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CALCULATION AND VISUALIZATION OF
A MAN PARACHUTING DOWNWARD

Abstract. The article suggests the calculation and visualization of motion of the man by opened and
closed parachutes. It contains the formulation of the problem, the physical analog and mathematical model
of the motion by closed and opened parachutes, the study of the kinematics and dynamics of the motion, the
conditions for safe landing. There are graphs of the height versus time of motion and velocity versus height.
The graphs show that the man falls down without parachute he reaches the Earth surface with the speed
more than 30 m/s or 100 km/h. This is a dangerous descending. Landing is safe when the landing speed is of
about v ~ % Duration of the landing time by the opened parachute is 34 min, and by the closed parachute the
landing time is 3 min. The article also presents the calculation and visualization of the parachutist’s motion
during free-fall drop when parachute opens in 20 seconds after the free fall start and the graphs of the height
versus time and velocity versus height. It is seen from the graphs that at first the parachutist falls down with
increasing speed reaching its upper value of about ~ 40 m/s with which he proceeds his falling down within
certain duration of time and at the height of 5400 m where the parachute opens the speed of the parachute
sharply decreases and then gradually and monotonically reaches its value that enables a safe landing of the
parachutist. Results of this study are used in classes on “Theoretical mechanics” and “Simulation of physical
processes”.

Keywords. Parachute, air drag, height, safe landing, velocity.

Introduction. Nowadays all educational institutions of Kazakhstan are provided with computer hardware
and software, interactive boards and internet. Almost all teachers have completed language and computer
courses for professional development. Hence the educational institutions have all conditions for using
computer training programs and models for performing computer laboratory works. In recent years the
new computer system Matlab for performing mathematical and engineering calculations is widely used in
university and engineering researches throughout the world [1-10]. Unfortunately, the numerical calculations
which are carried out by students often are done by means of the calculator that is almost manually. Modern
computers are frequently used only for presentation of the work. Actually students should be able not only to
solve these or other engineering problems, but also do them by using modern methods, that is, using personal
computers.

Students of the physics specialties 5SB060400 and 5B011000 successfully master the discipline “Computer
modeling of physical phenomena” which is the logical continuation of the disciplines “Information
technologies in teaching physics” and “Use of electronic textbooks in teaching physics”. The aim of this
discipline is to study and learn the MATLAB program language, acquaintance with its huge opportunities for
modeling and visualization of physical processes.

In our early works [11-13] we have shown the potentials of the Matlab software for modeling and
visualization of physical processes in mechanics, molecular physics, electromagnetism and quantum physics
where it have been used for solving the ordinary differential equations (ODE), for visualization of the
equipotential lines of the systems of charged conductors and of the motion of charged particles in electric,
magnetic and gravitational fields.
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The present article is devoted to calculation and visualization of motion of a man by a parachute by using
the MATLAB software.

Formulation of the problem. The catapult ejects the parachutist from height of 6000 m. We will consider
two variants of motion: 1) disastrous variant when parachute doesn’t open; 2) successful landing with an
opened parachute at a safe speed. Then we will study the kinematics and dynamics of these motions and the
conditions for a safe landing.

Physical analog. The most simplified physical analog of motion of a man by a parachute is the motion of
a material point having a particular mass under the influence of the gravitational field of the Earth. In this case
air drag isn’t taken into account since the material point has no sizes. The body moves only under the action
of the gravity force. Downward motion of the material point in gravitational field of Earth along the vertical
axis is uniformly accelerated with a free fall acceleration g = 9.81 m/s’. Such analog is very rough since it
doesn’t limit the speed of parachutist (u = gf).

Actually air drag prevents the infinite increase in speed (even with closed parachute) and limits the top
speed of falling and thus works towards the safety of the landing. The diagram of forces acting on the
parachutist is shown in figure 1.

P

Fig.1 Diagram of forces acting on parachutist with opened canopy

The forces acting on the parachute canopy are: P is the weight of the parachutist; F is the air drag; f is the
resultant tension force. The forces acting on the parachutist: P is the gravity force; F is the air drag; f'is the
tension force of the parachute’s suspension lines.

