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Abstract: The problem of safety in ski-jumping is actual because any fall is connected
with risk for health and life of a sportsman. This paper concentrates on one of the factors
contributing to safety of skier’s landing, namely the velocity of approach to the hill surface
and the influence of ski-jumper’s aerodynamic quality on it. The main difficulty lies in
finding the aerodynamic forces of drag and lift in the flight phase. The authors chose the
simplest model of investigated system: plane plate in the stream of ideal gas. We
understand the weaknesses of this model and so we gave attention to its identification
with experimental data. Analytic expressions were produced for drag and lift. Our
investigation showed that there exists some optimal value of plate thickness (and thus
graph of aerodynamic quality) which minimizes landing velocity component normal to the
hill surface. We hope that this conclusion will be valid for more precise models of
investigated system. This work also contributes to creating a technique of exploring of
one of the main factors affecting safety of landing.
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Introduction
The main index of a ski-jump is the distance. Studies [1-6] concentrate on flinging and
optimization of flight distance. Safety of landing also is an important factor. Take-off
technique, forming of flight posture and its stability, technique of landing contribute to this
complex factor [7-8].

Landing velocity component normal to the jumping hill slope was insufficiently
studied in literature, but this parameter is not the least important for safe landing. It was
regarded in the paper [4] for the first time, and flight trajectories were calculated with
constraint on landing velocity.

This study shows the influence of aerodynamic quality of the model of skier-on-skis
landing velocity normal to the surface and thus, to the certain degree, on landing safety of a
ski-jumper.

Evaluation of the maximal safe velocity of landing

Let us consider a simple model of a ski-jumper pictured in Fig.1. It is a material particle
of mass m in the place of sportsman’s hip joint. Reference system A,Xxy is bound to skis.
This reference system is not inertial but this fact has no effect on the movement of ski-jumper
normal to the hill surface. After touch-down the ski-jumper dampens his velocity component
vy normal to the slope. The point A, is the position of the point A at the moment of touch-
down (t=0), and the point A; is the final position of the point A, where the velocity component
vy normal to the hill surface is reduced to 0. The y-coordinate of the point Aq is 0, and the y-
coordinate of the point A; is h.
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Fig.1. The model of a ski-jumper is one material particle of mass m in the place of sportsman’s hip joint.

The ski-jumper is affected by the force of gravity P, two components of the ground
reaction force R, and R, and Eulerian force of inertia

®, =-ma,, (1)
where a, is transfer acceleration, which is directed opposite to the x-axis.
We assume that ground reaction ‘Ry‘ is proportional to the length of the way of the
point A in direction normal to the plane

R, =ky. 2)
y
The second Newton’s law gives us differential equation of skier’s movement along the y-axis
dv
mv, — =mgcos¢p —ky . (3)
dy

The initial value of velocity is v, =v, (initial landing velocity); the final value of velocity,

when the point A covers the distance h between the points Ag and Ay, is 0. Integration of (3)
gives us

2
A =\/£—2gh008(p. 4)
m
According to (2), the maximal deceleration force is
R, =kh. (5)
We suppose that it is n times higher than weight of ski-jumper, so
v, =4/(n—2cosp)gh. (6)

If n=5[7], ¢ =36°, g=9.8 m/s?, h=0.4 m (hip length) then v, =3.6 m/s.
Now we know the maximal safe landing velocity and we must mind it in any further flight
analysis.

A simple model of skier-on-skis system for evaluation of aerodynamic quality

The main purpose of this study is determination of influence of aerodynamic quality K
of skier-on-skis system on safety of landing. Aerodynamic quality is equal to the force of lift
divided by force of drag. The desire to find an analytic expression for K has led us to the
following simple model of investigated system (see Fig.2).
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Fig.2. The model of skier-on-skis is the plate of finite thickness.

Let us consider the airflow of speed v around the plate of finite thickness d , length |
(skis length) and width b .

