V. Dovhaliuk
Professor

Kyiv National University of
Ukraine

0. Gumen

Professor

National Technical University of Ukraine
‘Kyiv Polytechnic Institute’
Ukraine

V. Mileikovskyi

Associate Professor
Kyiv National University of
Ukraine

V. Dziubenko

Associate Professor

Kyiv National University of
Construction and Architecture
Ukraine

Simplified Analysis of Turbulence
Intensity in Curvilinear Wall Jets

A simplified approach for estimation of turbulence intensity of turbulent
submerged wall jets on cylindrical surfaces with different curvature is
shown. It is a continuation of researches, performed by professor of Kyiv
National University of Construction and Architecture Andrei Tkachuk. By
using the geometric and kinematic analysis of turbulent macrostructure, it
is proposed to found not only averaged flow characteristics but also
turbulent pulsations. Analysis of visual researches of submerged jets in
different works allows assuming such kind of flow as touching large round
vortices (puffs), which roll by free flow boundary. In this work, geometric
and kinematic analysis of this macrostructure chart in concave submerged
wall jets is performed, and turbulence intensity is found. Results of the
same analysis for submerged convex wall jets allow obtaining common
dependencies for different curvature. The results are accepted by
comparison with known experimental data.
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puffs.

1. INTRODUCTION

This work is based on the lecture “Geometric Analysis
of Turbulence Parameters in Wall Jets Dependent on the
Wall Curvature” at 17-th International Conference of
Geometry and Graphics ICGG-2016, held by
International Society of Geometry and Graphics
(ISGG). The lecture has been strongly revised including
remarks and question answers during the discussion on
the Conference. The authors have a permit from ISGG
for publication of this work after revisions outside the
Society.

Energy efficient ventilation and air conditioning is
possible only if air exchange organization (the design of
air distribution and outlet) is efficient. Most of the flows
in rooms are turbulent. It means that air velocity
changes randomly (pulsates) in time.

If human body dissipates metabolic heat without
stress for heat regulation system, the microclimate
conditions are comfort. There are five microclimate
factors: air temperature [1, 2], air humidity [1, 2],
average temperature of all surfaces (radiant
temperature) [1, 2], air velocity [1, 2], and turbulence
intensity (relation between velocity pulsations and ave—
rage velocity) of flows [2]. The turbulence intensity
measuring and predicting is necessary, but it is a diffi—
cult task. Similar task may be also solved in aviation,
ecology, urban aerodynamics etc.

Usually, the turbulence intensity for air exchange
organization can be found by complex experimental
researches in special laboratories or by computational
fluid dynamic.
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Computational fluid dynamic (CFD) software [3] is
expensive. It requires powerful hardware. The arran—
gement of CFD simulation for optimization of air
exchange organization is the same as physical experi—
ments. We cannot obtain the optimal conditions from
CFD equations directly.

Only one CFD model is universal, very precise and
does not have any experimental constants or fictitious
values. It is Direct Numerical Simulation (DNS) of
Navier-Stokes Equations [4]. The main problem is very
huge memory and time consumption because of very
large computational mesh. Time and memory saving
models [3, 5-9] are based on smaller mesh, replacing the
lost data by fictitious values (e.g. turbulence viscosity),
additional equations, and experimental coefficients. All
of them are redundant and may be avoided if
mathematics will provide more effective tools for
average solution of unstable equations. Also, there are
no proofs of universality of these experimental
coefficients, so special tasks require experimental
validation [8].

Unlike this, A. Tkachuk, the Professor of Kyiv
National University of Construction and Architecture,
has propose a theory of turbulent flows [10]. The main
assumption is minimal influence of viscosity on
developed turbulent flows. The flows can be accepted as
ideal liquid flows with singularities — small vortices —
that act as foreign bodies. Small-scale turbulent
boundary layers at rupture of tangential velocity
component can be accepted as films of round touching
vortices as it shown on the figure 1 [10]. Kinematic
analysis of this scheme gives the most of known
experimental and semi-empirical equations for averaged
flows in pipes, near to walls etc.

