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Abstract
In the present study, detached eddy simulations were conducted to investigate buffet characteristics of the vertical tail. 
Unsteady flow phenomena were observed to clarify the cause of buffet onset. The location of vortex breakdown was also pre-
dicted. Simulations were carried out for high-angle conditions of more than buffet onset. Finally, to attenuate buffet intensity, 
two design parameters involving the spanwise translation and the tilt angle of the vertical tail were considered. It was found 
that the wake-like vortex structure developed after the event of vortex breakdown was the main cause of buffet onset. It was 
also found that the location of vortex breakdown moves upstream with increase in an angle of attack, which accelerates dis-
sipation of the vortex core near the vertical tail. Peak-to-peak excitation phenomenon was featured as buffet characteristics 
acting on the vertical tail. It was demonstrated that the factor to more excite buffet was vortex shedding originated from the 
trailing edge of the wing at the highest angle, in which the peak level was the largest. The most discernible effect of buffet 
attenuation was observed when two parameters were simultaneously applied, which are suggested as a design application 
under the development of aircrafts.

Keywords Detached eddy simulation · Delta wing · Vertical tail buffet · Vortex breakdown · Vortex shedding · Turbulent 
kinetic energy
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1 Introduction

Leading-edge extension (LEX), located in front of con-
ventional fighter aircrafts, provides additional lift force at 
high angles of attack and delays the occurrence of stall [1]. 
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However, as the vortex structure over the LEX easily breaks 
into complex turbulent flows due to adverse pressure gradi-
ent, the rearward control surfaces such as vertical tail are 
aerodynamically excited, which is called buffet. When buffet 
starts to take place on the vertical tail, its loads give rise to 
structural fatigue on its surface, which shorten the life cycle 
of materials in structural integrity and even requires redesign 
process. Hence, vertical tail buffet is one of the most vital 
matters in the design phase of fighter aircrafts indeed.

Over the past decades, a number of wind and water 
tunnel testings [2, 3] have been undertaken to understand 
buffet phenomenon along with other engineering issues 
[4]. Because the issues to be addressed involve powerful 
interdependent properties, and even complex flow fields are 
induced by interaction between control surfaces in working 
environments, these problems make it hard for researchers 
to delve into physical phenomena and solve the problems 
associated specifically with buffet. To overcome these chal-
lenging concerns, the LEX or strake is simply modeled as a 
delta wing geometry, which enables unsteady flow phenom-
ena to be examined. Moreover, to reduce the need for numer-
ous experiments and development costs, computational fluid 
dynamics (CFD) can be employed as a practical alternative.

Many studies have been reported to analyze buffet char-
acteristics through the experiment or numerical exploration. 
Moreover, an extensive range of experiments about unsteady 
flow phenomena, i.e., formation and bursting of leading-
edge vortices, vortex wandering, fluctuations of breakdown 
location, and vortex shedding over the delta wing was con-
ducted in detail [5–8]. In their study, it was proved that their 
fundamental frequencies are distributed over a certain spec-
tral domain. Accordingly, Bean and Wood [9] made use of 
the delta wing with the tail configuration and showed that 
single-fin buffeting is due to wing stall, while twin-fin buf-
feting is closely related to the onset of vortex asymmetry. 
Lambert and Gursul [10] performed a parametric study to 
evaluate vertical tail buffet with respect to the effect of vari-
ous sweep angles and double-delta wing along an angle of 
attack. In particular, those results revealed that the primary 
source of fin buffet is by virtue of vortex shedding at low 
sweep angles of the delta wing.

With computational algorithms becoming more 
advanced, numerical studies have been applied to the study 
for the physical properties associated with vertical tail buf-
fet. Findlay [11] briefly validated the numerical accuracy 
of a flow solver by comparing the surface pressure distri-
butions and flow-field characteristics near the delta wing 
and vertical tail with experimental data and then analyzed a 
series of buffet characteristics. However, turbulence models 
applied in the early work were based on Reynolds-averaged 
Navier–Stokes (RANS) simulations, which were limited to 
precisely simulate complex unsteady flows where buffet phe-
nomenon is expected to take place. Through the efforts of 

pioneering researcher for resolving turbulent eddy viscosity 
well in highly chaotic flows, turbulence models have been 
improved, and their numerical accuracy has been evalu-
ated in comparison to previous turbulence models [12, 13]. 
Morton et al. [14] simulated the region separated over the 
delta wing using both RANS and DES turbulence models, 
which revealed that DES is superior to RANS for simulating 
flow patterns of vortex breakdown and the post-breakdown 
region. Since then, DES computation of the delta wing has 
been applied to physically assess the influence of vortical 
substructures in leading-edge vortices as well as fighter air-
crafts [15–17], but detailed analysis to investigate vertical 
tail buffet has not been conducted based on the delta wing 
with the vertical tail configuration using DES, especially at 
high-angle conditions.

