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Abstract: This study examines the aerodynamic effects of introducing multiple chordwise slits
into a single-slotted aircraft flap. At high deflection angles during takeoff and landing, boundary-
layer separation develops on the upper surface of the flap, with its extent varying along the span
due to three-dimensional flow. To mitigate this problem, chordwise slits were incorporated to
divide the flap into segments, aiming to suppress separation and allow spanwise variation in
flap geometry. As an initial step toward spanwise-varying flap designs, our study investigates the
aerodynamic consequences of introducing slits and varying their geometric parameters. Numerical
simulations were performed for flaps with different slit lengths, numbers, and widths, and their
lift characteristics were compared with the conventional flap. The results show that an optimal
slit configuration can increase the lift coefficient by up to 4.7% compared to a conventional flap
without slits. However, this benefit comes with a tradeoff: the slits accelerate pressure recovery
upstream, raising the pressure near the flap’s leading edge.

Keywords: Aircraft flap, Computational fluid dynamics, Aerodynamic performance, Flow
separation control.

1. Introduction

High-lift systems are movable aerodynamic components mounted on aircraft wings. The aerodynamic
design of modern transport aircraft is generally optimized for cruise flight [1]; however, lift becomes
insufficient during the low-speed phases of takeoff and landing. To compensate, high-lift devices are
deployed to augment lift during these conditions. According to Boeing [2], a 1% improvement in the
lift-to-drag ratio L/D during takeoff can increase payload capacity by roughly 2,800 1b, while a 1.5%
rise in maximum landing lift can yield up to 6,600 Ib of additional payload. Hence, developing high-lift
systems that more effectively improve takeoff and landing performance offers substantial potential for
reducing fuel consumption, environmental impact, and operational cost.

High-lift devices are broadly categorized as leading-edge or trailing-edge flaps. During cruise, these
elements remain retracted along the wing edges, and they are extended forward or rearward during takeoff
and landing. Leading-edge flaps help delay flow separation on the upper surface by channeling airflow
from the lower side through the slot, thereby energizing the boundary layer and postponing stall [3].
Trailing-edge flaps, in contrast, enlarge the wing area and camber, reducing static pressure near the
trailing edge. They also allow air from beneath the wing to flow over the flap’s upper surface, suppressing
separation and further enhancing lift [3]. However, as the deflection angle increases, boundary-layer
separation tends to develop on the flap’s upper surface, diminishing lift [4, 5].

To mitigate such separation, multi-slotted flaps with two or three slots have been widely adopted. These
additional gaps promote more uniform airflow over the flap surface, effectively delaying separation [6, 7].
The major drawback, however, is the accompanying increase in structural weight. As another passive
technique, vortex generators have been used to energize the boundary layer and postpone stall [8, 9]; yet,
the induced vortices inevitably increase drag Cp [5]. Active flow-control concepts—such as dielectric-
barrier-discharge plasma actuators [10, 11] and steady or pulsed jet blowing [12]—have also been
investigated. While effective, these approaches require electrical power, and achieving adequate control
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Figure 1: Configuration of the computational model, consisting of a wing (green), a single-slotted flap
(red), and a fuselage (gray). (a) Bird’s-eye view of the model; (b) Side view.

over the large surface of a commercial wing demands significant onboard energy resources [13].

In conventional slotted-flap mechanisms operating on fixed tracks [14], the spanwise gap between the
main wing and flap is constant and cannot adapt to three-dimensional flow variations. Morphing-flap
concepts have been explored to overcome this limitation [15, 16, 17], but without discrete spanwise gaps,
they cannot fully accommodate local flow variations. To address this issue, Chiba et al. [18, 19] proposed
a yaw-rotatable flap that introduces a spanwise-varying gap, achieving up to a 3.3% lift increase. However,
the variation in that design was linear along the span and could not fully optimize the flap geometry for
local separation characteristics.

Building on this idea, the present study proposes segmenting the flap spanwise so that each section can
adapt to local aerodynamic conditions. As an initial step toward a spanwise-adaptive configuration, we
investigate the aerodynamic effects of introducing chordwise slits—narrow gaps dividing the flap into
segments—on lift performance. Sigrest et al. [20, 21] showed that multiple slits near a wing’s trailing edge
can drive airflow from the lower to the upper surface, re-energizing the boundary layer and delaying stall.
Inspired by their findings, we hypothesize that similar slits on a single-slotted flap can suppress separation
on the upper surface and thereby enhance lift. Demonstrating this would enable control of boundary-
layer separation on conventional flaps without the need for additional devices or active control systems.
Furthermore, this study focuses primarily on clarifying the extent of the aerodynamic benefits induced by
the slits, while the impacts on noise and structural feasibility are left for future investigation. The influence
of slit geometry is also expected to be significant; therefore, this work conducts a parametric analysis of
slit length, number, and width, together with an examination of the underlying flow mechanisms.

