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Large eddy simulations (LESs) are performed to study the flow characteristics around two flight posture
models of ski jumping. These models are constructed by three-dimensionally scanning two national-
team ski jumpers taking flight postures. The drag and lift forces on each component of a ski jumper
and skis (head with helmet and goggle, body, arms, legs and skis) and their lift-to-drag ratios are
obtained. For the two posture models, the drag forces on the body, legs and skis are larger than those
on the arms and head with helmet and goggle, but the lift forces on the body and skis are larger than their
drag forces, resulting in high lift-to-drag ratios on the body and skis and low lift-to-drag ratio on the legs.
We construct simple geometric models, such as the circular cylinder, sphere and thin rectangular plate,
predicting the drag and lift forces on each component of a ski jumper and skis, and validate them with
those obtained from LES. Using these geometric models, we perform a parametric study on the position
angles of flight posture for higher total lift-to-drag ratio. The flight postures obtained increase the total
lift-to-drag ratios by 35% and 21% from those of two base postures, respectively. Finally, LESs are per-
formed for the postures obtained and show the increases in the total lift-to-drag ratios by 21% and
16%, respectively, indicating the adequacy of using the simple geometric models for finding a flight pos-
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ture of ski jumping having a higher lift-to-drag ratio at low cost.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Ski jumping is a winter sport and composed of in-run, take-off,
flight, and landing phases. The score of ski jumping is evaluated by
the distance jumped and style score given by five judges. The flight
distance is determined by the weight of a ski jumper and skis, aero-
dynamic forces during flight, and initial flight velocity, where the
initial flight velocity is determined from the approach and take-
off jump velocities and posture transition from in-run to flight
(body extension and raising ski head) (Schmélzer and Miiller,
2005; Schwameder, 2008; Yamamoto et al., 2016). The aerody-
namic force is affected by the flight posture of a ski jumper. There-
fore, ski jumpers put significant amounts of efforts to find their
own optimal flight postures. However, it is not straightforward to
find optimal postures during the flight phase by ski jumpers them-
selves because of many factors determining the flight posture and
very short flight time. For example, one of the important factors is
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the ski-opening angle. The V style, pioneered by Jan Bokldv (Swe-
den) in 1985, replaced the parallel style because it improved the
aerodynamic performance and increased the flight distance by
allowing a ski jumper to lean forward (Miiller, 2009). On the other
hand, the H style with very small ski opening angle and wide spac-
ing between skis becomes popular. However, the effect of these
different styles on the aerodynamic performance has not been fully
understood.

Flow around a ski jumper during flight has been studied exper-
imentally and numerically. Miiller et al. (1995) investigated the
effect of the V-style flight posture for the first time and analyzed
the first jump in history (over more than 200 m) achieved during
the 1994 Ski Flying World Championships in Plancia, Slovenia.
Miiller et al. (1996) conducted large-scale wind tunnel experi-
ments to measure the drag and lift areas on ski jumpers for three
attack angles, calculated the flight trajectory, and investigated
the effects of body mass, approach and take-off jump velocities,
and wind direction. They found that a light ski jumper moved far-
ther with a noticeably lower velocity, high approach and take-off
jump velocities increased the flight distance, and the wind angle
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relative to the horizontal direction in the range of 36-216°
increased the flight distance with a relatively lower landing veloc-
ity. They also showed that the drag and lift areas were decreased
by about 54% and 56%, respectively, with an almost same lift-to-
drag ratio, as the ski-opening angle decreased from 35° to 0°.
Schmélzer and Miiller (2002) recorded a series of flight postures
of the best ski jumpers during 1999/2000 World Cup competitions
in Villach through field studies, measured the attack angle and
position angles (body-ski angle, hip angle, and ski-opening angle),
performed the least-square fits for the attack angle, body-ski angle,
and hip angle as a function of flight time, and conducted large-
scale wind tunnel experiments for two flight posture models with
different height and ski length at the measured angles (derived
from field studies during the competitions) to obtain their drag
and lift areas. They obtained increases of lift-to-drag ratio and lift,
and a decrease of drag with decreasing hip angle from 180° to 170°.
As the angle of attack decreased from 40° to 30° or the body-ski
angle decreased from 15° to 1°, the lift-to-drag ratio increased
but both the drag and lift decreased. Seo et al. (2004) optimized
the flight distance by controlling the ski-opening and body-ski
angles during flight for a simple flight posture model, and
increased the flight distance from 131 m to 139 m at the body-
ski angle of 7° by changing the ski-opening angle from 25° to
around 26°. They found that the control of the ski-opening angle
was more important for increasing the flight distance than that
of the body-ski angle. Meile et al. (2006) obtained the drag and lift
areas and pitching moment on a flight posture model through
wind-tunnel experiments for various attack, body-ski, hip, head,
shoulder abduction, and ski-opening angles. They found that the
drag area continuously increased with the attack and body-ski
angles, while many local maxima of the lift area existed and the lift
area maintained a maximum near the sum of the attack and body-
ski angles of about 50°. Jung et al. (2014) performed an optimiza-
tion study for the flight distance by controlling the attack and
body-ski angles during flight with constraints on the upper and
lower limits of the attack and body-ski angles, respectively, and
increased the flight distance from 113.8 m (Schmolzer and
Miiller, 2002) to 125.9 m. Yamanobe et al. (2016) investigated
the effects of the upper limb position of a woman mannequin
model on the aerodynamic forces. They concluded that the shoul-
der abduction angle should be smaller to obtain larger lift-to-drag
ratio and the palm of the hand should be pointing in the flight
direction to gain higher lift force. Jung et al. (2018) developed a
new wind-compensation approach for the flight distance to more
accurately compensate the effects of the wind deviating from the
tangent to the flight path. However, as Schmolzer and Miiller
(2005) showed, different athletes differ markedly in their flight
style, which indicates that the optimal posture of a simple model
may be quite different from that of a real ski jumper.