In the present study, a three-dimensional incompress-
ible Navier–Stokes flow solver based on unstructured 
meshes was simulated to study the buffet phenomenon over 
a delta wing with vertical tail configuration. Simulations 
for unsteady turbulent flow regions were accomplished by 
adopting the SST-DES turbulence model. At first, unsteady 
flow phenomena were observed, and then the location of 
vortex breakdown was predicted at angles of attack of 34°, 
38°, and 40° within the range of buffet onset. Then, both 
buffet characteristics and its intensity acting on the vertical 
tail were analyzed in time and non-dimensional frequency 
domain, and the buffet loads were simultaneously evaluated. 
Finally, the parametric study was carried out to attenuate 
buffet excitation with two design variables, spanwise posi-
tion and tilt angle of vertical tail.

2  Methodology

2.1  Numerical Method

Numerical simulations were conducted using a viscous flow 
solver based on unstructured meshes. A three-dimensional, 
incompressible, Reynolds-averaged Navier–Stokes equations 
coupled with Chorin’s artificial compressibility method [18] 
can be written in an integral form for arbitrary computa-
tional domain V with boundary ∂V, that is,

where ��⃗Q is the vector of primitive variables, ��⃗Q = [p, u, v, 
w]T, and �⃗n is the unit normal vector on the control surface. 
The governing equations were spatially discretized using 
a vertex-centered finite-volume method. The flow domain 
was divided into a finite number of control volumes com-
posed of median dual surrounding a vertex. The convective 

(1)
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flux term, �⃗F(��⃗Q) , was computed using Roe’s flux-difference 
splitting scheme [19], whereas the viscous-flux terms, ��⃗G(��⃗Q) , 
were calculated by adopting a modified central-difference 
method [20]. To achieve second-order spatial accuracy, a 
linear reconstruction technique was applied to the flow vari-
ables at each dual face. The face value of the primitive vari-
ables was determined from those at the dual face using the 
averaged solution of each control volume, calculated from 
the least-square method. An implicit time-integration algo-
rithm based on a linearized second-order Euler backward 
differencing was used to advance in time. The linear sys-
tem of equations was solved at each time step using a point 
Gauss–Seidel method.

To reduce computational time, a parallel algorithm based 
on a domain decomposition strategy was adopted. The load 
balancing between processors was achieved by partition-
ing the global computational domain into local sub-block 
domains using the MeTiS libraries. The message passing 
interface (MPI) was used to transfer the flow variables across 
the subdomain boundaries.

To simulate the eddy viscosity of turbulent flows, the 
SST-DES turbulence model was applied. The origin of DES 
is derived from Reynolds-averaged Navier–Stokes equations 
based on k − ω SST turbulence model and coefficients, which 
are expressed as follows:

in which F1 means blending function that provides k − ω 
closure near the wall region and k − ε closure away from the 
wall. The destruction term of the k-equation is rewritten with 
the definition of the k-ω length scale, LRANS

k−�
:
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In Eq. (3), LRANS
k−�

 is replaced by LDES
k−�

:

which leads to DES based on k − ω SST, i.e., SST-DES [21]. 
The value of FSST was set to blending function F2 in k − ω 
SST. The constant CDES was taken to be 0.65, and the filter 
size ∆ indicates an equivalent length in a median-dual sur-
face, constructed by doubling the maximum value among 
the distance of each cell center and faces of the cell of the 
unstructured mesh.

2.2  Configuration and Computational Mesh

The delta wing adopted in the present study is an experimen-
tal configuration tested at NASA Langley research center 
basic aerodynamic research tunnel [25]. The geometry of 
the delta wing is presented in Fig. 1.