The remainder of this paper is organized as follows. Section 2 describes the computational framework, in-
cluding model geometry, mesh generation, and numerical methods. Section 3 compares the aerodynamic
performance of the optimal slit configuration with that of the baseline flap and discusses the mechanisms
responsible for the observed lift enhancement. Section 4 explores the effects of individual slit parameters,
and Section 5 summarizes the conclusions and outlines directions for future research.

2. Computational setup

2.1 Configurations

Since the primary objective of this study is to investigate the acrodynamic effects of introducing slits into
the flap, a simplified configuration consisting of a fuselage, a main wing, and a single slotted flap, as
shown in Fig. 1, is employed. The geometry was created using OpenVSP [22], with minor modifications
made in Autodesk Fusion 360. Details of each component are given below.

Main wing: The wing design is based on “OTOMO” [23], which was developed by Japan Aerospace
Exploration Agency (JAXA) for aerodynamic noise reduction research. For simplification, the wing
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Figure 2: Flap geometry with eight chordwise slits. (a) Top view of the slitted flap, showing the segment
divisions along the span. (b) Cross-sectional profile of the flap taken at the location indicated by the blue
dashed line in (a), illustrating the slit shape and orientation.

Table 1: Parameters for the parametric studies of slit geometry. For each parameter (1., N, 4,,), the left
column lists the values tested, while the right column shows the other two parameters held constant (fixed
at the preliminary optimal: A, = 50%cqap, N = 8, A, = 1.0%bgap). (Note: A, is given as a percentage
of flap chord, and A,, as a percentage of flap span.)

Values in the left column  Values of the other two parameters

Length A, (Ratio to cap)  40%, 50%, 60%, 100% N =38, 4, = 1.0%bgap
Number N 4,8, 12 Ap = 50%caps Aw = 1.0%bpp
Width 4,, (Ratio to bpgp)  0.25%, 0.5%, 1.0%, 2.0% A¢ = 50%cqap, N = 8

planform is modeled as a rectangular shape, and the wing’s cross-sectional profile adopts the JAXA
Standard Model airfoil. In addition, the wingtip is rounded to suppress wingtip vortices.

Flap: The flap geometry used in this study is derived from the configuration employed in the OTOMO
model. The flap’s chord cfap and span by, are 30% and 95% of those of the main wing, respectively. The
flap’s planform is truncated vertically at the root and tip. In the simulations, the flap deflection angle is
35.0°. The gap and overlap between the main wing and flap are 0.01628¢yain and 0.01c¢p,in, respectively
(with ¢ppain the main wing chord). These values correspond to the OTOMO landing configuration.

The geometry of the slitted flap is shown in Fig. 2. As shown in Fig. 2, each wing element separated by the
slits is assigned an index and referred to as the 1st, 2nd segment, and so on, from the wing root outward.
As illustrated in Fig. 2, the slits are cut such that each cut plane is aligned parallel to the x-y plane. This
orientation is intended to reduce flow separation caused by slit corners and to promote smoother airflow
through the slits.

In this study, we conducted a parametric investigation of slit length A,, number of slits NV, and slit width
Aw, using the combinations shown in Table 1. The definitions of 1, and A,, are shown in Fig. 2. When
performing a parametric study for one of these parameters, the other two parameters are fixed at the
values that yielded the highest Cy..

Fuselage: For the fuselage, we use the geometry from NASA’s trapezoidal-wing high-lift model (from
the First AIAA CFD High-Lift Prediction Workshop [24]).
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Figure 3: Cross-sectional views of the volume mesh. (a) Mesh cut at mid-span (50% span), including a
close-up of the flap’s leading-edge region. (b) Mesh cut on the symmetry plane (fuselage centerline).

2.2 Mesh generation

Unstructured meshes were generated using MEGG3D [25, 26], which enables automated mesh generation
with high flexibility. As shown in Fig. 2.2, prismatic layers were applied near the surface to resolve the
boundary layer flow. The first-layer thickness, stretching factor, and the maximum number of prism layers
were set to 0.01/VRe, 1.12, and 50, respectively. Re signifies Reynolds number. The computational
domain was defined as a hemisphere with a radius 15 times the fuselage length.

In the present numerical analysis, the narrow slit gaps were expected to induce highly complex flow
structures. Consequently, as illustrated in Fig. 2.2, a two-tier mesh refinement strategy was adopted.
First, the mesh was locally refined within a hemispherical region of radius 2 fuselage lengths around the
model to capture detailed flow features. Additional local refinement was applied near the slits to resolve
the complex flow in these gaps. Further increasing the mesh density did not change Cy by more than
0.3%, indicating mesh independence.

The mesh for the non-slit model comprised approximately 0.59 million surface nodes and 34.9 million
volume nodes. The flap models with slits contained approximately 0.58 million surface nodes and 35.0
million volume nodes.

