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Flap deflections of an aircraft wing for active load alleviation within CFD simulations are realized using pure grid deformation
due to time saving and low modeling complexity. In this case, spanwise gaps are neglected, which are present in reality during
a flap deflection. Another possibility to realize the deflections is the combination of pure grid deformation and Chimera
method, which allows the modeling of the gap between flap and wing or consecutive flaps. The overall aim of this work is
the analysis of the aerodynamic effects caused by the different modeling approaches realizing leading and trailing edge flap
deflections. The comparison of the modeling methods is investigated on the DLR LEISA configuration, which is a generic
wing-fuselage configuration. For active gust load alleviation, the leading edge flaps are deflected downward and the trailing
edge flaps are deflected upward. Due to the downward deflection of the leading edge flaps, vortices are formed using the
combined Chimera method as a result of the gap consideration. These vortices lead to a local drag increase resulting in a
difference between both modeling methods in the spanwise as well as global drag coefficient. With the pure grid deformation
these vortices do not occur. Due to the upward trailing edge deflection, the combined Chimera method leads to a pressure
compensation via the effective gap enlargement, which is not present in the pure grid deformation. Overall, the combined
Chimera method offers a good possibility to model the induced drag as well as the pressure compensation at a large flap
deflection.
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1 Introduction

A major goal of the aircraft design process derives from Flightpath 2050, aiming for a 75% reduction in CO5 emissions per
passenger kilometer by 2050 [1]. In this context, a part is achieved via mass savings making aircraft structures increasingly
elastic [2]. These structures are required to be certified in aircraft design in accordance with CS-25 [3]. An important part of
the certification process is the consideration of gust loads, which are mainly responsible for the dimension of the structure and
thus the mass [4]. In order to reduce the resulting gust loads on the wing, having a positive effect on the structural mass and
thus on the aircraft mass, two options exist for load reduction with regard to passive and active gust load reduction. Within
the Smart Fixed Wing Aircraft (SFWA), different methods were investigated for the two gust load alleviation approaches [5].
The passive gust load alleviation approach is based on a structural modification. For example, the aeroelastic wing behavior
is adjusted by direction dependent stiffness properties of composite materials [5]. A disadvantage is mass increases due to
stiffeners [6]. Whereas, active gust load systems based on the deflections of the existing control surfaces of the wing. This
offers the possibility of static load re-distributions as well as dynamically actuated control surfaces, allowing a reduction
of the critical loads during gust interaction and enabling lighter built wing [7]. First investigations on the application of
dynamically actuated control surfaces for the reduction of maneuvering and gust loads were accomplished in [4], [5] and [8].
Here, the theory of dynamically actuated control surfaces is investigated in the context of an intelligent wing. Thereby, load
fluctuations caused by gusts or turbulence shall be fully compensated, resulting in a "1g" wing. For this purpose a new system
is investigated in the LuFo VI-3 project PoLamin, using deflections of segmented leading edge as well as trailing edge flaps
(TEF) in cruise flight for gust load alleviation on a rigid aircraft. For transonic flight, only dynamic trailing edge flaps as well
as aileron deflections have been investigated for gust load alleviation so far, as for example in [8], [9] and [10]. Thus, the
combination of leading and trailing edge flaps is a special characteristic of PoLamin and the work at hand. The leading edge
flaps (LEF) are used for torsional control and the trailing edge flaps for lift and bending moment control. Within the numerical
investigations of gust alleviation, pure grid deformation is applied for the dynamic flap deflections due to the simple and fast
application for the realization of the deflections. However, the gaps between control surface and wing in flow as well as in
spanwise direction are neglected. Thus, flap deflections are represented in a simplified way. The pure Chimera method can be
used to take both gaps, in spanwise and flow direction, into account. However, this is very costly, time consuming, and complex
in terms of mesh generation. A compromise represents the combination of Chimera method and pure grid deformation [11].
Here, only the the spanwise gap is modeled. The gap in flow direction, normally covered by the spoiler, is shown as closed
via pure grid deformation. A comparison between pure grid deformation as well as the combination of Chimera modeling and
pure grid deformation on the LANN wing can be found in [11], [12]. Another possibility of modeling is offered by the sliding
interfaces described in [12]. The primary aim of the current investigation is the analysis of the spanwise gap influence in the
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modeling of flap deflections in transonic flow. Thereby, aerodynamic deviations due to the different modeling respectively
the influence of neglecting the spanwise gaps on the aerodynamics are evaluated. These findings are used to assess whether
the modeling of the flap deflections by means of the pure grid deformation is sufficient or whether the consideration of the
spanwise gaps is elementary important. The studies will be performed on the generic wing fuselage DLR LEISA configuration
used in [13] and [14].