The definition of the aspect ratio is AR = b2/Aw where b 
is the wing span and Aw is the area of delta wing. The chord, 
c, is the height of delta wing, which is the highest length 
and the characteristic length for Reynolds number. The 76° 

delta wing has 18 inches chord and 9 inches span, and con-
sequently the aspect ratio is of unity. The delta wing has a 
pair of vertical tail whose sweep angle is 53.5°. Each vertical 
tail is made up of a wedge-type cross section, and is located 
1.06 chord length behind the apex of the wing. The distance 
between two tails is 0.39 chord length, corresponding to 0.78 
span length. Detailed geometric information about the delta 
wing with vertical tail is summarized in Table 1.
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The simulations were made only for the half body using 
the symmetric boundary conditions as shown in Fig. 2. The 
upstream, downstream, and side boundaries are located far 
away from the body to mimic the far-field freestream condi-
tion. In the calculations, freestream turbulent intensity was 
set to 0.06% to approximate the test section condition in 
wind tunnel [25]. On the body surface, no slip boundary 
condition was applied. A hybrid mesh topology, containing 
both tetrahedral and prismatic cells, was utilized to better 

capture the boundary layer on the body surface. Twenty 
prism layers were used in the present simulations, and they 
are stretched away from the body surface with a stretching 
ratio of 1.25. The initial thickness of the prism layers is 
1.78 × 10−5 of the chord length, which makes  y+ approxi-
mately unity given Re = 1.2 × 106. Grid dependency tests 
were carried out at a selected flow condition of a freestream 
Mach of 0.2 with an angle of attack of 20.5° and 34°, respec-
tively. Experimental data [22, 24, 25] were also acquired at 
incompressible flow conditions within a freestream Mach 
of 0.2. Three computational meshes were tested, which 
are different depending mainly on the cell size in the wake 
region above the wing as shown in Fig. 3. The typical cell 
size in that region corresponds to 7.9 × 10−3 chord length 
for the coarse grid, and the cell size is reduced to 2.8 × 10−3 
and 2.2 × 10−3 chord length for the medium and fine grids, 
respectively. Detailed information about the meshes used is 
summarized in Table 2.

Fig. 1  Configuration and sche-
matic diagram of the delta wing 
with vertical tails

Table 1  Geometric information

Delta wing chord, c 0.4572 m
Delta wing span, b 0.2286 m
Area of the delta wing, Aw 0.0523 m2

Delta wing sweep angle, �w 76˚
Vertical tail root chord, lt 0.1156 m
Area of the vertical tail, At 0.0072 m2
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3  Results and Discussion

3.1  Grid Dependency Test

In Fig. 4a, the predicted spanwise distributions of the sur-
face pressure coefficient are compared between the three 
meshes at the two lateral cutting sections, located 0.3 and 
0.7 chord downstream from the apex of delta wing at 20.5° 
angle of attack. In the figure, the experimental data [22] 
are also presented for comparison. The predicted results, 
in general, show good agreement with the experimental 
data for all cases. However, in the case of the coarse grid, 
the suction pressure is slightly under/over-predicted in the 

inboard region, particularly at the 0.3 chord section. The 
discrepancy is reduced for the medium grid, because of bet-
ter resolving the leading-edge vortices and their intensity 
as shown in Fig. 4b. In Fig. 4c, y+ contours distributed over 
the whole configuration is close to unity, enough to resolve 
the viscous sublayer (y+ < 5). Further refinement from the 
medium grid to the fine one results in little distinct dif-
ference. Time-accurate calculations at 34° angle of attack 
were performed for three meshes. A non-dimensional time 
step size (tV∞/c) was set to 5 × 10−3. The simulations were 
made for 5000 non-dimensional time steps, and at each time 
step, 20 pseudo-time sub-iterations were applied. Plane sec-
tions normal to the flow direction colored by instantaneous 
eddy viscosity ratio and Ux = 0 iso-surfaces are shown in 
Fig. 5. The magnitude of eddy viscosity without controlling 
the volumetric refinement along the streamwise direction 
(coarse grid) is two times greater than that of medium and 
fine meshes, while the points at which vortex breakdown 
occurs in the coarse grid are deviated backward about 0.2 on 
the normalized x-axis when compared those of the medium 
and fine meshes. For the coarse grid, it is markedly observed 
that the high eddy caused by large grid scales at steady flows 