2.3 Flow solver

We used JAXA’s compressible flow solver FaSTAR [27] (ver. 6.0.7) for all simulations. This solver
employs an unstructured, node-centered finite volume method with MUSCL-type reconstruction [28]
and Hishida’s differentiable slope limiter [29] to achieve second-order spatial accuracy for the 3D RANS
equations. For the numerical flux, we applied the HLLEW scheme [30], and for time integration we used
the LU-SGS scheme [31]. Turbulence was modeled with an Explicit Algebraic Reynolds Stress Model
(EARSM) [32, 33] based on a k-w formulation.

Figure 4 presents the convergence history of Cy, for the slit model yielding the maximum Cp (1, =
50%cqap, N = 8, Ay, = 1.0%byy,p), compared with the non-slit case. For the slit model, changes fall
below 1 x 10~* in magnitude, indicating convergence after 50 000 steps. By contrast, the non-slit model
exhibits oscillatory behavior caused by unsteady fluctuations in the large separation region on the flap’s
upper surface, which affect the pressure distributions on both the flap and the main wing. Convergence
for this case is taken at 150 000 steps, where the oscillation mean becomes nearly constant and the



Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)
Milan, Italy, July 06-10, 2026 5

2.5

Non-slit model
Slit model

24F

2.0

0‘ 25000 50000 75000 100000 125000 150000
Time step

Figure 4: Convergence histories of Cy, for the non-slit model and the slit model (1, = 50%cfap, N = 8,
and A,, = 1.0%bq,p). For the slit model, convergence is achieved within 50 000 steps. The non-slit
model shows oscillatory behavior, but after approximately 150 000 steps the mean Cy, value stabilizes,
and the peak-to-peak oscillation amplitude stays around 2%.

peak-to-peak variation reduces to about 2%. For other slit models that show oscillations, we assess
convergence in the same manner as for the non-slit case. In the results that follow, the final iteration is
reported for models converging within 1 count, while for oscillatory cases, the time-averaged solution
over the last 10 000 steps is used.

All computations were performed on a local cluster of five nodes, each with an Intel Xeon E5-2660
(2.2 GHz, 16 cores) and 64 GB of RAM. The computational time was approximately 180 hours for the
non-slit model, 75 hours for the slit model (1, = 50%cgap, N = 8, A, = 1.0%bg,p). The non-slit model
required approximately 2.5 times more iterations to reach convergence than the slit configurations, owing
to unsteady fluctuations in the large separation region on the flap upper surface as noted above.

2.4 Computational conditions

Assuming the landing conditions of OTOMO, the angle of attack « is set to 8.0 and the freestream Mach
number M to 0.20. The Reynolds number Re (based on the wing chord) is defined as Re = 4.3 x 10°.

3. Results: baseline vs. slit case

The parametric study showed that the slit model with 1, = 50%cqap, N = 8, Ay, = 1.0%bq,p achieved the
highest Cy, exceeding that of the non-slit model. Therefore, in this section, we compare the flow field of
the highest-Cy, slit configuration to that of the non-slit model to elucidate the mechanism behind the lift
enhancement. Figure 5 presents the aerodynamic coefficients for the two models.

As shown in Fig. 3, the slit configuration exhibits an overall C; improvement of 4.7% compared to the
non-slit model, with increases of 4.1% for the main wing and 7.4% for the flap. Meanwhile, the overall
Cp of the slit model is 8.0% higher than that of the non-slit model, with increases of 6.8% for the main
wing and 6.6% for the flap. This rise is attributed to additional induced drag caused by the higher C, of
each component and by vortices generated at the slit corners. As a result, the L/D decreased by 3.0%
compared to the non-slit model. It is assumed that adding slits (i.e., dividing the flap into segments) can
be achieved with manageable structural and mechanical complexity — a premise that future work should
verify.

Because the simulation represents a landing condition, we focus on lift (Cr). To investigate the factors
contributing to this Cy, enhancement, Fig. 6 presents the surface pressure coefficient C,,, surface stream-
lines, and separation regions (the isosurfaces of streamwise velocity uye] = 0). These visualizations reveal
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Figure 5: Aerodynamic performance of the baseline non-slit vs. the optimal slit configuration (1, =
50%cAap, N = 8, Ay, = 1.0%b1,p). (a) Lift coefficient Cp; (b) Drag coefficient Cp; (c) Lift-to-drag ratio
L/D. The slit configuration shows higher C;, and Cp than the non-slit, with moderate changes in L/D.

that differences in separation area and C,, distribution between the two models are far more pronounced
on the flap’s upper surface than on its lower surface. Accordingly, we focus on the flow over the flap’s
upper surface in each configuration.

3.1 Non-slit model

As shown in Fig. 3, a low-pressure region forms near the flap’s leading edge due to the accelerated flow
through the main wing-flap gap. However, the onset of separation shifts upstream between 25% and 55%
of the flap span. Because the separation line shifts forward, the suction peak near the flap’s leading edge
is weakened. This raises the pressure both there and on the adjacent main-wing trailing edge, which in
turn reduces lift. The surface streamlines indicate that wingtip vortices at both ends of the flap induce
spanwise flow toward both the wingtip and the wing root. The boundary between these opposing spanwise
flows forms a stagnation point, which contributes to the upstream shift of the separation line.