The angle « between the plate and the airflow is the attack angle. Let us find drag and
lift forces as if finding the pressure of moving stream of ideal liquid on an immovable surface.
This method does not take into account the finiteness of the object but it gives qualitative
dependence of forces on the attack angle. The numerical method of studying the airflow
around the plate, which was used in the paper [4] is not enough accurate in considering plate
thickness, when thickness is little, due to the error of the method.

Let us now consider the influence of the airflow on the side 1 of the plate (see Fig.2).

According to the momentum theorem, normal force of air stream pressure on the side 1
(Fig.2) is [9]

N, = pv®Ssina, 7
where p is air density ( p=1.23 kg/m* when t =0° and air pressure p =760 Hg mm), S is
lateral area of the stream.

S =lIbsina, (8)
and (2) give us
N, =lbpv®sin’ o. 9)
The force of pressure on the side 2 is determined in the same way
N, =Ildpv?® cos® . (10)
Lift force modulus Q is equal to the algebraic sum of the components of vectors N, and N,
Q=N,cosa—N,sina; (11)
applying of (9) and (10) brings us to the final equation for aerodynamic force of lift
Q=bpv’sinacosa(lsina —dcosa). (12)

The resulting force of drag is determined by components of N, and N, parallel to the
velocity v
R=bpv*(Isin® o +d cos® a). (13)

Considering (12) and (13), the aerodynamic quality K :% takes the following form
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Fig.3. Aerodynamic quality of the moodel of skier-on-skis system for different thicknesses of the system.

sina cosa(lsina —d cosa)

I'sin®a +dcos’ o

Fig.3 shows the graph of K versus attack angle « for | =2.4 m. Five lines are drawn

for d =0.01 m, d =0.03 m, d =0.05 m, d =0.10 m and d =0.15 m, respectively. It is seen that

increase of d leads to decrease of K for all attack angles and movement of maximum K to

the area of higher attack angles. Note that thickness of the plate represents the relative

position of skier and his skis. Higher aerodynamic quality is achieved in the modern V-style,
when they are in one plane.

K =

(14)

Investigation of ski-jumper’s flight

Modern large jumping hills give sportsmen the possibility of long jumps. We
investigated the live videorecord of a World Cup Competition “Four Hills” held on K110
jumping hill in Innsbruck on 4 January 1998. Parameters of K110 jumping hill in Innsbruck
are the following: 6= -12°, ¢ = -36°;, maximum flight distance L =110 m, minimum flight
distance (the distance between break-off point and the beginning of landing zone) B = 90 m,
height of break-off table above jumping hill surface T=4 m; parameters of hill’s slope
H =63.2 m, N =87.0 m (see Fig.4).

The ski-jumper is affected by forces of gravity P, drag R and lift Q (see Fig.5). The
differential equations of movement have the following form

d?*x Vv v
m =-R2X+Q-~,
dt? v Qv
d?y v v
=mg-R-—L-Q-%, 15
e 9-R- QV (15)
2 2
V= VE+VE,
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Fig.4. Basic geometrical elements of a jumping hill.

Fig.5. Forces affecting the ski-jumper in the flight.

where x, y are coordinates of ski-jumper,
v,, v, are the projections of his velocity on coordinate axes,

Q and R are calculated according to equations (12) and (13), respectively.

The set of equations (15) differs from the equations used in earlier works [1-6] by method of
finding drag and lift (Q and R).

These equations are reduced to 4 differential equations of the first order and numerically
solved by the method of Runge-Kutt with known initial conditions for coordinates and
velocity.

The coordinates of ski-jumper form the flight trajectory; landing velocity component
normal to the hill surface was found in the touch-down point. For identification of the
mathematical model we chose the sportsman who held his skis almost horizontally and his
body was almost in the plane of skis, that is who performed V-style jump perfectly. His flight
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distance was 113 m. The mass of fully equipped sportsman with skis was 60 kg. Initial
velocity was v,=24.7 m/s.