Continuation of this approach for turbulent subsonic
submerged (inside the same air, liquid or gas) jet flows
(hereinafter referred to as jets) may describe such flows
without experimental constants and fictitious values.
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Figure 1: Scheme of tangential velocity rupture between
velocity minus V,, [m/s] and plus V,, [m/s] (relative to the
vortices axes) shown as a vortex sheet rotated with
peripheral velocity V, [m/s]

2. MAIN CONCEPTS

Unlike near to wall flows, jets or mixing layers between
flows contain large eddies so-called puffs. They stay
visible by dyeing the flow [11, 12] at relatively small
Reynolds number — up to 10* [12]. Different sources
provide different data about Reynolds number influence
on jet parameters. B. Griff, H. Recknagel, E. Sprenger
et al; P. Frings and J. Pfeifer [12] recommend the
following equation of axial velocity u,, [m/s], related to
initial velocity uy [m/s], for main part of a free axis-
symmetrical jet from a nozzle of diameter Dy [m] and
area Ay [m?] at distance x [m] from it:

y, 11ug=(1/m'\Dy/x), (1)

where m' is coefficient of mixing of jet and ambient air
(liquid, gas). For small initial turbulence m'=0.1...0.2;
for great one —m'=0.2...0.5.

Independently, M. Grimitlin [13] has obtained the
equation, analogous to (1):

um/u0=mA(l)/2/x, 2)
where m =2/ (n"*m") is a coefficient of axial velocity
change. Let us accept data of [13] for near to constant
temperature and typical local resistance coefficient of
nozzle £=1.1. Using the equations (1, 2), it is possible
to obtain typical values in ventilation m'=0.17 or
m = 6,8 as at small initial turbulence. The “great” initial
turbulence [13] can be obtained by special turbolators at
the nozzles, used in special air diffusers. However, for
simple nozzle the value at small turbulence is applicable
for ventilation in a wide range of Reynolds number.

On other side, if high-ordered large-scale vorticity
does not visualize, its absence is not proved. Maybe,
medium-scale vorticity inside the large-scale vortices is
visualized. Thus, for ventilation tasks it is possible to
enlarge the scope of dependencies, obtained using the
visualizations at low Reynolds number, to cover a wide
range of Reynolds number.

By A. Tkachuk’s theory, a jet can be presented as a
large-scale vortex sheet. The averaged shape of the
puffs is near to round. All jets inject the ambient air
(fluid, gas) in the direction, normal to the jet direction.

Let us consider a concave wall jet near to a concave
cylindrical wall (figure 2). It consists of two layers: thin
wall boundary layer between the wall w and the division
line d, and also, thick jet boundary layer between the
line d and the boundary line b.
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Figure 2: Scheme of concave wall jet: 1 — puff; 2 — external
part of interpuff layer; 3 — internal part of interpuff layer

The puff centre locus is the line g. The locus of
maximum velocity in sections is the line m.

Any concave wall jet always runs in an accom—
panying flow with velocity u;, [m/s]. The last caused by
the injection flow with velocity v [m/s], to next flow
sections. Usually, it is considered as a part of the wall
boundary layer. Nevertheless, in this work we will
describe only the pure jet boundary layer with the puffs.

Let us choose a puff 1 with radius » [m] and use a
Euclidean coordinate system x, y. Its y-axis goes away
from the wall w and contains the puff 1 and the wall w
centres. The x-axis is a tangent to the wall w in the jet
direction. It is possible to neglect jet expansion during
passage of the puff 1 through the y-axis. This allows
replacing time averaging by averaging along a line at
fixed y [m] inside a quasi-period (or half-period) of the
macrostructure with the puff.

In external part of the interpuff layer 2 there is only
injection to the flow. Therefore, the x-velocity is equal
to u, [m/s]. In internal part 3 we only can interpolate x-
velocity u, [m/s] by a polynomial that is dependent on y
only.

3. GEOMETRIC ANALYSIS OF THE SIMPLIFIED
MACROSTRUCTURE CHART

At first, the quasi-period with the puff 1 may be defined.
Let us define a line ¢ as a tangent to the puff 1 from the
wall w centre O downstream relatively to the axis y. The
tangent point is 4;,. The point 4; is the nearest point on
the puff 1 to the wall w (on the line d) in the section along
the axis y. Its ordinate is y, [m]. The most distant point in
the same section (on the line ) is B; with ordinate y, [m].
The centre of the puff 1 has the ordinate [m]

ve=Wp+ya)2. (3)
The puff radius [m]
r=(p-va)/2. )

Angle ¢ between the tangent ¢ and the axis y can be
found from the right triangle AOA,0, with the right
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angle OA4,,0;, known opposite leg |[41,0;| =r [m], and
hypotenuse |OO,|=R—-y. [m]. Using the equations
(3,4):

sin(p)= (v = va)/QR=yp = 74)- (%)