3.2 Slit model

Here, we investigate why the optimal slit configuration achieves a higher Cy, than the baseline model.
Figure 3 shows that the slit configuration sustains lower pressure on the flap’s upper surface, indicating
effective suppression of flow separation. Moreover, the low-pressure region extends from around the
mid-chord of the main wing to the flap’s trailing edge in the slit model — a region of suction that is absent
in the baseline configuration. Figure 7 shows flow accelerating through the slits and emerging as a jet
along the flap’s upper surface from mid-chord to the trailing edge. This jet behaves like a virtual barrier,
suppressing the spanwise movement of flow toward the wingtips and thereby reducing flow separation.
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Figure 6: Surface pressure coefficient C,, contours, streamlines, and isosurfaces of streamwise velocity
uve = 0 (highlighted in translucent light-blue highlight on the contour plots) for the non-slit vs. slit
configurations. (a) Upper surface — non-slit model, (b) Upper surface — slit model, (c) Lower surface
— non-slit, (d) Lower surface — slit. The slit model shows a smaller separated region on the upper flap
surface and different C,, distribution, especially near the flap leading edge, compared to the baseline.
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Figure 7: Mach number distribution on the x-z plane between the 4th and 5th flap segments from the
wing root for the slit model (17 = 50%cqap, N = 8, Ay, = 1.0%bqap). This figure highlights the jet-like
flow emerging through the slit and along the flap’s upper surface.

These findings motivate a broader parametric study (presented next) to isolate the effects of each slit
parameter.

Additionally, we discuss the factors responsible for variations in the size of the separation region along
the spanwise direction, as shown in Fig. 3. Figure 8 shows the distribution of the z-direction velocity
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Figure 8: Upper panel: pressure/flow field on the flap’s upper surface (slit model), reproduced from Fig. 3
with a blue line indicating a cross-section at 75% of the flap chord. Lower panel: distribution of vertical
velocity wye in the corresponding y-z plane at 75% chord. Regions with suppressed separation exhibit a
strong downward velocity component (dark blue), indicating vigorous downwash.

vorticity-x

Figure 9: Isosurfaces of the Q-criterion (threshold O = 10) for the slit model, colored by streamwise vor-
ticity w,. Warm colors indicate clockwise-rotating vortices and cool colors counterclockwise. Vortices
generated at the slits are drawn toward the wingtip vortices at the flap’s ends, drifting either outboard or
inboard; the 3rd flap segment (from the root) acts as a boundary between these two directions.

Wwyel On the y-z cross-section at 75% of the flap chord. Figure 9 presents isosurfaces of the second
invariant of the velocity gradient tensor, referred to as the Q-criterion [34], with a threshold value of
O = 10. As indicated in Fig. 8, regions where separation is suppressed exhibit a stronger downward
velocity component than other areas. (Note that the isosurfaces of u, = 0 observed in the 1st, 8th, and
9th segments are not due to separation but are instead associated with wingtip vortices.) This behavior
occurs because, as shown in Fig. 9, the downwash induced by the vortices generated at the slits pushes
the separated flow back toward the surface. Furthermore, vortices formed at the slits tend to be drawn
toward the wingtip vortices generated at the main wing and flap tips. As a result, they drift either outboard
toward the wingtip or inboard toward the root, with the 3rd flap segment — where the tip vortices exert
an influence — as a boundary between these two directions. Consequently, in the 4th-6th segments, the
vortices on the root side move closer to each segment surface, creating broader downwash regions and
stronger suppression of flow separation on the wing root side. In addition, at the wingtip and root-side
segments, the downwash generated by the wingtip vortices originating from the main wing and flap tips
suppresses overall separation. In contrast, in the 3rd segment, the vortices at both ends move away from
the surface, leading to a more extensive separation region.

4. Results: parametric study

In this section, the effects of slit parameters on the Cy, and the associated flow mechanisms are examined.
Figure 10 presents the Cy, results for the slit models with different parameter combinations. For all
parameters, the peak occurs at Ay = 50%cfap, N = 8, and A,, = 1.0%bg,p, while both larger and smaller
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Figure 10: Cp results of the slit models with different parameter combinations. The maximum Cp is

obtained at Ay = 50%cfap, N = 8, and A, = 1.0%bg,p, while either smaller or larger parameter settings
result in reduced Cy .
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Figure 11: Variation of aerodynamic performance with slit length A,. Here A, = 0%cqap corresponds to
the conventional (no-slit) flap. (a) Lift coefficient Cy and drag coefficient Cp; (b) Lift-to-drag ratio L/D.

The configuration with A, = 50%c4,p yields the highest Cz and Cp. The variation in L/D is relatively
small, except for the 4, = 100%c ;) case.

parameter settings result in a decrease in C. This is because increasing A4, N, or 1,, enhances separation
control but simultaneously causes earlier pressure recovery upstream of the slits, raising the pressure

on the flap’s upper surface. These competing effects form a tradeoft, highlighting the need for careful
parameter selection to achieve improvements in Cy..