Fig. 2  Boundary condition and hybrid mesh topology

Fig. 3  Computational meshes tested for grid dependency

Table 2  Mesh information

# of nodes # of cells

Coarse grid 1451,944 5563,476
Medium grid 3609,873 16,589,340
Fine grid 5170,055 24,818,545
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dissipates into the downstream regions of such vertical tail, 
whereas lower quantities of eddy viscosity are preserved for 
both medium and fine meshes. The fact derived from these 
tests is that the medium grid system is independent of the 
grid scales, and thus reasonably adopted as the grid system 
for simulating time-accurate calculations.

3.2  Observation of Vortex Structure

Since flow instabilities induced over the delta wing may 
cause buffet onset and even give rise to growth of the buffet 
intensity, the observation of flow physics above the wing is 
a necessary procedure prior to analysis of buffet characteris-
tics. Figure 6 shows unsteady flow phenomena over the delta 

wing computed at 34° angle of attack. At the leading edge of 
the delta wing, a stable featured jet-like vortex rolled up by 
the shear layer instability (Kevin–Helmholtz instability) [23] 
is gradually developed and forms the elongated shape with 
the very high suction pressure. This leads to an increment 
of lift by generating vortex lift such that the axial velocity 
is accelerated in the low pressure region. However, the vor-
tex-core momentum is decelerated due to adverse pressure 
gradient, and eventually reaches a stagnation point, called 
vortex breakdown. At this point, the flow pattern of the vor-
tex undergoes from a jet-like vortex structure through helical 
mode instability and up to a wake-like vortex structure. To 
examine the behavior of vortex breakdown, the variation of 
its location is presented along the time interval by 0.014 s 

Fig. 4  Comparison of surface pressure, vorticity contours and y+ contours between three computational meshes at an angle of attack of 20.5°
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(Fig. 7). It is seen that the location of vortex breakdown is 
fluctuating in a back and forth manner at the 40–50% chord 
length. Although the magnitude of fluctuations is of the 
order of  10−3 in time scale by the order of  10−2, the flows 

behind vortex breakdown significantly influence the vertical 
tail in an unsteady manner. Meanwhile, the vertical tail is 
affected by vortex shed at the trailing edge of the delta wing, 
but its influence to the tail in the aspect of flow unsteadi-
ness is less than vortex breakdown at this flow condition. 
In accordance with those observations, it is derived that the 
leading mechanism of buffet onset at the vertical tail is typi-
cally linked to vortex breakdown over the delta wing.

3.3  Quantitative Prediction on the Location 
of Vortex Breakdown

The stagnation point of the axial velocity in the jet-like vor-
tex structure is employed to predict the location of vortex 
breakdown. As shown in Fig. 8, the time-averaged stream-
lines colored by the axial velocity component are presented 
for angles of attack of 34°, 38°, and 40°. The initial velocity 
fields above the wing are seen to remain steady flows as 
the jet-like vortex structure but become fluctuated abruptly 
after the event of vortex breakdown. These trends are shown 
to occur early with rise in an angle of attack. In Fig. 9, the 
computed location of vortex breakdown is shown in good 
agreement quantitatively with previous literature data [24]. 
These results support that turbulent eddy viscosity in the 

Fig. 5  Instantaneous eddy viscosity ratio contours and Ux = 0 iso-surfaces between three computational meshes at an angle of attack of 34°

Fig. 6  Instantaneous flow features represented by iso-surfaces of Cp, 
Ux, and vorticity, captured at a front view and b top view

Fig. 7  Time variation of iso-surfaces of Ux indicating the change in 
the location of vortex breakdown
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unsteady flow fields is quite simulated enough to capture the 
wake-like vortex structure that starts to form large separated 
regions and leads to the excitation of the vertical tail.

In Fig.  10, instantaneous vorticity distributions and 
streamlines are illustrated to visualize the transition of flow 
pattern from the jet-like to the wake-like vortex structure 
for angles of attack of 34°, 38°, and 40°. The core of wake-
like vortex structure is observed to dissipate away spirally. 
It means that the extent of the flow unsteadiness is larger 
as the location of vortex breakdown shifts to upstream. At 
40° angle of attack, the wake-like flow pattern is the most 
impinged on the vertical tail. Moreover, a tail vortex that 
contributes to alleviation of swirling flows in the wake 
region is seen for all angles of attack. The effect of the tail 
vortex is discussed specifically in connection with the mag-
nitude of vertical tail buffet in the following chapter.