2 Numerical Setup

The control surface layout of the DLR LEISA configuration is derived from the multifunctional control surfaces of the Pro-
HMS project [15] and transferred to the DLR LEISA configuration in the work of Ullah et al. [13], [14]. Furthermore,
the underlying baseline computational grid, used in this work, is described in [13]. It is a hybrid unstructured grid con-
sisting of an unstructured surface and volume grid and a prismatic grid representing the boundary layer. This Baseline
grid is refined for the present work in the wing near field, on the wing surface at the TEF and LEF regions and in the
region of the wing fuselage junction. Due to the refinement, the grid contains 146 mio points. The refined surface grid
of the DLR LEISA configuration is shown black in Figure 1, which includes the complete wing and the control surfaces.
The reason for refinement is to achieve a sufficiently good interpolation using the combined Chimera method.To obtain
comparability between the two types of flap modeling, the refined grid is used for both modeling methods. For the com-
bined Chimera method the refined grid is used as background grid. The flap grids are subsequently added to this using
the Chimera method. The setup of the flap grids based on the combined Chimera method is described in [11], [12] and is
presented in the following for the DLR LEISA configuration. If a single flap is modeled, the grid consists of three parts.
Two grids create the transition to the right and left of the wing.
These grids will be named cover grids in the following and are
marked red in Figure 1. The third grid contains the control sur-
face and is located between the two cover grids. It is connected
to the two lateral cover grids by the Chimera method. Thus, an
interpolation area exists between the control surface and cover
grid to the background grid as well as between the cover and
control surface grids. The gap between cover grid and control
surface grid is generated with 10 elements of equal width and
the interpolation region in the gap includes 6 elements. Addi-
tionally, the grids overlap in the interpolation region. Further-
more, a hole is cut in the baseline grid to blank it. The gap
\ width is based on [12] and corresponds to 0.1%c¢,o0r. If sev-
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eral flaps are modeled next to each other, the cover grids are
located only at the outer positions. At the DLR LEISA config-
uration, this corresponds once to the wing tip and once to the
wing root. For a more detailed view, the cover grids are shown
red in Figure 1. Furthermore, the Chimera boundary and the
control surface grids are visible in the detailed view in blue.
The latter also demonstrates the transition between the individ-
ual flaps respectively the interpolation region between the flaps
via the flap grids. In addition, Figure 1 shows the structured realization of the control surface and cover grids. The resulting
grid for the combined Chimera method has 979 orphan points distributed in the flow field without flap deflection. In total, the
grid with the Chimera control surfaces included, is constituted by 270 mio points. Thus, the orphan points constitute 0.0004%
of the total grid points. In combination with the fact that the orphan points do not occur in one place and not directly on the
wing surface, this grid can be used for simulations. For the flap deflection analyzed in Section 4, the number of orphan points
increases to 14.284. The transonic flow condition considered is given by a Reynolds number of 6.4e® at a Mach number of
M = 0.8 and an angle of attack of o = 0.957°. For comparability, the numerical setup is almost identical for both modeling
types. Therefore, the Spalart-Allmaras turbulence model is applied in its negative form and scalar dissipation is utilized as
central dissipation scheme. Due to numerical instabilities skew symmetric kok is used for the discretization of the central
convective flow. To gain further numerical stability implicit overrelaxation omega is set to 1.9. Furthermore, the 2v multigrid
scheme is applied for both modeling methods. One difference in the numerical setup is the CFL number, its 10 for the pure
grid deformation and 0.5 for the combined Chimera method. The Upwind spatial discretization is used for imputation for
both types of modeling. Subsequently, the change to the second order central spatial discretization is done, where a conver-
gent solution is obtained for the pure grid deformation by RANS. Due to the large number of gap flows and possible vortex
interactions between the leading and trailing edge vortices, a convergent solution for the combined Chimera method cannot
be obtained using RANS. Consequently, a switch to URANS is made for this type of modeling. The URANS simulation is
performed with a time step of 1/100(cyes /o) and 350 inner iterations. Furthermore, a convergence in the coefficients is