4.1 Slit length A,

Figure 11 shows the aerodynamic coeflicients for different slit lengths (with A, = 0%cqap representing
the non-slit model). For A, up to 50%, the overall C increases, whereas for 4, beyond 50%, it decreases.
A similar trend is observed in the Cy, of both the main wing and the flap. Relative to the 4, = 50%cqqp
case (the highest-C, configuration), the reductions in Cr, for the 40%, 60%, and 100% cases are:

* 40% slit model — overall configuration: —2.1%, main wing: —1.7%, flap: —3.7%
* 60% slit model — overall configuration: —0.9%, main wing: —0.9%, flap: —1.3%
* 100% slit model — overall configuration: —8.9%, main wing: —9.6%, flap: —7.9%

For Cp, the overall trend closely follows that of Cy, with the exception of the 4, = 100%c 5, configuration.
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Figure 12: Upper-surface pressure distribution C,,, streamlines, and isosurfaces of streamwise velocity
uyel = 0 for various slit lengths. (a) 4¢ = 40%cq,p (short slit), (b) A¢ = 50%cq,p (moderate slit), (¢)
A¢ = 60%cfap, (d) A¢ = 100%cqap (full-chord slit). Comparing (a)—(d) illustrates how increasing A, first
improves then degrades the flow: the A1, = 50%cqap case (b) has the best separation control with minimal
pressure penalty, whereas A, = 40%cq,p has more separation and A, = 100%cq,p shows high pressure
near the leading edge despite minimal separation.

As a result, the variation in L/D with slit length is relatively small across the tested cases. In 1, =
100%cpap case, Cp increases further because streamwise vortices form earlier at the slit corners and
intensify as they develop downstream.

To clarify these Cy, variations with the underlying flow structures, Fig. 12 presents the upper-surface C),
distributions, surface streamlines, and separation regions for each configuration. Furthermore, Figs. 13
and 14 visualize wy and streamwise vorticity w, distributions in the y-z plane at 75% of the flap chord
for each model. The following discussion focuses on the factors leading to the reduction in Cy, for the
A¢ = 40%, 60%, and 100%c s,y slit models relative to the 1, = 50%cqgp case.

4.1.1 2y = 40%Cpap

Figure 4.1 indicates that in the A1, = 40%cq,p case, the flap’s leading-edge pressure is higher over a
spanwise band of about 30-55% span (compared to the A, = 50%cqap case). This localized pressure rise
extends to the main wing’s trailing edge, causing a reduction in overall Cr .

The partial pressure recovery at the flap leading edge originates from flow separation occurring at
approximately 40% of the chord on the fourth and fifth flap segments from the wing root. As indicated
by the surface streamlines, this separation occurs because the flow splits and travels toward both ends of
the flap before the high-speed slit jet can develop and halt this spanwise movement.
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Figure 13: Distribution of z-direction velocity wyej in the y-z cross-section at the 75% position of the flap
chord length (the upper panel is reproduced from Fig. 12, and the blue line newly added here indicates
this 75% position). (a) A¢ = 40%cf,p (short slit), (b) A, = 50%cgap (moderate slit), (¢) A¢ = 60%cpap,
(d) ¢ = 100%cpap (full-chord slit). Comparing (a)—(d) illustrates that the downward velocity near the
upper surface of each segment becomes greater as the slit length increases.
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Figure 14: Distribution of x-direction vorticity w, in the y-z cross-section at the 75% position of the
flap chord length. (a) ¢ = 40%cgap (short slit), (b) 1¢ = 50%cqap (moderate slit), (¢) Ap = 60%cpap,
(d) A = 100%cqyp (full-chord slit). Warm colors represent clockwise vortex rotation, while cool colors
indicate counterclockwise rotation (yellow is neutral). For A, < 60%cqap, the intensity of the wingtip
vortices for each flap strengthens as the slit length increases. For the full-chord slit, the vortices are
weaker in intensity but larger in size than those in the other models.

vorticity-x

Flow@ m 20

412 Ay = 60%cHap

In the 4, = 60%cq,, case (Fig. 4.1), the separated region on the flap is further reduced compared
to A¢ = 50%cqap, which lowers the pressure over most of the flap’s upper surface. However, this
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configuration also experiences an earlier pressure rise starting near the flap’s leading edge, which confines
the suction peak to a smaller region. Consequently, the high-suction area contributing to lift is reduced,
and the net Cp, is lower than in the A, = 50%cq,, case. This premature pressure recovery also affects
the main wing: the pressure near the trailing edge of the main wing is higher than in the optimal case,
contributing to the overall Cy, reduction.