Air drag becomes greater with the increase of parachutist’s speed. At relatively small speeds the magnitude
of air drag F'is linearly proportional to the speed:

F=kv
where k, is the coefficient that depends upon the properties of a medium and shape of the body. For
example, for a ball kK, =67ur, here u is a dynamic viscosity of a medium, 7 is the ball’s radius. For air at

temperature of 20°C and pressure of 1 atm the dynamic viscosity is U= 0.0182 N-s-m™.
With the increase of speed the air drag becomes proportional to the speed squared:

F=kv’
Although the linear term of air drag contributes to drag’s magnitude it can be neglected if k,v°>>k u The

magnitude of k, is proportional to the cross-section area perpendicular to the air flux, air density and depends
on the shape of the body. Usually, £, is taken to be equal to

k,=0.5-c-S-p

here S is the cross-sectional area of the body, r, is the air density, c is the coefficient of a motion drag
(dimensionless quantity). The value of ¢ depends on the shape of body and for some bodies at not large speeds
it is given in the table 1.

Taking into account the above said ideas the description of the physical analog contains the following
assumptions. At any height the dynamic viscosity of air is constant. The parachute and parachutist undergo
the action of a viscous friction force. Air density and temperature also don’t change. The parachute opens up
right after ejection of the parachutist from the plane (actually it takes about 2 s). At the time of ejection the
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horizontal component of the speed is zero, the parachutist moves only in the vertical direction and begins to
move with zero initial velocity. The gravitational field is uniform. The parachutist and parachute are connected
by rigid suspension lines. Airflows in various directions are absent.
Mathematical model. The mathematical model of this problem is developed using the Newton’s second
law:
ma=mg —F
By admitting that

F=—kv—kuv’

we rewrite the Newton’s second law in the following form:

d’y
m—s =mg —kv—kv’

(M

The equation (1) we will reduce to the differential equation of the first order:

Y _

~dv_ mg-kv—kuv’
dt

" dt m 2)

In this equation, ¢ is the time duration of the parachute motion from the moment of ejection till the moment
of landing (t = 0+ tfin); h, is the height at which the parachutist has fallen downward (y = %,+ 0, it is admitted
that 2, = 6000 km); is the speed of the parachutist’s motion vertically downward (v,=0); m is the mass of the
parachutist with his equipment; g is the free fall acceleration (g = 9.81 m/s’); k, and k, are the coefficients
that determine the contribution of linear and quadratic components of the velocity in the air drag:

ky=6mur, k,=05-c-S-p,

here W is the dynamic viscosity of air (for air u = 0.0182N-s‘m-2); ¢ is the coefficient of air drag
(dimensionless quantity); r is the radius of the body; S is the body’s area cutting the air flow; p is the air
density. Let us estimate the numerical value of m, 7, ¢ and S.

The first option: let us consider the descending of the parachutist without parachute (i.e., “lying” and
hovering by having stretched hands). The average height of a man is 1.7 m, semi-grasp of his thorax is about
0.4 m. The coefficient of air drag we take to be ¢ = 1.2 as the mean value of the coefficients for disk and semi-
sphere (this value is plausible for qualitative estimation). The area of the man’s body cutting the air flow is
S=1.7m-0.4m = 0.7mo.

The second option: When the parachute opens, the coefficient of the air drag is ¢ = 1.33 (for semi-sphere).
For estimation of the values of m, S and speed of a safe landing we analyzed the characteristics of various
parachutes. Thus we take m to be m = 120, the area S has been entered from the command line (15...83 m?).
The speed of a safe landing is taken to be v=5 m/s.