\l
cover grids

Fig. 1: Representation of the DLR LEISA configuration in the
geodetic coordinate system with the Chimera boundary conditions
of the individual flap and cover grids. The flap grids are visualized
in blue, the cover grids in red.
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achieved. In addition, a physical plausible flow field is present, thus the solution can be used for the comparison with the pure
grid deformation method. The residuals are a caused of the complex flow case. For the simulations, the compressible flow
solver DLR TAU [16] is used. It is a second order hybrid unstructured finite volume CFD code in time and space.

3 Results without Flap Deflection

To analyze the difference between the two flap modeling methods, the distribution of the aerodynamic coefficient over the span
as shown in Figure 2(a) is used in the following. The Figure visualizes the spanwise coefficient distribution, showing ¢; in
blue, ¢4 in red, and ¢,, in black. The solid lines correspond to the combined Chimera method, the dashed line to the pure grid
deformation. For the evaluation of the spanwise coefficients, 10.000 line in flight sections of the surface solution are analyzed.
This number of profile section is necessary to reproduce the gap influence sufficiently well. As shown in Section 2, an
overlapping area is needed for the interpolation between two grids. Within the Chimera interpolation region overlapping grids
are present on the surface. Hence, a simple integration of local forces and moments would include locally doubled values of ¢,
and cy. In order to avoid these doubled values, the baseline grid is not taken into account for the integration in the overlapping
region. Due to the unstructured grid type, this method creates a small gap of approximately one element between the control
surface grid and the wing surface grid in the postprocessing step. This results in a fluctuation in the spanwise integration of the
coefficients for the combined Chimera method. A global difference between the modeling methods can be detected between
1 = y/0.5b = 0.374 and = 0.772 in the spanwise ¢; distribution. Here, the largest difference |Ac¢; = 0.0158| is obtained
at n = 0.515. Furthermore, a local deviation in the lift coefficient at the transition between TEF4 and TEFS is visible. Here,
the flap depth increases from 15%c to 25%. Thus, a greater influence of the gap is present. First, the ¢; drops at the location
of the leading edge gap. At the location of the trailing edge gap the ¢; increases locally. A more detailed look at the influence
of the gap on the ¢; is provided by Figure 2(b). Here, the volume streamlines for the TEF at the top as well as for the LEF
at the bottom are shown. The flow at the trailing edge gap is divided into four different flow components, which are marked
cyan, blue, pink, and gray. Due to the pressure difference between pressure side and suction side, a gap flow occurs from
the pressure side to the suction side. The streamlines marked pink and blue form the main part of the gap flow. Due to the
fact that the pink vortex region runs along the gap, the blue streamlines do not encounter a sharp edge, thus no vortices are
created at the gap side. Consequently, they flow out of the gap interacting with a higher momentum incoming flow above
the wing. Accordingly, a tangential component is applied to the flow. As a result the blue streamlines flow around the pink
vortex region. In general, the tangential component of the external flow occurs due to the wing sweep. As already discussed,
the pink vortex region runs parallel to the outer gap side and is formed at the outflow at the beginning of the gap. Here, the
streamlines immediately roll up due to the sharp edge and the interaction with the undisturbed arriving gray marked flow.
As a result, the vortex induces a local velocity increase on the wing suction side, causing a local pressure drop and thus an
increase in ¢;. The last flow component is represented by the cyan colored streamlines. These visualize a separation area in
the gap. Due to the sharp edge, the separation area is created by the flow entering the gap from the pressure side at the end
wall of the gap. As already described a local ¢; reduction is achieved at the LEF gap. To examine this in more detail, Figure
2b (bottom) shows the streamlines at the LEF gap. Here, the flow is divided into four components marked red, blue, green and