This enhanced separation suppression can be explained by the flow structure: Fig. 4.1.1 shows that the
A¢ = 60%cpap case produces a stronger downward velocity near the flap’s upper surface compared to
the 50% case. This downward motion pushes the incipient separated flow back to the surface. This is
because the onset location of the tip vortices generated at the slits is positioned further upstream, and
their vortex strength exceeds that of the A, = 50%c ), case (Figs. 4.1.1 and 4.1.1).

413 A, = 100%c fiap

With A, = 100%c#sp (a full-chord slit, Fig. 4.1), flow separation on the flap is almost entirely eliminated,
resulting in very low pressure over the majority of the flap. However, the pressure near the flap’s leading
edge rises significantly — higher than in any other configuration — which leads to the lowest C;, among
all cases. In terms of vortical structures, this full-chord slit generates tip vortices that are weaker in
intensity but more broadly distributed over each segment (Fig. 4.1.1), producing a uniform downwash
across the entire flap segment. This adverse effect arises because each flap segment behaves like an
isolated wing: flow wraps around the segment’s side edges and is drawn inward along the leading-edge
corners, interfering with the main-wing gap flow. The gap flow is thus weakened, causing a loss of suction
(i.e. higher pressure) at the flap’s leading edge.

These observations underscore the role of spanwise and vertical flow in determining separation charac-
teristics across slit configurations. In the A, = 40%cq,p model, flow begins to turn spanwise toward the
flap edges before the slit jet develops, leading to premature separation. In contrast, the slit jet in the
A¢ = 50%cq,p model blocks most of this spanwise flow, delaying separation. While this broad downwash
suppresses separation effectively for A, = 100%cq,p model, it comes at the cost of a greatly diminished
suction peak at the leading edge. These observations indicate that A, = 50%cq,, provides the best
balance: it is long enough to substantially suppress flow separation, yet short enough to avoid excessive
pressure recovery near the flap’s leading edge. This balance results in the highest C; among the cases
studied. Having examined slit length, we next assess how varying the number of slits and slit width
influences the aerodynamics.

4.2 Slit number N

Figure 15 indicates the variation of the aerodynamic coefficients with the number of slits N. The
configuration with N = 8 achieves the highest Cy, while both fewer and greater numbers of slits result
in reduced Cy,. This trend is consistent for the Cy, of both the main wing and the flap. The percentage
reductions in Cy, forthe N = 4 and N = 12 slit models, relative to the N = 8 configuration, are as follows:

e N =4 — overall configuration: —3.1%, main wing: —2.7%, flap: —4.6%
* N =12 — overall configuration: —2.9%, main wing: —2.1%, flap: —5.4%

Cp follows nearly the same trend as Cy, and L/D varies by only about +2.4% across these cases.

To investigate the factors contributing to the Cy, variations associated with changes in the number of slits,
Fig. 16 visualizes the upper-surface C,, distributions, surface streamlines, and separation regions of each
model. The following discussion examines the mechanisms responsible for the reduction in Cy, observed
inthe N =4 and N = 12 slit models compared with the N = 8 configuration.



Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)

Milan, Italy, July 06-10, 2026 13
—Q&—C, total —Q— () total
—O— C;, main wing —O— (', main wing 595
—%—C, flap —%—C,, flap :
22 0.475 o >
4.75
4.50
Q
~
0.75
0.50
0.25
0.00 1 I 1 1 1
0 2 4 6 8 10 12
Slit number Slit number

Figure 15: Variation of aerodynamic performance with slit number N. (Here N = 0 corresponds to the
no-slit flap.) (a) Cr and Cp; (b) L/D. The configuration with N = 8 yields the highest Cz, and Cp,
while both fewer and more slits result in lower lift and drag. The variation in L/D is relatively small.
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Figure 16: Upper-surface C), distribution, streamlines, and isosurfaces of uye; = O for various slit numbers.
(@ N =4,(b)N =8,(c) N =12. For N = 8§, separation control is optimal while the pressure increase is
minimal. In contrast, with N = 4 a larger separated region appears, and with N = 12 the separation is as
well-controlled as in N = 8 but the pressure recovery occurs more rapidly on the flap, leading to higher
pressure near the leading edge.

4.2.1 N=4

Figure 4.2 shows that the N = 4 slit model exhibits higher pressure near the flap’s leading edge (across
15-45% of the span), along with increased pressure at the main wing’s trailing edge, compared to the
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Figure 17: Variation of aerodynamic performance with slit width 4,,. (Here A,, = 0.0bq,p corresponds
to the no-slit flap.) (a) Cz and Cp; (b) L/D. The configuration with A,, = 1.0%bg,p yields the highest
Cr, and Cp, while both narrower and wider slit widths result in lower lift and drag. The change in L/D
due to slit width remains small.

N = 8 case. This pressure rise leads to a lower overall Cy, relative to the N = 8 configuration.

The elevated pressure at the flap leading edge originates from flow separation at approximately 30% of
the flap chord on the 2nd flap segment from the wing root. Surface streamlines suggest that the wider
spacing between slits (in the N = 4 model) allows more spanwise flow over each flap segment, promoting
the observed separation.