Identification was held separately for each thickness of the plate d and | =2.4 m. Plate
width b was found from the solution of the problem of minimization the difference between
calculated distance and real distance. It occurred that this nonlinear problem had more than
one solution, and physically senseless results were discarded.

Results
Fig.6 shows the graph of landing velocity normal to the hill surface versus plate
thickness. The minimum was achieved for d =0.07 m (v, =0.04 m/s, b =1.67 m) when the ski-
jumper lands almost without impact. Note that plates of lesser thickness have higher
aerodynamic quality but the trajectory is not optimal from the point of view of landing safety
due to high v, (landing velocity component normal to the hill surface).

We should point also that v, did not exceed the limit v, =3.6 m/s found previously in

present paper for all investigated d . It means that this jumping hill is safe for a wide variety
of ski-jump techniques. But big increase of d results in rapid fall of aerodynamic quality K,
and the sportsman would not be able to achieve the real distance of 113 m for any b . This is
so already for d =0.1 m.

Conclusions
The influence of aerodynamic quality of skier-on-skis system on landing velocity was
investigated for a fairly simple model of the system — the plate of finite thickness. It was
shown that there exists optimal thickness for which landing velocity component normal to the
surface of the jumping hill has minimal value. The investigation showed the way of solving

V1, m/s

25
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10 —

0.0 T | T
d, m
0.00 0.05 0.10 0.15

Fig.6. Dependence of landing velocity normal to the hill surface on plate thickness.
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the real problems of increasing the quality of the ski jump. The main problem is in exploring
the airflow around the ski-jumper and more precise finding of aerodynamic forces of drag and
lift.
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OLIEHKA BJTIUAHNA ASPOOAUHAMUYECKOIO KAYECTBA CUCTEMbI
NbDKHUK-NBbIKUA HA BE3OINMACHOCTb NMPU3EMJIEHUA MNMPbLITYHA C
TPAMMJIMHA

A.P. Noaraeu, P.H. Pypakos (lMepmb, Poccusn)

[IpobGnema Oe30macHOCTH MpBDKKA HA JIBDKAX C TPAMIUIMHA aKTyallbHA, IMTOCKOJBKY
ar000e MajgeHHe B 3TOM TEXHHUYECKH CIOXHOM BHUJE CHOPTAa COMNPSKEHO C PUCKOM JUIs
3JI0pOBBsI M )KU3HU CHOpPTCMeHa. B crartbe oOcyxkmaercst oquH U3 (HakTOpOB, BIUSIOMIMX Ha
0€30I1aCHOCTh MPU3EMJIEHHS MPBITYHAa — CKOPOCTh MPUOIMKEHUS JBDKHHUKA K IOBEPXHOCTH
ropel npuzemiueHus. Mccineagyercs BiusHHE a’pOAMHAMMYECKOTO KAauyecTBAa CHUCTEMBI
JBDKHUK-JTIBIKH Ha 3Ty CKOPOCTb.

OcHOBHasi TPYAHOCTb 3aJa4ll COCTOUT B OINpPENEICHUH JIOOOBOTO COMPOTUBIICHUS U
noJbEMHOM CHIIBI B (ha3e MmoJséTa JIbDKHUKA. B HacTosmiee BpeMsi Mbl HE MOXEM 00ECTIeUUTh
JIOCTAaTOYHO TOYHOE peIIeHHE, MO3BOJSIONIeE BBHIPAOOTATh MPAKTHYECKHE PEKOMEHIAIUH
TpeHepaM, IMOCKOJIbKY JJIsl 3TOro HEoOXOAMMO pellleHHe TPEXMEPHOW BHEIIHEH 3aaauu
00TeKaHMs TIOTOKOM BO3/yXa I'€OMETPUYECKH CIIOKHOW CHCTEMBI JBDKHUK-TBDKU. [lombITka
UCMONb30BaTh  3KCIEPUMEHTAIbHbIE JaHHble 10 OOAYyBY MaHEKeHa JbDKHHMKA B
a’poauHamMuyeckoi Tpyoe [10] Taxke He mpHBena K YCHeXy, IMOCKOJBKY TaM IPHBEICHO
JMIIBb OTHOLIEHNE MOABEMHOMN CUJIIBI K CHIIE JIOOOBOTI'O COITPOTHBIIEHUS, @ 3TOT0 HEOCTATOUYHO
JUISI IOCTPOEHMS TPACKTOPUH TOJIETA JIBDKHUKA.