For calculation and visualization of the process we create m-file titled “parashyt”.

function dydt=parashyt(t,x)

global s m g mu

% the choice of the air drag coefficients

if s<15

c=1.2;

else ¢c=1.83;

end

% free fall, the parachute opens in 20 s after the start of a free fall

% if t20

% s=82.5

% else

% s=0.7,

%end

ro=1.225;

% air density as a function of height /
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% ro=1.225*(1-x(1)/44300)"4.256;

% a conventional radius of the body

r=sqrt(s/pi);

% coeflicients of air drag

k1=6*pi*mu*r;

k2=c*s*ro;

dydt=[-x(2); (m*g-k1*x(2)-k2*x(2)"2)/m];

end

In the command line we write

>> global s m g mu

>>m=120; g=9.81; mu=0.0182; h=6000; v=0;

% area of the parachutist body and parachute cutting the air flow

>>g1=0.7; s2=82.5;

% s1=input(‘input area of a man body (0.5...1.0");

% s2=input(‘input area of a parachute (15...83’);

>> tspan=[0:2000];

% calculation for the parachute with not unfold canopy

% two-dimensional matrix of the height and speed — initial conditions

>>y0=[h,v];

>>s=g];

>> [tl,yl]=ode45(‘parashyt’ tspan,y0);

% calculation for the parachute with unfold canopy

>>§=52;

>> [t2,y2]=ode45(‘parashyt’, tspan,y0);

% creation of two windows for graphs, with the location of one of them beneath the other

>> subplot(2,1,1);

% the first graph of the height as a function of time

>> imax=find(y1(:,1)>0);

>> indexmax=max(imax);

>> plot(t1(1:indexmax),y1((1:indexmax),1),’b--","LineWidth’,2)

>> % holding of the graph

>> hold on

% the second graph of the height as a function of time

>> imax=find(y2(:,1)>0);

>> indexmax=max(imax);

>> plot (t2(1:indexmax),y2((1:indexmax),1),’g-",’LineWidth’,2)

>> legend (‘without parachute', ‘by an unfold parachute”)

>> hold on

% show grid

>> grid on

% the title of the upper window, the designation of the axes

title(‘Dependence of heigt on time’)

>> ylabel(‘Height H, m”)

>> xlabel(‘time t, s”)

% creation of the lower window for derivation of the expression of the velocity as
a function of time

% output of graphs and designations of axes

>> subplot(2,1,2);

>> imax=find(y1(:,1)>0);

>> indexmax=max(imax);

>> plot(y1(1l:indexmax),y1((1:indexmax),2),’b--",’LineWidth’,2)

% the reverse abscissa axis

>> set(gca,”XDir’, ‘reverse’)

>> hold on

>> imax=find(y2(:,1)>0);
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>> indexmax=max(imax);

>> plot(y2(1:indexmax),y2((1:indexmax),2),’g-",’LineWidth’,2)
>>hold on

>> grid on

>> title(‘Dependence of velocity on height”)

>> ylabel(‘Velosity v, m/s’)

>> xlabel(‘height h, m”)

The results are presented in the fig.2
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Fig.2 The graphs of dependence of height on the time of motion (the upper figure) and of velocity on the
height (the lower figure)

The upper figure shows that when the parachutist falls downward by parachute with closed canopy he
reaches the land surface at the speed of more than 30 m/s that makes more than 100 km/h and duration
of motion equals 3 min. Such a large speed is of great danger to the life of the parachutist. Safe landing is
possible at the speed of falling of about u# 5 m/s. Time duration of landing equals 34 min.

Calculation and visualization of a free fall: the parachute opens in 20 s after the start of the free fall.

In m-file the following changes are introduced:

function dydt=parashyt1(t,x)

global s m g mu

% the choice of the air drag coefficient

if s<15

c=1.2;

else c=1.83;

end

% free fall, the parachute opens in 20 s after the start of the free fall.

if 20

s=82.5

else

s=0.7;

end

ro=1.225;
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% air density as a function of the height /

ro=1.225%*(1-x(1)/44300)"4.256;

% conventional radius of the body

r=sqrt(s/pi);

% air drag coefficients

k1=6*pi*mu*r;

k2=c*s*ro;

dydt=[-x(2); (m*g-k1*x(2)-k2*x(2)"2)/m];

end

In the command line we write the following codes of the program and the calculation:

global s m g mu

>>m=120; g=9.81; mu=0.0182; h=6000; v=0;