4.2.2 N=12

Figure 4.2 shows that the N = 12 model has an earlier pressure recovery on the flap’s upper surface
compared to the N = 8 case. As a result, the low-pressure region near the flap leading edge is reduced,
leading to higher pressure at the trailing edge of the main wing.

This effect corresponds to the adverse mechanism described in Section 4.1.2, namely the accelerated
pressure recovery upstream of the slits, which extends over a broader region as the number of slits
increases. In contrast, the separation region shows no significant change between N = 8 and N = 12,
suggesting that around eight slits are sufficient to eliminate most separation on the flap. Adding more slits
beyond this number yields no further separation benefit and only incurs the penalty of earlier pressure
recovery.

These observations show how the number of slits influences spanwise flow control. When N = 4, the
larger flap segments between slits encourage spanwise flow, leading to earlier separation. With N = 8,
jet flows interrupt spanwise flow over shorter intervals, delaying separation. Increasing to N = 12 does
not significantly improve separation suppression compared with N = 8. However, the faster pressure
recovery upstream of the slits spreads over a wider area, raising the pressure near the flap leading edge.
Thus, in flap design, N should be set to the minimum needed to prevent flow separation, while avoiding
excessive pressure recovery that could reduce lift performance.

4.3 Slit width 4,,

Figure 17 presents the aerodynamic coefficients for different slit widths (with A,, = 0.0%bg;,, corre-
sponding to the non-slit model). The results show that C;, peaks at A,, = 1.0%bg,p, and that both smaller
and larger slit widths yield lower Cr. The percentage reductions in Cy, relative to the 4,, = 1.0%bgqp
case are:
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Figure 18: Upper-surface C), distribution, streamlines, and isosurfaces of uye] = 0 for various slit widths.
(@) Ay = 0.25%bgap, (b) 4,y = 0.5%bgap, (¢) Ay, = 1.0%bgap, (d) Ay, = 2.0%bgap. Comparing (a)—(d)
illustrates how increasing A,, first improves then degrades the flow: the A,, = 1.0%bg,, case (c) has the
best separation control with minimal pressure penalty, whereas A,, = 0.25%bg,, has more separation and
Ay = 2.0%bq,p shows high pressure near the leading edge despite minimal separation.

Mach number
0.4

A
i 0.0

Figure 19: Mach number distribution on the x-z plane between the 4th and Sth flap segments from the wing
root for the A,, = 0.25%by,p slit model. The flow accelerated between the slits is not effectively ejected
onto the flap’s upper surface due to the narrow slit width, resulting in weaker separation suppression.

* A,y = 0.25%bg,, — overall configuration: —6.3%, main wing: —5.2%, flap: —11%
* Ay, = 0.5%bg,p — overall configuration: —3.3%, main wing: —2.8%, flap: —5.1%
e Ay = 2.0%bg,p, — overall configuration: —5.1%, main wing: —4.2%, flap: —8.2%

Cp exhibits a trend similar to Cy,, and the variation in L/D with slit width is only about 2.8%.
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Figure 20: Distribution of wyj in the y-z cross-section at the 75% flap chord position (the upper panel is
adapted from Fig. 18, with the blue line newly added here to indicate this position). (a) 4,, = 1.0%bqyp,
(b) Ay, = 2.0%bg,p. Comparing (a) and (b) illustrates that a wider slit width results in a greater downward
velocity on the upper surface of each flap segment.
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Figure 21: Distribution of w, in the y-z cross-section at the 75% position of the flap chord length. (a)
Ay = 1.0%bgap, (b) Ay, = 2.0%bgap. Warm colors represent clockwise vortex rotation, while cool colors
indicate counterclockwise rotation (yellow is neutral). Comparing (a) and (b), a wider slit width results
in a stronger tip vortex for each flap segment.

To examine the mechanisms underlying these C;, variations, Fig. 18 shows the upper-surface C,, distri-
butions, surface streamlines, and separation regions for each configuration. We focus next on explaining
why the 4,, = 0.25%, 0.5%, and 2.0%bq,, cases achieve lower Cy, than the optimal A,, = 1.0%bg,, case.

4.3.1 A, = 0.25%bgap

As shown in Fig. 4.3, the 1,, = 0.25%bg,, model exhibits higher pressure in the flap leading-edge
region spanning 20-75% of the span, together with increased pressure near the trailing edge of the main
wing relative to the A,, = 1.0%bg,, case. This rise in pressure reduces the overall Cr. This elevated
leading-edge pressure originates from flow separation between ~ 30-50% of the flap chord on the 3rd,
4th, 6th, and 7th flap segments.

To understand why separation is not as effectively suppressed as in the A,, = 1.0%bg,, case, Fig. 19
shows the Mach number distribution in the x-z plane through the slit (at the same spanwise position as
in Fig. 7). Because the slit is very narrow, the accelerated flow through it does not form an effective
jet along the flap’s upper surface. As a result, spanwise flow over the flap is not suppressed, leading to
premature separation.