ABTOpBI BBIOpaIM MNPOCTEHIIYI0O MOJAEIb MCCIETyeMOM CHUCTEMbl B BMJIE IUIOCKOM
IUTACTHUHBI KOHEYHOM TOJIIMHBI M COOTBETCTBEHHO 3TOMY NMPHUOIMKEHUIO — TUAPABINYECKUN
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MOAXOJ K ONpPEIENCHHUI0 JaBJIEHHWsS IIOTOKAa BO3J1yXa Ha IUIACTUHY. bBbUIM MOJIy4YeHbI
AQHAJIUTUYECKUE BBIPAXKEHUS [UIsI a’pOJAMHAMUYECKUX CHJI, YTO TIO3BOJWIJIO JIETAIBHO
HCCIIEIOBaTh BIMSHUE yTila aTaky U TOJIIMHBI HAa CKOPOCTh IpU3eMIIeHUs NpbIryHa. [lonnmas
HEJOCTaTKW HCIIOJIb3yeMOM MoJenu, Mbl OOpaTW/iM BHHMMAaHHE Ha HWICHTHU(PHUKAIUIO
Pacu€THOro NMPBIKKA PEAIbHBIM MPBIKKOM.

[Tonér nABDKHMKAa paccMaTpUBaeTCss KaK  JBM)KEHHE  MaTepHalbHOM  TOYKH.
Juddepennnanpaple ypaBHEHUsT JIBUKECHUS HHTETPHPOBAIUCH YHUCICHHO MeToioM PyHre-
Kyrra. Ot pa6or [1-6] 5Ta yacTh pabOTHI OTINYAETCS 3aBUCUMOCTSIMH OT ITApaMETPOB 3aJ1auu
CUJI, ICMCTBYIOIINX Ha JIBDKHUKA U ONPEACIAIONIMX TPACKTOPHUIO MOJIETA.

B npuBenénnoil Monenu moiyyaeTcs, 4TO adpoAMHaAMHUEcKoe KauecTBO K mpu Bcex
yriax ataki ¢ MOHOTOHHO YMEHBIIAeTCS C POCTOM TOJIIMHBI MJIACTUHBI. 3aBucuMOcTh K
OT yrja aTrakd JUIs IUIACTUH KOHEYHOM TOJIIMHBI KaueCTBEHHO COBIMAJAeT C
JKCIepUMeHTanbHbIMU JaHHBIMU [10]. OmHako CyliecTBEHHOE pa3fuyue MOJIydaeTcs Ais
0ECKOHEYHO TOHKOH IJIaCTUHBI, ¥ TaKasi MOJIENIb CHCTEMBI HETIpHEMIIeMa.

HccnenoBanme mokas3alio, YTO CYIIECTBYET HEKOTOPOE ONTHMAJIbHOE 3HaueHUe
TOJIIIMHBI TJIACTUHBI (M, COOTBETCTBEHHO, Kodddumumenta K), mpu KOTOpoM HOpMaibHAs K
MOBEPXHOCTH COCTABIISIONIAS CKOPOCTH MPU3EMIICHUS MUHUMalbHA. MOXHO HAAEsIThCS, YTO
3TOT BBIBOJI COXPAHUTCS U JJIsl O0JIee TOUHBIX Mojieel uccienyemoi cuctemsl. buoi. 10.

KnroueBble citoBa: 0€30IMaCHOCTh IpbDKKa Ha JIbDKax ¢ TpaMIlJIMHA, a3pOJUHaMHUYCCKOC
Ka4€CTBO, CKOPOCTD ITPU3CMIICHUA
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