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Fig. 2: Comparison of the flap modeling methods without flap deflection; (a) Spanwise ¢;, cq and ¢, distribution of the pure grid deformation
(dashed) and combined Chimera method (solid); (b) Representation of the volume streamlines for the TEF gap between TEF3 and TEF4
(top) and the LEF gap between the LEF3 and LEF4 (bottom). The inflow is in positive x direction.
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cyan. The green marked streamline enters the gap and immediately undergoes a 90° contour change. This causes a separation
that reduces the effective gap width, causing a nozzle effect according to the continuity equation and increases the velocity
in this area. As a result, this acceleration causes a horizontal streamline in the separation area. After the separation area, the
pressure gradient influences the flow noticeably causing a flow in the direction of the suction side. The global influence of
the pressure gradient is visualized by the streamlines marked in blue and red. Both flow components are exiting the gap on
the suction side. However, there is a difference between the blue and red marked ones. The blue streamlines already leaves
the gap at the leading edge of the wing and interacts with the high momentum flow. Due to the interaction, the flow gains a
tangential flow component. This causes the streamlines to undergo a contour change at the junction of the gap and the suction
side of the wing, resulting in a vortex region. Subsequently, the blue marked streamlines flow parallel downstream to the LEF
gap. In this way, the blue streamlines prevent the red marked from rolling up. In addition, the exiting gap flow and the inflow
creates a blockage resulting in a slight pressure increase along the gap, shown in Figure 2b (bottom). Furthermore, a part of
the red marked streamlines forms with the cyan ones a stagnation point at the gap end wall. Beginning at the stagnation point,
the flow accelerates along the gap end wall towards the wing suction side. This causes a pressure drop leading to an upstream
force. In the spanwise ¢4 distribution no global differences occur between the modeling methods. Only strong local influences
of gap realization are visible. The local gap influences have two sources. On the one hand, the described acceleration at the
gap end wall results in a drag reduction. On the other hand, an induced drag is generated at the trailing edge gap by the
vortex, thus the ¢, of the combined Chimera method increases compared to the pure grid deformation. In addition, Figure 2(a)
shows that the gap influence on the aileron is significantly stronger due to the higher gap depth. Here, the maximum deviation
of |Acq = 0.0416] is obtained in the TEF gap of the aileron at = 0.785. The spanwise ¢, distribution shows a slight
global difference between the two modeling methods. This starts at the fuselage = 0.100 and decreases in the direction
of larger span. Locally, at the positions n = 0.237, n = 0.370, n = 0.580, n = 0.780 as well as n = 0.950 differences
between combined Chimera method and pure grid deformation caused by the gaps. The largest deviation of |Ac,, = 0.0254]
is obtained at n = 0.780. In order to estimate the local deviations, the global coefficients are finally compared. Here, a
deviation of 1.33% is present for the ¢y, and 1.9% for the cp. Thus, the influence of the gap is mainly local. Thereby, the
global ¢y, of the pure grid deformation is higher compared to the combined Chimera method. In contrast, the global cp is
larger for the combined Chimera method.

4 Results with Flap Deflection

To analyze the influence of the flap deflections on the modeling method, a generic flap deflection of LEF1 = 6°, LEF2=8°,
LEF3 =10°, LEF4 =12°, LEF5 = 2.7°, TEF1 = —6.4°, TEF2 = —7.8°, TEF3 = —8.3°, TEF4 = —9°, and TEF5 =—6.2° is
investigated. The deflections are based on those for gust load reduction, meaning that sequential flap deflections are present.
Figure 3 shows the spanwise distribution of the aerodynamic coefficients. The ¢; distribution is given in blue, the ¢4 in red
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Fig. 3: Comparison of the flap modeling methods with flap deflection; (a) Spanwise ¢;, cq and ¢, distribution of the pure grid deformation
(dashed) and combined Chimera method (solid); (b) Representation of the volume streamlines for the TEF gap between TEF3 and TEF4
(top) and the LEF gap between LEF3 and LEF4 (bottom). The inflow is in positive x direction.