Lee et al. (2012) conducted Reynolds-averaged Navier-Stokes
(RANS) simulations on a simple model, and increased the lift-to-
drag ratio by 28.8% through the optimization of the attack angle
(from 30° to 12°) and body-ski angle (from 26° to 20°) at the hip
angle of 160° and ski-opening angle of 35°. Gardan et al. (2017)
conducted RANS simulations for a three-dimensional (3D) ski jum-
per model constructed based on laser-scanned helmet and skis and
anthropological data for a ski jumper. They obtained maximum
lift-to-drag ratio and minimum drag and lift coefficients at the
attack angle of o =14° in the range of 14° < u < 44°. However,
Meile et al. (2006) showed the deviations of 20% in the drag coef-
ficient and 11-34% in the lift coefficient between RANS simulations
and wind-tunnel experiments for a simple model. Therefore, a
high-fidelity simulation is required to accurately predict the flow
around a flight posture of ski jumping.

So far, many of previous studies have adopted a simple ski jum-
per model for wind-tunnel tests and numerical simulations, and

investigated the effects of the attack angle and position angles on
the aerodynamic performance and flight distance. However, ski
jumpers have different flight postures and may have different
effects from those angles. Therefore, the objectives of the present
study are to obtain the aerodynamic forces on typical flight pos-
tures by conducting large eddy simulations (LESs), and to develop
simple geometric models of predicting them on the components of
the postures for suggesting better flight postures.

2. Methods

Two flight postures of ski jumping are constructed by three-
dimensionally scanning those of two national-team ski jumpers,
as shown in Fig. 1. The center lines of body, arms, legs, and skis
are used to determine their attack angles (o), roll angles (¢) and
yaw angles (1), and these flight posture parameters for jumpers 1
and 2 are given in Table 1. The attack angle of skis, sk pody, iS
known to be an important parameter to determine the flight dis-
tance and it has been observed to increase continuously from 26°
to 39° during the flight (measured for the best ten jumpers in
the 19th Winter Olympic Games by Schmdlzer and Miiller, 2005).
Since we could not measure this angle of attack for the present
posture models, we fix the attack angle of skis at ok poay =30°
for jumpers 1 and 2 which is near the time-averaged angle of
attack of 28.5° during the flight (Schmélzer and Miiller, 2005).
The ski length (I), minimum ski spacing (s/I), and frontal (A5) and
planform (A,) areas are 2.43 m, 0.08, 0.622 m? and 1.020 m? for
jumper 1, and 2.54 m, 0.10, 0.755 m? and 1.183 m? for jumper 2,
respectively.

