. This
corresponds with the deflection of the O/F around
the rotated hing line, which moves the center of
the O/F surfaces more outboard. The characteris-
tics of the wake flow correspond to the force and
moment characteristics. Although some small
disagreements are observed in the yawing mo-
ment coefficient increment between the experi-
mental and the numerical data, the applied nu-
merical set-up represents the wake flow charac-
teristics very well with minor deviations to the
experimental data. Therefore, the URANS simu-
lations are seen to be reliable for the investigated
cases.

5.3 Flow Characteristics at the Outboard
Split Flap

Figure 10 illustrates the front and backside of
the 30 degree deflected O/F. Figure 10(a) shows
the surface pressure coefficient ¢, and the skin-
friction lines obtained from the URANS SA-neg

c

p
o
Acceleration of the 0.6
Flow in Outboard ’

Direction _82 I
-0.6
-1

SA-neg
£=30°
o=0°, =0°

(a) Front view of the O/F with the surface pressure co-
efficient ¢, and the skin-friction lines.

| O/F Vortex —

wl /U |,
“ETe L Vortex
Burstin
- g Isosurface
u/U_=0.2

(b) Back view with non-dimensional axial vorticity
slices and an iso surface of /U, = 0.2.

Fig. 10 Surface and flow field data for { = 30°
at oo = 0° and B = 0° obtained from the URANS
SA-neg computations.

simulation. As it was already mentioned, the sur-
face pressure level at the O/F front side is hardly
increased. At the inboard section of the O/F front
side, the flow is deflected in inboard direction to-
wards the side edge of the O/F. In the front part of
the O/F, the shear layer is then deflected in out-
board direction and rolls up to a vortex (O/F Vor-
tex). The flow at the wing in the area inboard
of the O/F is deflected and accelerated in out-
board direction into the area between the two de-
flected O/F surfaces. The flow is accelerated in
this direction due to the decreased pressure be-
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(a) Yawing moment coefficient C,;.

(b) OFF efficiency factor dC,,;/dC.

Fig. 11 Yaw control effectiveness and efficiency for the 10, 30 and 50 degree deflected O/F obtained
from experimental and numerical data versus o at § = 0°.

hind the deflected O/F. This is also seen by the
reduced surface pressure at the outboard section
of the wing. Figure 11(c) depicts the back side
of the O/F. At the lower O/F surface, the non-
dimensional axial vorticity o, -/,/U.. indicates
the presence of the O/F vortex. Under the vor-
tex axis, significantly reduced pressure levels are
present at the O/F surface. However, the vortex
immediately bursts due to the adverse pressure
gradient evolved by the downstream located flap
lever arm element. The vortex bursting is indi-
cated by the iso-surface of the axial velocity dis-
tribution u /U = 0.2. Therefore, the effect of the
vortex on the overall yawing moment is minor.
Furthermore, the O/F vortex is not observed for
the ten and fifty degree deflected O/F. The iso-
surface of the axial velocity indicates the areas of
reduced axial velocity in the vicinity of the inner
side of the O/F surfaces and in the outboard sec-
tion of the O/F. This structure is represented by
the axial velocity in the O/F wake, see Fig. 7.

5.4 Overall Flap Effectiveness and Efficiency

Subsequent to the detailed investigation of the
O/F characteristics and the wake flow, the
overall characteristics concerning the yaw con-
trol effectiveness and efficiency are considered.
The yaw-control effectiveness is discussed by
means of the yawing moment coefficient C,,;
and the yaw-control efficiency by means of the
OfF efficiency factor dC,./d{. The deriva-

tive is determined by a linear interpolation
around the discrete data points. Since only a
small number of O/F deflection angles is simu-
lated ({=1[0°,10°,30°,50°]) with URANS, the
O/F efficiency factor is exclusively calculated
for the experimental data. It is available for
£=10°,5°,10°,20°,30°,40°,50°], which re-
sults in more precise values for the derivative. A
positive yawing moment coefficient and O/F effi-
ciency factor represent the desired characteristic
for the right O/F deflected. A more detailed anal-
ysis on the yaw control efficiency and effective-
ness is also given in [9].