% area of the parachutist body and parachute cutting the air flow

>>351=0.7; s2=82.5;

sl=input(‘input square of a man body (0.5...1.0%);

s2=input(‘input square of a parashyte (15...83");

>> tspan=[0:2000];

% calculation for the parachute with not unfold canopy

% two-dimensional matrix of the height and speed — initial conditions

>>y0=[h,v];

>>s=s];

>> [tl,yl]=ode45(‘parashytl’ tspan,y0);

>> 9% calculation for the parachute with unfold canopy

>> =52

>> [t2,y2]=ode45(‘parashytl’ tspan,y0);

% creation of two windows for graphs, with the location of one of them beneath
the other

>> subplot(2,1,1);

% the first graph of the height as a function of time

>> imax=find(y1(:,1)>0);

>> indexmax=max(imax);

>> plot(t1(1:indexmax),y1((1:indexmax),1),’b--","LineWidth’,2)

>> % holding of the graph

>>hold on

% the second graph of the height as a function of time

>> imax=find(y2(:,1)>0);

>> indexmax=max(imax);

>> plot(t2(1:indexmax),y2((1:indexmax),1),’g-’,’LineWidth’,2)

>> legend(‘without parachute’, ‘by an unfold parachute’)

>>hold on

% show grid

>> grid on

% the title of the upper window, the designation of the axes

title(‘Dependence of heigt from time”)

>> ylabel(‘Height H, m”)

>> xlabel(‘time t, s”)

% creation of the lower window for derivation of the expression of the velocity
as a function of time

% output of graphs and designations of axes

>> subplot(2,1,2);

>> imax=find(y1(:,1)>0);

>> indexmax=max(imax);

>> plot(y1(1l:indexmax),y1((1:indexmax),2),’b--",’LineWidth’,2)

% the reverse abscissa axis

>> set(gca,”XDir’, ‘reverse’)
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>> hold on

>> imax=find(y2(:,1)>0);

>> indexmax=max(imax);

>> plot(y2(1:indexmax),y2((1:indexmax),2),’g-",’LineWidth’,2)
>> hold on

>> grid on

>> title(‘Dependence of velocity from heigt’)

>> ylabel(‘Velosity v, m/s’)

>> xlabel(‘height h, m”)

The results are presented in the fig.3

Dependence of heigt fom time

8000 : : T T T
! ! --—--without parachute
; ; I I ; ; by parachute]
E_ 4000 F-----Lt----- i - oo - d------ - - - - R - P : H
I ] 1 1 1 1 1 1
E 1 1 1
o . , ) ) b , . : :
E 2000pF----- e e i il - Poooe- Toom
D i 1 1 : :
0 50 100 150 200 250 300 350 400 450 500
timet, =
Dependence ofwelocity Tom heigt
&0 :
E 1 1 : : 1
E appo beeeenee I R ooe e oeeone
._;-=="' 1 1 E 1 1
] 1
== 1 S S —
-_%'-l 1 1 : 1 1
. : : i : :
5000 5000 4000 3000 2000 1000 0
height h, m

Fig.3 The graphs of dependence of height on the time of motion (the upper figure) and of velocity on the
height (the lower figure) during free fall drop

From the upper graph it is seen, that at the beginning the parachutist is falling freely downward and his
speed reaches its limiting value of about 40 m/s with which it continues to fall during some time. At the height
of 5400 m where the parachute opens (the lower schedule), the speed of the parachutist sharply decreases and
gradually, sluggishly and monotonically decreases to the value of safe landing.

Tasks for self testing.

Estimate theoretically at what speed of a falling ball, in the linear approximation, the air drag equals
the gravity force (i.e., its motion becomes uniform). Use the expression 6zuruEstimate theoretically a
numerical value of the cutoff speed of the ball falling in a quadratic approximation v =+/2mg/cSp.

Set the value of the air drag coefficient to be k, = 0 and solve the problem by admitting that the air drag
linearly depends on the speed. Compare the obtained result with ones at m MNe 0.