We perform LESs of flows over two flight postures, respectively.
The numerical details are given in the Supplementary materials.
The Reynolds numbers considered are Re = pUl/u = 540,000 for
jumper 1 and 564,000 for jumper 2 due to slightly different ski
lengths of jumpers 1 and 2, where p and p are the fluid density
and viscosity, respectively, and U is the flight speed. The present
Reynolds numbers are much lower than those in field studies,
but still provide meaningful interpretation on the force coefficients
(see Supplementary materials). Note that the postures under con-
sideration include helmet and goggle, but the interaction between
air and soft suit is not considered in our numerical simulation. The
numbers of grid points are 801 (x) x 685 (y) x 689 (z) (about 378
million grid points) for jumper 1 and 849 (x) x 697 (y) x 689 (z)
(about 407 million grid points) for jumper 2 (see Supplementary
materials for the detail).

The results from LES include the flow characteristics around and
the drag and lift forces on the posture models. Especially, LES pro-
vides the drag and lift forces on each component of the posture
models such as the head with helmet and goggle, body, arms, legs,
and skis. With this information, we develop simple geometric
models to predict the drag and lift forces on the components of
the posture models. These geometric models are used to obtain
better flight postures having higher aerodynamic performances
with very low cost. Finally, LES is performed for the postures sug-
gested from simple geometric models to compare the drag and lift
forces with those from the simple geometric models.

3. Results

3.1. Aerodynamic forces

Table 2 shows the time-averaged drag area (EDAP), lift area

(ELAP), and lift-to-drag ratio (i/b) for jumpers 1 and 2, together
with those of jumper 1 from a laboratory experiment by Bang

et al. (2015). Here, CD:D/<0.5pU2Ap> and CL:L/<O.5pU2Ap>
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Fig. 1. Three-dimensionally scanned flight postures: (a) jumper 1; (b) jumper 2. For modelling purpose, the aerodynamic forces on each jumper and skis are decomposed into
those on the jumper’s head with helmet and goggle, body, legs, arms, and skis that are represented with orange, red, green, blue, and black colors, respectively. Here, U is the
flight speed, [ is the ski length, s is the minimum spacing between right and left skis, «;'s are the attack angles, ¢;'s are the roll angles, and /;'s are the yaw angles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Attack angles (o), yaw angles (1), and roll angles (¢) for left and right skis, left and right legs, left and right arms, and body for jumpers 1 and 2. Note that the angles of left and right
components are not necessarily same because the postures are not in a perfect reflection symmetry. Here, the attack angle agy; poay (Fig. 1) is fixed at 30° which is one of many

attack angles observed during flight.

Left ski Right ski Left ski Right ski Left leg Right leg Left arm Right arm Body
body body head head
Jumper 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
o (°) 30 30 30 30 46 49 46 49 53 57 53 57 28 35 25 35 24 29
(%) 14 11 12 11 1 4 0 4 13 15 14 15 14 18 15 18 0 0
¢ (°) 40 18 34 18 42 20 36 20 0 0 0 0 0 0 0 0 0 0
Table 2
Time-averaged drag areas, lift areas, and lift-to-drag ratios obtained from LES and experiment for jumpers 1 and 2.
C pAp ELAp i/ D
Jumper 1 LES (present) 0.410 0.556 1.357
Experiment (Bang et al. 2015) 0.415 0.581 1.383
Jumper 2 LES (present) 0.543 0.673 1.240

are the drag and lift coefficients, respectively, D and L are the drag
and lift forces, respectively, A, is the planform area, and an overbar
denotes the time averaging. The drag area, lift area, and lift-to-drag
ratio of jumper 1 obtained from present LES agree well with those
from an experiment. The drag and lift areas of jumper 2 are 32.4%
and 21.0% higher than those of jumper 1, but the lift-to-drag ratio
of jumper 2 is 8.6% lower than that of jumper 1.

A benefit of numerical simulation is that the force on each com-
ponent of the jumper and skis can be obtained. Fig. 2 shows the
time-averaged drag area, lift area, and lift-to-drag ratio of head
with helmet and goggle (called head hereafter), body, arms, legs,
and skis for two jumpers. For jumper 1, the drag force is largest
on legs and then on body, but it is largest on the body and then legs
and skis for jumper 2. The drags on head and arms are very small
compared to those on other parts. The lift force is largest on body
for jumper 1, but on skis for jumper 2. The lift forces on head, arms
and legs are much smaller than those on body and skis. The lift-to-
drag ratio is large on arms, skis and body, but those on legs and
head are small. The high lift-to-drag ratio of arms does not actually
contribute to the total lift-to-drag ratio because the forces on arms
are too small. Since the portions of the drag and lift forces of head
are less than 9% and those of arms are less than 13%, it is important
to modify the postures of legs, skis and body, in order to improve
the overall aerodynamic performance.