3.4  Buffet Characteristics Along an Angle of Attack

The time history of buffet pressure indicated by the order 
of  10−2 for both sides of the vertical tail, as presented in 
Fig. 11. In addition to the time domain, a power spectral 
density (PSD) based on fast Fourier transform (FFT) tech-
nique was employed to yield a non-dimensional frequency 
(f c/V∞) domain and to examine the frequency response of 
buffet pressure. In the time domain, buffet characteristics of 
peak-to-peak excitation are observed in which the amplitude 
becomes larger and the periodicity is more extended with 
increase in an angle of attack. Then, in the non-dimensional 
frequency domain, it is seen that the power magnitude of 
buffet excitation becomes larger, and its peak frequency 
is channeled into the lower non-dimensional frequency 
domain due to a long-term periodicity as an angle of attack 
increases. It is found that the power magnitude more than 
0.06 is distributed in the non-dimensional frequency area 
between 0.1 and 3.0, at angles of attack of 38° and 40°, 
which means that unsteady flows originated from the delta 
wing more excite the vertical tail than at 34° angle of attack.

To evaluate the buffet intensity affected by the wake-like 
vortex structure, RMS pressure coefficient was calculated in 
the position of the inboard and outboard of the vertical tail. 
As seen in Fig. 12, the RMS pressure coefficients on the five 
ports are in agreement with previous experimental results 
[25]. It is also seen that the buffet intensity of the inboard 
of the vertical tail is more excited than that of the outboard. 
This is because the tail vortex passing through the outboard 
of the vertical tail prevents the wake-like vortex structure 
from impinging on the tail surface. Meanwhile, the high-
est point of the buffet intensity is observed at the tip of the 
inboard on which the vortex trajectory regardless of both 
sides of the vertical tail is placed. There is a slightly large 
discrepancy between the present and experimental result, 
especially at 40° angle of attack. It was shown that the pre-
sent simulations computed at 20.5° angle of attack displayed 
mean flow fields around the jet-like vortex structure over 
the delta wing with vertical tail in a steady-state manner. 

Fig. 8  Time-averaged location of vortex breakdown along angles of 
attack of 34°, 38°, and 40°

Fig. 9  Computed location of vortex breakdown with the experimental 
results [24]
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Fig. 10  Instantaneous vorticity distributions and streamlines at angles of attack of 34°, 38°, and 40°

Fig. 11  Pressure measurements in time and non-dimensional frequency domain at the tip inboard of the vertical tail

Fig. 12  Comparison of RMS pressure coefficients at the inboard and outboard of the vertical tail



 International Journal of Aeronautical and Space Sciences

1 3

However, as shown in Fig. 12, the magnitude of pressure 
fluctuations by the order of  10−2 is calibrated in the wind 
tunnel experimental data [25] from 0° angle of attack, mak-
ing for extra deviations between measurements and numeri-
cal results. Moreover, as seen in Fig. 9, the prediction of 
location of vortex breakdown moves to upstream more than 
experimental one as an angle of attack increases. This causes 
more unsteady flows to impact on the vertical tail, resulting 
in discrepancy of pressure fluctuations.

The variation of the tail root bending moment coefficient 
in time, buffet load, is illustrated along an angle of attack 
in Fig. 13. Here, buffet loads mean both the magnitude and 
fluctuation of the moment caused by buffet pressure. Like 
the unsteady behavior of pressure, peak-to-peak excitation 

is featured in the time history of root bending moment, and 
its magnitude has the strongest in 40° angle of attack. In 
Fig. 14, the Mean and RMS root bending loads were calcu-
lated with unsteady rooting bending moment data acquired 
during the last 4500 iterative computations. The Mean root 
bending load at 34° angle of attack is 1.4 times greater than 
that at 40° angle of attack. This is because as the distance 
between the location of vortex breakdown and the vertical 
tail becomes shorter, the flows by suction pressure in the 
vortex core are more preserved, leading differential pres-
sure to be larger over the vertical tail. In the meantime, the 
distance from the vortex breakdown point to the vertical tail 
is the longest at 40° angle of attack at which the maximum 
swirling flows are developed. For this condition, the RMS 
root bending is roughly 1.9 times larger than that indicated 
at 34° angle of attack. The growing tendency and magni-
tude of the buffet loads, expressed by RMS root bending, 
have good consistency with previous experimental data [25] 
although the value calculated at 38° angle of attack is rather 
less predicted.