Conclusion. The article presents the calculation and visualization of motion of the man by opened and
closed parachutes. It contains the formulation of the problem, the physical analog and mathematical model
of the motion by closed and opened parachutes, the study of the kinematics and dynamics of the motion, the
conditions for safe landing. There are graphs of the height versus time of motion and velocity versus height.
The graphs show that the man falls down without parachute he reaches the Earth surface with the speed more
than 30 m/s or 100 km/h. This is a dangerous descending. Landing is safe when the landing speed is of about
u 5 m/s. Duration of the landing time by the opened parachute is 34 min, and by the closed parachute the
landing time is 3 min. The article also presents the calculation and visualization of the parachutist’s motion

216



Reports of the Academy of Sciences of the Republic of Kazakhstan

during free-fall drop when parachute opens in 20 seconds after the free fall start and the graphs of the height
versus time and velocity versus height. It is seen from the graphs that at first the parachutist falls down with
increasing speed reaching its upper value of about 40 m/s with which he proceeds his falling down within
certain duration of time and at the height of 5400 m where the parachute opens the speed of the parachute
sharply decreases and then gradually and monotonically reaches its value that enables a safe landing of the
parachutist. The article also provides students with tasks for their self-testing. Results of this study are used
in classes on “Theoretical mechanics” and “Simulation of physical processes”.

Kaobui6exos K.A.', Agnpaxmanosa X.K.%, Bunraiikun B.E. 3, Caiinaxmeros I1.A.!,
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HAPAIIIIOTIEH CEKIPTEH AJJAMHBIH KO3FAJIbICHIH ECENITEY MEH BEMHEJIEY

AnHoTtamus. [TapairroTHCTIH MapanroTci3 KOHE MapalIOTICH CeKipyl KaFaalbIHAAFbl KO3FAJIBICHIH
ecenTey MeH OeiiHeney YChIHBLTFAH. [IpoOiieMaHbl TYXKBIPHIMJIAY, TAPAIIOT allbUIMaFraH OHE AlllbUTFaH
JKaFJainap I, KaramylbTTeH KeiiH Oip/ieH mapallroTTi ally MEH MMapairtoTTi Y3aK yaKpITTaH KeiiH amry
Ke3iHJIeTi (hU3UKAIBIK JKOHE MATEMAaTHKANBIK MOJCIEP, KO3FAIBICTHIH KMHEMATHKACHI MCH JMHAMHKACHIH
3epTeyiep KoHE  Kayilci3 jKepre KOHY IIapThl KENTIpUIreH. BHIKTITIKTIH yakKbITKa >KOHE KO3FallbIC
KBUIIaMJIBIFBIHBIH ~ OMIKTIKKE TOyeIIUlik TpadukTepi caibiHFaH. [padukrepieH OalKalThIHBIMBI3:
MapaioT amblIMaraH kardaiga napanrroruct JKep OeriHe 3 muHyta 30 M/C KBULIAMABIKIICH TYCEl,
an Oyn xpurmamablk 100 kM/car., sFHU azam eMipiHe eTe Kayinti. JKepre Kayirci3 KOHY KbLIIaM/IbIFbI
v % CoHBIMEH Katap epKiH Tycy OapbIChIH/Ia MApAIIOTIOTTI 0acTanKbl coTTeH 20 CeKyH/] OTKEHHEH KeiiH
anry KarJaibIHAaFel KO3FAIBIC KE31H/IeT1 OMIKTIKTIH YaKbITKa )KOHE KO3FAJIBIC KbUIIAMIBIFBIHBIH OUIKTIKKE
TOyeNAUTiK TpaduKkTepi KenTipinreH. MyHmal jkarjalija TapamroTHUCTIH KbULIAMABIFBI alabiHaa <40
M/c — ke neiin OipriHgen ecin, kedinHeH 5400 M OWikTiKTe (MMApamItoT alIblIFaH Ke3e) KYpT TOMEeH e i
Jie, COHbIHaH OipTiHIen Kayirci3 >KbUIIaMIbIKKa JediH ketin JKepre xoHamsl. O3 OeTiHIIE aTKapaThiH
Tanceipmanap oepinren. Kenripinren seprreysiep «TeopHsablk MeXxaHUKay xkoHE «DU3HKAIBIK POLIECTEP i
MOJICTIICY» MOHACPIH MEHIePY/Ie KOJNIaHbLUIA/IbI.