3.2. Modeling the aerodynamic forces on each component of a jumper
and skis

Owing to many parameters determining the posture of a jum-
per and skis (Table 1), an immense amount of effort is required
to find an optimal posture of a jumper by numerical simulation
and experiment. For example, an LES for one posture requires a
CPU time of about two weeks with four CPU cores of the Intel i7-
3820. Therefore, in this section, we suggest simple geometric mod-
els for prediction of forces on each component of jumper and skis
at low cost. With these models, it should be much easier and faster
to find a better posture providing higher lift-to-drag ratio.

Fig. 3 shows simple geometric models for the components of
jumper and skis. As shown, we model head as a sphere, body as
an inclined thin rectangular plate, arms and legs as circular cylin-
ders, and ski body and head as inclined thin rectangular plates. In
our models, we neglect the friction force because the force due to
the pressure difference is much larger than the friction force for the
bluff bodies. Then, the aerodynamic force on each component is
perpendicular to the model surface. The force coefficients normal
to the sphere, circular cylinder, and inclined thin rectangular plate
can be found in Blevins (1984), in which the force coefficients nor-
mal to the sphere and cylinder are given as a function of the Rey-
nolds number, and the force coefficient normal to an inclined thin
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rectangular plate is given as a function of the inclined angle and
the aspect ratio of the plate (Table 3). Therefore, we formulate
the forces on each component according to the data provided in
Blevins (1984).

The centerline (?C) and normal (Tn) unit vectors of each com-
ponent in Cartesian coordinates can be expressed with the attack
(), yaw (/) and roll (¢) angles as follows:

—

l'e = (lx, Ly, lz) = (—cosi cosa, cos. sina, sinZ), (1)

T = (e Iy )
= (cos¢sino — SinAsingcose, cos¢pcoso + sinAsingsina, —cos/ising).
2)
With these centerline and normal vectors, total drag and lift
areas are obtained as

(CoAp, CiAp) =
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where TU = (1,0, 0) is the unit vector of freestream velocity, (Ay)-
Head = n(DHead)2/4' Dyead = (GVHead/Tc)]By VHead 1S the volume of head,
(AN)Body = Wglg, wp and I are the width and length of body, (Ay)-

rm= lArmDArmy DArm = (4VAm1/nlArm)0-51 lArm is the length of arm, VArm
is the volume of arm, (A)ieg = legDieg, Diee = (4Vieg/Tlieg)>, lieg iS
the length of leg, Vi, is the volume of leg, (An)ski body = Wsblss, Wsp
and Ig, are the width and length of ski body, (An)ski head = Vsn/hsn
(= Wsnlsp), Vs and hgy, are the volume and thickness of ski head,
and wgy, (=wsp) and Ig, are the width and length of ski head, respec-
tively. The force coefficients on the head (sphere), arms (cylinders)
and legs (cylinders) are obtained from Table 3 using linear interpo-
lation, and the force coefficients on the ski and body (inclined thin
rectangular plates) are obtained from Table 3 using bilinear inter-
polation or extrapolation (see Supplementary materials for the
detail). Note that we neglect the change in the force coefficient
due to connection of two geometric models.

Fig. 4 shows the comparison of the drag and lift force areas on
each component from LES and simple geometric models. The drag
and lift areas predicted from the present geometric models agree
well with those from LES: i.e., the drag and lift forces are largest
on the legs and body, respectively, for jumper 1, and, for jumper

(CN)Head (AN)Head (l”X7 l“Y) Head + (CN)Body (AN)Bady (l nx; l”Y)Bady

2, the drag force is large on the body, legs and skis but the lift force
is large on the body and skis.

3.3. Flight postures suggested by the present geometric models

Flight postures are searched for, based on the present geometric
models, to increase the lift-to-drag ratio with a constraint that total
lift force should not be smaller than that of the base posture. We
varied the attack angles of legs, yaw angles of legs and skis, and roll
angles of skis by fixing the attack angle of ski body (¢tski poay = 30°)
and the postures of head, arms, and body. We did not use any spe-
cial optimization method but calculated the drag and lift forces for
all the cases in the ranges of 30° < tjeg (=0Right teg = Olteft teg) < 60°,
0° < ;bLeg (=)~Righ[ leg = 2 Left leg)v }vLeft ski body» jvRight ski body» ¢Left ski body»
Oright ski body < 40° by increments of 1° for each angle, respectively.
Note that we did not assume a symmetry for the left and right ski
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angles, because the scanned shapes of left and right skis were not
perfectly reflection symmetric. Therefore, the cases considered
were more than 4 billion, but the computation took less than one
minute with one CPU core of the Intel i7-3820.