and the ¢, in black. The solid lines represent the combined Chimera method, the dashed line the pure grid deformation. The
c; distribution shows a local deviation between 7 = 0.10 and 7 = 0.200. In this range, the pure grid deformation achieves a
higher ¢; compared to the combined Chimera method. Subsequently, from 1 = 0.200 to 7 = 0.580, no deviation between the
two methods is present. In the region of TEF4, located between 1 = 0.580 and 1 = 0.800, the difference in the spanwise ¢;
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increases. Also at the transition from TEFS5 to the wing a deviation between the two modeling methods occur. The reason for
the deviation is the effective gap enlargement due to the deflection and the resulting pressure exchange between the suction and
pressure side. In the spanwise ¢4 distribution, local differences in the qualitative history between the two modeling methods
are evident due to the LEF and TEF gaps. At the LEF gaps the combined Chimera method leads to a ¢4 reduction. The TEF
gaps lead to a ¢4 increase. Furthermore, at 7 = 0.380 as well as = 0.580, a strong ¢4 increase is observed in the combined
Chimera method caused by the vortices induced by the LEF deflection. The spanwise ¢, distribution does not show any
global differences. Only a local deviation is obtained at the transition from TEFS5 to the wing. In the spanwise c,,, distribution,
a qualitative correspondence is present over the entire wing span. Only from = 0.920 to n = 0.950 a deviation occurs.
In the corresponding region, the ¢; also shows a difference between the two modeling methods. This is due to the blending
area between flap and wing in case of the pure grid deformation. The right side of Figure 3 shows the streamlines at the gap
between TEF3 and TEF4 at the top and streamlines at the gap between LEF3 and LEF4 at the bottom. In the case of the LEF,
the flow field is divided into four components cyan, black, pink and red. The streamlines marked black occur on the wing at
the leading edge and flow along the leading edge. Here, due to the downward flap deflection a sharp edge is present. As a
result, a vortex is created at the leading edge of the wing and flows downstream along the suction side of the flap and the inner
gap side. The vortex causes local velocities at the suction side of the flap as well as at the gap side, resulting in a pressure
reduction. Downstream of the LEF, the vorticity decreases due to the interaction with the undisturbed flow. The counterpart
to the black marked streamlines are the cyan marked streamlines for the pressure side. A part of them first hits the LEF gap
inner side, causing a stagnation at the flap side nose. Consequently, an increased pressure is noticed in this area. In addition,
the momentum decreases for this part. The following cyan marked streamlines of higher momentum, push them towards the
pressure side, where a vortex is created due to the sharp edge between gap, pressure side, and the high-energy flow. This vortex
rolls up over the pressure side of the LEF and causes a pressure reduction due to its locally higher velocity. Subsequently, the
vortex flows downstream over the pressure side of the LEF. As described earlier, the cyan marked streamlines, with exception
of the stagnation point streamlines, contain a high momentum. Due to this and in combination with the red as well as pink
visualized flow components, no flow through the gap exists for the cyan marked component. The red and pink marked flow
components run below the cyan marked streamlines. At the side surface of the LEF, both components collide with the gap wall,
reducing the momentum contained in the flow. As a result, an increase in pressure occurs on the LEF side. In addition, the
reduced momentum makes the flow more sensitive to the pressure gradient across the gap. Consequently, the flow components
marked pink as well as red flow through the gap. The red marked component enters at the wing leading edge and flows in the
gap to the suction side, where it slightly becomes swirled up. The other gap flow component flows into the gap on the pressure
side. The special characteristic here is that the flow does not move to the suction side, instead it flows out on the pressure side.
The reason for this is the local pressure reduction caused by the vortex on the pressure side. As a result, the pressure on the
pressure side is lower as on the suction side. Thus, a force directed to the pressure side is generated by the pressure gradient.