3.5  Aerodynamic Interference Effects

To examine the aerodynamic interference between the 
wake-like vortex structure and the vertical tail, instantane-
ous vorticity and pressure distributions are presented for the 
full configuration, as viewed from Fig. 15. For all angles of 
attack, it is seen that turbulent flows produced by the wake-
like vortex structure dissipate and directly impinge on the 
vertical tail with rise in an angle of attack. The tail vortex 
around the outboard of the tip remains in situ that has sta-
ble feature against turbulent flows upstream. From the fact 
that the tail vortex passes through the outboard of the verti-
cal tail, it is obvious that in terms of magnitude of RMS 

Fig. 13  Variation of tail root bending moment coefficients of the ver-
tical tail as a function of time

Fig. 14  Mean (left) and RMS (right) root bending moment coefficients



International Journal of Aeronautical and Space Sciences 

1 3

pressure coefficient, the value of outboard is significantly 
less than that of inboard, as described in Fig. 12. When an 
angle of attack transitions from 34° to 38°, it is observed 
that more separated vortices propagate into the vertical tail, 
with the pressure field more expanded in the radial range 

at the tip. The physical phenomenon is highlighted at the 
point where vortex shedding produced from the trailing edge 
of the delta wing begins to mix with the swirling flows of 
vortex breakdown for 38° angle of attack. At 40° angle of 
attack, wake flows are more expanded conically in the wake 
region and blended more with vortex shedding, exciting the 
leading edge of the vertical tail. The spectral distributions 
for all angles of attack indicated in Fig. 11 are revisited to 
evaluate the effect of vortex shedding by comparing with 
those of the fundamental frequency of unsteady flow phe-
nomena [26] (Fig. 16). The peak power of buffet pressure is 
scattered spanning from oscillations of breakdown location 
to Kelvin–Helmholtz instability. In particular, at an angle 
of attack of 38° and 40°, the peak power of buffet pressure 
within the vortex shedding range, Strouhal number of 0.2 
to 0.7, is four times more excited than that obtained at 34° 
angle of attack. This fact substantiates that vortex shedding 
is an energy source to more excite the vertical tail. Thus, it 
is summarized from the results that buffet onset is caused by 
vortex breakdown, while the buffet intensity is more severe 
with vortex shedding as well as the shift of the location of 
vortex breakdown upstream. Also, simulations of highly tur-
bulent flow in the massive separated flow regions are well 
accomplished due to the nature of DES that captures small 
eddies.

3.6  Parametric Study for Buffet Attenuation

To study the effect of buffet attenuation, at first, the transla-
tion of the vertical tail in a spanwise direction (33%, 78%, 
and 90%) was conducted as a design parameter. Figure 17 
depicts the relative magnitude of buffet excitation in the 
non-dimensional frequency domain calculated using PSD 
technique by the identical procedure described in the previ-
ous chapter. The spectrum power tends to decrease markedly 

Fig. 15  Instantaneous vorticity and pressure coefficient contours for 
angles of attack of 34°, 38°, and 40°

Fig. 16  Spectrum of unsteady flow phenomena over the delta wing as 
a function of the non-dimensional frequency [26]
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as the vertical tail is translated to the outward of the wing, 
whereas larger when translated to the inward. This is because 
the fluctuating velocities of the cross flow in the radial angle 
away from the vortex core are more intense than those of 
inside of the vortex core after the vortex breakdown. Tur-
bulent kinetic energy (TKE), k, modeled with three fluctu-
ating velocity components was employed to illustrate flow 
fields. For the vertical tail being located at 78% in the span 
of the delta wing, the wake structure colored by contours 
of turbulent kinetic energy is shown in Fig. 18. The part of 
high energy density in TKE passing through the inner side 
rather than the outer side of the delta wing is observed in 
view of streamlines and wake pattern flowing downstream. 
In Fig. 19, the buffet loads are maximized when the tail is 
located at the innermost side of the delta wing, while attenu-
ated at the outermost side of the delta wing.