4.3.2 /lw = 0-5%bﬂap

As shown in Fig 4.3, in the 4,, = 0.5%b4g,, case a separation on the 3rd segment from the wing root
raises the flap’s leading-edge pressure over 10-40% of the span (compared to the 4,, = 1.0%bg,, case).
A corresponding rise in pressure is also observed in the same spanwise range near the trailing edge of the
main wing. For 4,, = 0.5%bg;p, the flow passes through the slits more easily than in the 4,, = 0.25%b )
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case, so separation is suppressed more effectively, though still not as well as in the optimal A,, = 1.0%bgyp
case.

4.3.3 /lw = 2~0%bﬂap

Figure 4.3 shows that the A,, = 2.0%bq,p, configuration has a substantially smaller separated-flow region
compared to the 4,, = 1.0%bq,p case. However, the pressure recovers earlier along the flap, which
narrows the low-pressure region near the flap’s leading edge and increases the pressure at the main
wing’s trailing edge. This behavior reflects the same detrimental mechanism discussed in Sections 4.1.2
and 4.2.2: as slit width increases, premature pressure recovery (upstream of the slits) becomes more
pronounced.

To further examine the mechanism by which larger slit widths suppress separation, Figs. 20 and 21 show
cross-sectional distributions of wye] and w (in a y-z plane at 75% of the flap chord) for the A,, = 1.0%bgyp
and A,, = 2.0%bg,, models. As Fig. 4.3 shows, the 4,, = 2.0%bg,, case produces a more uniformly
distributed downwash over each flap segment compared to the A,, = 1.0%bg,, case. This occurs because
with a wider slit, the counter-rotating vortex pairs remain separate and retain their strength. In the
Ay = 1.0%bg,p configuration, by contrast, those vortices interact and weaken each other (Fig. 21). The
larger A,, = 2.0%bq,p vortices further enhance separation suppression, but they also induce a broader
region of accelerated pressure recovery upstream of the slits, which raises the pressure at the flap’s leading
edge. Consequently, 4,, = 1.0%bq,p provides the best balance: it strongly suppresses separation without
causing excessive leading-edge pressure.

5. Conclusions

This study numerically examined the aerodynamic impact of adding multiple chordwise slits near the
trailing edge of a slotted flap, as well as the effects of varying key slit parameters. To evaluate slit
effectiveness, we compared a conventional flap without slits to the configuration identified in a parametric
study as achieving the highest Cy.. The slit length, number, and width were systematically varied to assess
their influence on lift and flow characteristics.

Results indicate that, compared with the non-slit flap, the slit configuration reduced flow separation
on the upper surface and increased the suction peak near the flap’s leading edge, producing a 4.7%
lift enhancement in the optimal case. Jet-like flows emerging from the slits act as virtual barriers,
suppressing spanwise crossflow and further limiting separation. The parametric effects of slit geometry
on lift performance, along with the associated physical mechanisms, are summarized below:

* Slit length: A slit length equal to 50% of the flap chord produced the highest Cy, in the present
model. Increasing the slit length strengthened and enlarged the streamwise vortices generated at
the slits, inducing stronger downward velocity over each segment and suppressing flow separation.
However, longer slits also promoted earlier pressure recovery upstream, raising the pressure near
the flap’s leading edge.

* Slit number: Eight slits yielded the highest C;. Adding more slits reduced the spanwise width
of each segment, limiting crossflow and further suppressing separation. Beyond about eight slits,
however, the benefits saturate. Adding more slits only broadens the region of early pressure
recovery, which in turn raises the pressure near the flap’s leading edge.

* Slit width: A slit width equal to 1.0% of the flap span produced the highest C;. Wider slits
weakened the interaction between counter-rotating vortex pairs, allowing each vortex to intensify.
This generated stronger downwash over each segment and suppressed separation. At the same time,
wider slits expanded the region of early pressure recovery, raising pressure near the leading edge.

The effectiveness of chordwise slits is governed by a tradeoft between beneficial and detrimental effects.
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Maximizing Cr, requires careful tuning of the slit parameters for a given flap geometry. While the slitted
flap achieved a ~ 4.7% lift increase, it also incurred a moderate drag penalty (about 8% higher Cp,
yielding a 3% drop in L /D). This tradeoft highlights the need to balance lift gains against potential drag
costs in design. These findings were obtained at a representative landing angle of attack (8°). Future
studies should examine whether the optimal slit parameters remain effective at different flight conditions
or flap deflections. In future work, we will extend this concept to flaps with spanwise-varying deflection
angles. The aim is to minimize Cp during takeoff and maximize Cy, during landing by optimally adjusting
each segment’s deflection angle. In addition to aerodynamic benefits, the chordwise-slit approach could
potentially avoid the weight penalties of multi-slotted flaps (though structural feasibility remains to be
studied). To this end, the practicality of implementing segmented flaps with acceptable structural and
mechanical complexity should also be addressed in future work.
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