Tyiiin ce3mep. [lapamrrot, aya keaeprici, OMIKTIK, Kayirci3 skepre KOHY, KbUIIaMIBIK.
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PACYUET U BU3YAJIM3ALUA ABUKEHUSA YEJIOBEKA C ITAPAIIIOTOM

Annoranus.[IpeanaraercspacueTy BU3yain3auus IBHKCHUA TAPAIIIOTHCTA CPACKPBITHIM M HEPACKPBITHIM
naparotoM. Jlausl onucanus GopMyIUpOBKH NPOOIeMbl, pU3nUYecKast MOJIENIb U MaTeMaTHUECKUEe MOJICIIH
JUIl CIIy4daeB JABMKCHHUSI C HEPACKPBITBIM M C PACKPBITBIM IapallloTOM, HCCIICAIOBAHBl KHHEMaruka M
JTMHAMUKA JIBHOKEHHS, yCIOBUS Oe3omacHoro npusemiieHus. [IpuBeneHs! rpaguky 3aBUCUMOCTH BBICOTBI OT
BPEMEHH JIBUKEHUSI M CKOPOCTH JIBMXKEHHSI OT BBICOTHI. M3 rpadynkoB BUAHO, YTO MPH MaJIeHUH O3 Maparora
MapalIoTUCT CTAJIKUBACTCS C MOBEPXHOCTBIO Ha ckopocTH Oosnee 30 m/c, 4To cocTaBisieT Oonee 1005 KM/

M

gac. 9To KaTaCTpOCI)a. be3onacHbiM cunTaercs MPU3EMJICHUC, TP KOTOPOM CKOPOCTh NPU3CMIICHUA V =~ —.
¢
PACKPLBITBIM MMAPAIITIOTOM BPEMS IIPU3EMIICHUA COCTABIIACT 34 MHH, TOI'1a KaK NP HCPCKPBITHIM IIapaIlItOTOM
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— 3 MuH. Hpe}lCTaBJ’ICHH pacydeThl U BU3yaJIn3alus ABUXKCHUA MAPAIIIOTUCTA IIPU 3aTAXKHOM HPBDKKE, KOT1a
NnapamroT paCKPbIBACTCA 4YCPE3 20 ¢ mocie KaTalyJbTUBUPOBAHUA U I’paCI)I/IKI/I 3aBUCUMOCTHU BBICOTHI OT
BPCMCHHU JABUIKCHUS U CKOPOCTH OT BBLICOTHI. Us Fpa(l)I/IKOB BUJIHO, YTO CHa4daJja MapamroTUCT MagacT u €ro
CKOPOCTh AOCTHUTACT MPCACIbHOIO 3HAYCHUSA ~ 40 M/C, C KOTOpOfI OH MMPOAOJDKACT MaJaTb HCKOTOPOC BPEMSL
u Ha BricoTe 5400 M, TI€ paCKPBIBACTCH MMAPAIIIOT, CKOPOCTDb NapalroTUCTa PE3KO CHUIKACTCA U TOCTCIICHHO,
MEAJICHHO 1 MOHOTOHHO CHHXXACTCA 0 0e30I1acHOr0 MPU3CMIICHUS. I[aHBI 3aJaHusA I CaMOCTOSATCILHOU
paGOTLI. Pe3y.]'II>TaTBI AAaHHOI'O HMCJICAOBAHUA HCIIOJB3YIOTCA IMPU OBJIAJACHUN AUCHUIIINH «TeOpeTI/ILICCKaSI
MEXaHHKa» U «MO,Z[GJ'II/IpOBaHI/Ie (1)I/I3I/I‘IGCKI/IX mpoucccoBy»

KiroueBbie ciioBa: HapamroT, COMMPOTUBIICHUC BO31yXa, BBICOTA, Oe3omacHoe MMPU3EMJICHUC, CKOPOCTh.
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