The flow at the trailing edge is divided into five parts. The cyan marked streamlines forms a separation area at the beginning
of the gap. Here, the streamlines run from the suction to the pressure side. The upward deflection of the flap causes a concave
contour change on the suction side, decelerating the flow. This results in a local pressure increase. On the pressure side, the
deflection causes a convex contour, accelerating the flow and initiating a pressure drop. Consequently, there is a pressure
gradient directed towards the pressure side, causing the separation area in the gap to flow in direction of the pressure side.
Furthermore, the separation area is significantly larger as the separation area without flap deflection shown in Figure 2(b)
(top). The separation area is formed by the flow around the sharp edge at the beginning of the gap. Another flow component
is represented by the streamlines marked red and pink. These streamlines also flow from the suction side into the gap, to the
pressure side. Downstream, the gradient of the streamlines decreases in the gap. This indicates a lower pressure gradient from
the suction to the pressure side. As a result, the orange streamlines flow into the gap from the suction side and return to the
suction side. From this point onwards, a resulting pressure gradient from the pressure side to the suction side is present. This
is also visible in the black marked streamlines which flow into the gap on the pressure side and out on the suction side. A
special characteristic is shown by the pink marked streamlines. These streamlines encounter the red marked on the lower TEF
surface. As a result, the pink streamlines can not flow out as normal. Thus, a separation area is created along the pressure side
of the trailing edge flap.

The difference in the global coefficients is analyzed last. For the cjr, the smallest deviation between pure grid deformation
and combined Chimera method is obtained with a difference of 0.450%. Here, the value of the combined Chimera method is
higher as the value of the pure grid deformation. The largest deviation occurs for the cps, with 50.4%. Wherein the value of
cpr, from the pure grid deformation is higher as the combined Chimera method. However, it has to be considered that it is
divided by a small value, which causes the deviation to increase significantly. Furthermore, the deviation in ¢y, as well as c¢p
increases by 5.15% and 0.94% to 6.48% and 2.84% compared to the values without flap deflection.

5 Conclusion

The overall aim of this work is the comparison of two modeling methods for the realization of flap deflections. Therefore,
the realization of flap deflections using pure grid deformation and the combination of Chimera method are compared without
and with a flap deflection. Small deviations in the spanwise coefficient distributions and in the global coefficients between the
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two methods are demonstrated. Without flap deflection local qualitative differences are derived in the spanwise ¢, distribution
by the LEF gap ends as well as by the TEF gap. A relative deviation of 1.90% is generated for the c¢p and 1.33% for the
cr. The higher value occurs for cp for the combined Chimera method. The higher values occurs in pure grid deformation
for c;,. Due to the flap deflection, higher deviations between the modeling methods occurs as a result of the generated
vortices compared to the case without flap deflection. When the LEF deflects downward, vortices are generated at the LEF
that propagates downstream across the wing. This leads to an increase in the induced drag, resulting in local differences
between the modeling methods in the spanwise ¢4 distribution. In the case of the combined Chimera method, the upward TEF
deflection has a strong upstream effect. Using the combined Chimera method, the upward deflection increases the effective
gap size resulting in pressure compensation. This leads to a lift difference between the modeling methods. Due to these two
main gap effects, a difference of 6.48% in cy, results between the modeling methods, while the deviation in cp is 2.84%. Thus,
this work shows a difference in the flow field compared to the pure grid deformation due to the consideration of the spanwise
gap. Without flap deflection, the influence of these vortices is almost negligible. Considering flap deflection, a considerable
difference between the pure grid deformation and the combined Chimera method occurs. The spanwise distributions with and
without flap deflection agree qualitatively well for a wing-fuselage configuration, except for a small number of deviations due
to vortex effects. Thus, in this case the application of the grid method is permissible. As a consequence of vortex generation
in the flow field, the combined Chimera method should not be neglected for a wing-fuselage configuration and be tested
with respect to gust interaction. The same applies for the investigation of the physical flow field due to vortex generation,
which is not represented by the modeling via pure grid deformation. The paper at hand demonstrates local differences of
the aerodynamic coefficients between the modeling methods for a wing-fuselage configuration. Consequently, the pure grid
deformation is a valid method for modeling spanwise segmented flap deflections on a wing-fuselage configuration. With
respect to the complexity of grid generation and time effort, the pure grid deformation method is recommended.
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