Fig. 5 shows the contours of the total lift-to-drag ratio obtained
for each aeg and 4, using the present geometric models. The opti-
mal posture of legs and skis for jumper 1 (denoted as blue triangle
in this figure) is OlLeg = 30e, )~Leg= 13, ¢Right ski body = 29°, )\Right ski
body = 17°, @Left ski body = 28°, ALeft ski body = 17°, and that for jumper
2 is OlLeg = 30°, ;LLeg =13°, ¢Right ski body = 12¢, ;LRight ski body = 16°, ¢Left
ski body = 11° Apeft ski body=16°. The 1° difference in the roll
angles of left and right ski bodies is due to asymmetric ski and
body shapes, but this difference is negligible. The total lift-to-
drag ratios of the postures are increased by about 35% and 21%
for jumpers 1 and 2, respectively, compared to those of the base
postures.

To confirm the results from the present geometric models, we
performed another LES on the postures shown in Fig. 5. The total
lift forces are increased by 4% and 2% for jumpers 1 and 2, respec-
tively, and the total drag forces are decreased by 14% and 12%,
respectively. The total lift-to-drag ratios of the postures obtained
from LES for jumpers 1 and 2 are increased by about 21% and
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Fig. 2. Time-averaged drag area, lift area, and lift-to-drag ratio of head, body, arms,
legs, and skis for jumpers 1 and 2; (a) CpA,; (b) CiA,; (c) L/D. Here, Cp (=D/
(0.5pU%A,)) and C; (=L/(0.5pU?Ap)) are the drag and lift coefficients, respectively, L
and D are the lift and drag forces, respectively, p is the fluid density, U is the flight
speed, and A, is the overall planform area.

16%, respectively, from those of the base postures. Although the
amounts of the lift-to-drag ratio from the present geometric mod-
els are not the same as those from LES, they can still provide better
flight postures with a low amount of efforts.
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4. Discussion

In the present study, large eddy simulations were conducted for
flows around two flight postures, and provided the drag and lift
forces and lift-to-drag ratio on them. The simulation results indi-
cated that flow massively separates from head, body, arms, legs
and skis due to high attack angles to these components (; = 29—
57°), which significantly decreases the lift force and increases the
drag force. The details of flow structures are given in Supplemen-
tary materials.

Let us now discuss the prediction capability of simple geometric
models. For the base postures, the differences in the total drag and
lift areas predicted by simple geometric models and calculated by
LES were 25% and 21% for jumper 1, respectively, and 7% and 4% for
jumper 2, respectively. These amounts of differences are compara-
ble to those from RANS simulation and experiment according to
Meile et al. (2006) (20% for the drag area and 11-34% for the lift
area), indicating that the present geometric models perform well
while using very low computational time. Note, however, that even
a few percentage difference in the drag and lift areas may cause a
significant amount of changes in the flight distance (Miiller, 2009).
Thus, the present geometric models may be used as a design tool
for suggesting better flight postures for higher lift-to-drag ratios.

The present geometric models provided flight postures of higher
lift-to-drag ratios, in which the attack angles of legs were decreased
from 53° (jumper 1) and 57° (jumper 2) to 30° at the attack angle of
body of 24° (jumper 1) and 29° (jumper 2). It means that the hip
angles increased from 151° to 174° (jumper 1) and from 152° to
179° (jumper 2), and the body-ski angles decreased from 11° to
1° (jumper 1) and from 17° to 5° (jumper 2) for higher lift-to-drag
ratio. This is consistent with those of previous studies. That is,
Meile et al. (2006) achieved maximum lift-to-drag ratio at the hip
angle of 170° in the range of 150° - 180°. On the other hand,
Schmélzer and Miiller (2002) showed that the drag and lift areas
were increased with almost constant lift-to-drag ratio as the hip
angle increased from 150° to 170°. On the other hand, Miiller
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Fig. 3. Simple geometric models of predicting the drag and lift areas of the components of jumper and skis. Head, arms, body, legs, and skis are modeled as a sphere, circular
cylinder, inclined thin rectangular plate, circular cylinder, and inclined thin rectangular plate, respectively, and the normal force coefficients (Cy) for these simple geometries

are obtained from Blevins (1984). Here, TU = (1,0,0) is the unit vector of the free-stream velocity, the inclined angle of ski body or head (s, or 6s;) is the angle between
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( 1 C) and {( iy-1 c) I+ ( iy- 1 n) 1 n} ,and [.and [, are its centerline and normal unit vectors, respectively.
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Table 3