Figure 11(a) illustrates the yawing-moment
coefficient versus o at f=0° for both data
sources. In general, the same characteristics with
respect to o are observed for all O/F deflections.
The yaw control effectiveness increases up to
o = 10°, where a local maximum is reached. For
a further increasing angle of attack, the yaw con-
trol effectiveness steadily decreases. This effect
strengthens with increasing O/F deflection. The
maximum achievable yawing moment coefficient
reads Cp,; = 0.025 at v = 10° for the 50 degree
deflected O/F. The achievable yawing moment
significantly decreases for small O/F deflections.
The ten degree deflected O/F hardly exhibits an
effect on the yawing moment. The URANS sim-
ulations predict well the general characteristics.
However, the reduction in the effectiveness at
high angles of attack is less pronounced and the
absolute values show some disagreements espe-
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cially for { =50°. The deviation between the
experiments and the numerical simulations in the
small angle of attack range has been analyzed in
Secs. 5.1 and 5.2.

The yaw control efficiency is shown in
Fig. 11(b). A positive O/F efficiency factor is ob-
served throughout the whole angle-of-attack po-
lar for all . Consequently, an increase in the
O/F deflection always results in a higher yaw-
ing moment coefficient. Strong non-linear char-
acteristics with respect to o and { are indicated
for all flap deflections, not showing a clear trend.
However, at higher angles of attack, the effi-
ciency significantly decreases and almost reaches
a value of zero for all {. A satisfying effi-
ciency is provided up to ¢~ 15°. The maxi-
mum achievable O/F efficiency factor for the con-
sidered configurations and freestream conditions
reads dC,,;/dC = 0.048 at oo = 16° for { = 30°.

6 Conclusion and Outlook

The aerodynamics of a novel yaw-control device
for a low-aspect-ratio flying-wing configuration
has been presented. Experimental data has been
used to determine the characteristics of the O/F
at low-speed W/T conditions. Forces and mo-
ments as well as flow field measurements in the
wake of the deflected O/F have been performed
to obtain an experimental data base. Further-
more, URANS simulations have been conducted
at similar conditions, to evaluate the capabili-
ties of the numerical method to predict the flow
around the deflected O/F. The novel layout of the
O/F with its hinge line along the 55 degree swept
leading edge, is designed to utilize several ef-
fects to obtain a more effective yaw-control de-
vice. The yawing moment is created by an in-
creased drag and side force at the deflected O/F.
This effect strengthens with increasing O/F de-
flection. The force vector consisting of a x- and
y-component in combination with an axial dis-
tance between the moment reference point and
the point of load incidence at the O/F results in
a slightly increased lever arm in comparison to
conventional split flaps. Furthermore, less drag
is required for a similar yawing moment. How-

ever, optimizing the hinge-line alignment and/or
the O/F layout could further increase the effec-
tiveness of the O/F. Significant axial and lateral
velocities are introduced by the O/F deflection.
The strong non-linear characteristics at small O/F
deflections can be associated with the reduced
span-wise sphere of action at small O/F deflec-
tions. The URANS results represent the forces
and moments as well as the wake flow character-
istics well. The disagreements in the yawing mo-
ment coefficient between the numerical simula-
tions and experiment are a combination of small
deviations in the drag and side force increment
at the O/F. The characteristics with respect to the
O/F deflection angle are met very well. The flow
structures in the wake of the O/F are predicted in
a satisfactory way by the numerical simulations,
with minor disagreements in the absolute values
and the size of the structure. Overall, the CFD
method is seen to be appropriate for the applied
configuration. Further, the O/F characteristics at
higher angles of attack will be looked at, since a
significant reduction of the O/F effectiveness has
been observed for a0 > 10°.
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