Then, the vertical tail was tilted out (0°, 10°, and 20°) 
based on the 33% span position of the vertical tail where the 
maximum buffeting appears. In Fig. 20, the power magni-
tude is decreased with the degree of tilting outward larger, 
and buffet excitation is most benign when the tilt angle is 
20°. Likewise, the decreasing tendency in the both Mean and 

RMS root bending with the tail tilted is clarified as shown 
in Fig. 21. In terms of the magnitude of buffet attenuation 
with respect to the two design parameters, the tail being 
tilted out has a tendency to more reduce the buffet loads 
and its excitation than the span translation. To minimize 
buffet attenuation, two design parameters that showed the 
effect of the minimum buffet loads were applied at the same 
time. At this condition, the vertical tail located at the span 
of 90% with 20° tilted out was taken into account. As seen in 
Fig. 22, the frequency response of buffet excitation with both 
design parameters is more remarkably diminished than when 
the single design parameter was imposed only. In Figs. 23 
and 24, the buffet intensity calculated at the tip of the verti-
cal tail by Cp’ and the buffet loads by CBM’ are also shown to 
decrease. It concludes that the maximum buffet attenuation 
is achieved when two design parameters are simultaneously 
considered even though the single design parameter shows 
the effect on attenuating vertical tail buffet.

Fig. 17  Buffet intensity in the non-dimensional frequency domain on 
the effect of spanwise translation of the vertical tail

Fig. 18  Flow patterns over the delta wing colored by turbulent kinetic 
energy

Fig. 19  Buffet loads on the effect of spanwise translation of the verti-
cal tail

Fig. 20  Buffet intensity in the non-dimensional frequency domain on 
the effect of tilt angle of the vertical tail
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4  Conclusion

A three-dimensional unsteady incompressible Navier–Stokes 
flow solver was simulated to analyze buffet characteristics 
of the delta wing with the vertical tail configuration. It was 
revealed that vortex breakdown accelerates to produce the 
wake-like flows, which results in buffet onset of the vertical 
tail. Vortex breakdown takes place on occasions of decelera-
tions and eventually forms the stagnation point, of which the 
location is quantitatively in good agreement with experi-
mental data.

With the nose of delta wing pitched up, the location of 
vortex breakdown has a tendency to shift to upstream of the 
delta wing, which in turn causes the vortex core to dissipate 
abruptly in the radial direction. The buffet intensity is the 
most severe at the tip of the vertical tail in which peak-to-
peak excitation is observed as buffet characteristics.

Fig. 21  Buffet loads on the effect of tilt angle of the vertical tail

Fig. 22  Buffet intensity in the non-dimensional frequency domain on 
the effect of both spanwise translation and tilt angle

Fig. 23  Variation of RMS buffet intensity at the tip of the vertical tail

Fig. 24  Buffet loads on the effect of both spanwise translation and tilt 
angle of the vertical tail
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It was found from the evaluation of the RMS root bend-
ing that the buffet loads become larger as the location of 
vortex breakdown shifts to upstream. At angles of attack 
of 38 and 40°, the vortices shed at the trailing edge of delta 
wing were shown to blend with the wake-like structure, and 
it was quantitatively found that the distributions of peak 
frequency are channeled into the band of vortex shedding 
among unsteady flow phenomena reported in Gursul’s 
experimental results. It was demonstrated that although the 
leading mechanism of buffet onset is vortex breakdown, the 
source to more excite buffet is attributed to vortex shedding, 
which occurs at high angles of attack of 38° or 40°. Unsteady 
flow simulations resolving small eddies in turbulent flows 
were achieved using SST-DES turbulence model, making it 
possible to analyze buffet characteristics and aerodynamic 
interference effects.

Remarkably reduced buffet attenuation was achieved 
when two design parameters, the spanwise translation and 
tilting of the vertical tail, were simultaneously considered. 
The placement of vertical tail on the spanwise outer side 
with most tilted out can be suggested to attenuate the buf-
fet loads, maintaining aerodynamic performance within the 
flight envelope as a design application under the develop-
ment of aircrafts.
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