Force coefficients (Cy) normal to the sphere and circular cylinder with the Reynolds number, and to an inclined thin rectangular plate with the aspect ratio (wp/l,) and the inclined
angle (0,) (Blevins, 1984). Here, w, and I, are the width and length of the plate, respectively, and 0, is the inclined angle. Note that we neglect the change in the force coefficients

due to connection of two geometric models.

Re
10? 5 x 10? 10° 5x 10° 10* 5x 10* 10° 5x 10° 10° 5x 106
Sphere 1.0 - 0.41 - 0.39 - 0.52 - 0.12 0.18
Circular cylinder 1.19 1.01 0.93 0.87 1.12 0.55 0.13 0.42 - -
Inclined thin rectangular plate Wpll,
0, (°) 1/6 13 1.0 15 2 3
0 0 0 0 0 0 0
10 0.174 0.2442 0.399 0.3959 0.495 0.555
20 0.464 0.5883 0.8715 0.856 0.99 0.8436
30 0.7772 0.9657 1.281 0.856 0.803 0.8436
40 1.0672 1.332 1.47 0.9095 0.858 0.9435
50 1.2064 1.2543 1.1025 0.963 0.913 0.999
60 1.218 1.1655 1.0815 1.0058 0.99 1.0434
70 1.2064 1.1544 1.071 1.0379 1.045 1.0767
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Fig. 4. Comparison of drag and lift areas on head, body, arms, legs, and skis and their sums obtained from LES and present geometric models: (a) drag area and (b) lift area for
jumper 1, and (c) drag area and (d) lift area for jumper 2. Here, Ap is the overall planform area.

et al. (1996) showed that the lift-to-drag ratio was increased as the
body-ski angle decreased from 15° to —5° at the attack angle of skis
of 30° and the hip angle of 164°. Schmolzer and Miiller (2002) also
showed that the lift-to-drag ratio was increased and drag and lift
areas were decreased as the body-ski angle decreased from 15° to
0° at the attack angle of skis of 35.5° and hip angle of 160°. With
the present flight postures obtained, the drag and lift areas on the
legs were decreased with a significant increase of the lift-to-drag
ratio, but those on the skis were increased with a slight increase
of the lift-to-drag ratio, which resulted in overall decrease and
increase of the total drag and lift areas, respectively. The decrease
and increase of the total drag and lift areas, respectively, increased
the flight distance according to Schmolzer and Miiller (2002),
Miiller (2009), and Jung et al. (2014).

Limitations of our study: First, we did not consider the pitch-
ing moment in the present study. To obtain the pitching moment,
the density distribution of a ski jumper and skis should be pre-
cisely known to locate the center of mass. Since the pitching
moment is directly related with the flight stability, its variation
with the flight posture is another important element to investi-
gate. Second, we fix the attack angle of skis at 30° and varied
other geometric angles to obtain a better flight posture for higher
lift-to-drag ratio. In reality, this angle of attack continuously
increases from 26° to 39° during the flight (Schmodlzer and
Miiller, 2002). Combining temporal variation of the attack angle
with the present procedure should provide a realistic estimation
of the flight distance. Third, we did not consider the interaction
between air and soft suit. Jung et al. (2014) showed that the drag
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reader is referred to the web version of this article.)

and lift areas were reduced as the suit became tight, which
resulted in the decrease of the flight distance. Numerical simula-
tion including this aspect is quite a challenging task.

5. Conclusions

In the present study, we suggested simple geometric models
(cylinder, sphere and rectangular plate) to predict the drag and lift
forces on each component (head, body, arms, legs and skis) of a
flight posture. The predictions by the present models were in good
agreements with those from LES. With these models, flight pos-
tures having higher lift-to-drag ratios were obtained and their per-
formance was verified by LES. This indicated that the present
geometric models are adequate for finding a flight posture of ski
jumping having a higher lift-to-drag ratio at low cost. Nevertheless,
the issues mentioned above (Limitations of our study) should be
investigated further in the near future.
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