A line designation between vertical lines (absolute
value) in this work means length of the corresponding
line. Tangent of the angle:

-12
tan(q;)—l[ R=Y4 [ R=Ya —1)} . (6)
2\ =ya\Yb=Ya

At some fixed y [m] there is a line 4B, parallel to the
x-axis. The point 4 is on the y-axis, the point B is on the
line ¢. Velocity averaging may be performed by this
line. Let us call C the intersection of the line 4B and the
puff 1 boundary. For the averaging we need to know
length [m] of both parts of the line: 4C and BC. Length

[m] of the line AB using the equations (4, 6):

|4B|= (R - y)tan(p)=

1/2
=1(R—y/(R_yd(R_yd—1B ) (7
2 Yb=Yd \ Vb~V
Length of the line AC [m], may be found from the
right triangle ACAO,. The knowns are the hypotenuse
|O,Cl=7r [m] and the leg |[4O,|=|y—y. [m] for both
cases: y >y, and y <y.. Using the equations (3, 4):

!AC\=(FZ—(y—yc)2)m =

1/2
R [l— Lo j S®
Yb—Yd Vb~ Yd
Length [m] of the line BC can be found as difference
between length [m] of the lines AB and AC:

Bc|=1 Ry -

2 12
R_yd (R_yd _l]
Yb=Vd \ Vb —Vd

1/2
~ (v —ya) 224 (1— y—de )
Vb —Yd Vb~ Yd
To simplify calculations, the following formulas will

be used, which can be checked by removing of
parentheses:

a(1-a)=(1-(2a-1))/a; (10)
ala-1)=(2a-17 —1)/4. (11)

By the equations (7-11), both parts of AC and BC in
AB are

é:]AB\ 2AR-7) > 12
1 1
ad (e —1)2)5((21§ —1f —1)2
P 5212 ~ , (13)
48| 2(R-7)
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where relative ordinate and radius:

7= =ya)vy—ra): (14)
R=(R-yy)/(vp—rq)- (15)

At last, we need ordinate [m] of the touch point 4,.
Let us draw perpendicular 4,/ from the touch point 4,
to y. The point / is on the y-axis. To find length
|A1,1] [m] it is possible to use the right triangle AO/A,.
The angle O,/4,, is right. The length |4,,0,| =7 [m].
The angle 14,0, =¢ because A, /1y and 4,0 Lt
Thus length [m] of the line /0,

2
\101]=r-sin(¢)=l-—(yb"yd) . (16)
2 2R-yp—y4

The ordinate [m] is
=l +ye . (17)

By the equations (3, 14, 16, 17) after simple
transformations, the relative ordinate of the touch point

5= (=) —ya)=RICR-1).  (18)

4. KINEMATIC ANALYSIS

The puffs roll on the free boundary as wheels. X-
velocity u, [m/s] is linearly dependent on y [m] by the
Euler formulas for rotation [14]. At the free boundary
(point By) it is u, [m/s]. Let us call the velocity at the
division line (point A;) u; [m/s]. Let us accept the
surplus x-velocity [m/s]

Au, =u, —uy . 19)
The surplus x-velocity [m/s], using the equation
(19), in the puff is

Ay, = Aug(1-5). (20)

The x-velocity [m/s] in both parts of the interpuff
layer can be found by the following equation

Auy; = AugP(5), Q1)

where P is a polynomial. For the external part the P is
the simplest polynomial with all zero coefficients
(identically equal to zero).

Both equations (20, 21) are independent on x [m]
between the lines y and ¢. Therefore, difference between
local and average velocity [m/s] is also independent on
x [m]. Averaging by the line AB of any value a that is x-
independent separately in the puff (a,) and the interpuff
layer (a;) can be performed by the following equation:

a = a,,(4Cl/|4B|)+a;(BC|/|4B]). (22)

The straight over-line above an expression in this
work means averaging of it.

Averaged surplus x-velocity [m/s] by the equations
(15-18) after replacing @ by Au [m] and simple
transformations is

du, = Mg (1-5-PG)E+PF).  (23)
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The pulsation velocity [m/s] can be found as root-
mean-square of the velocity, using the equations (15,
16, 19):

(e A (P

= tug-5-P)EM-2)"*. (24)

5. COMMON EQUATIONS FOR CONVEX AND
CONCAVE WALL JETS

The same reasoning as for the equations (3-24), but for
a convex wall, gives the similar equations as (18, 24),
but with different signs. Therefore, the relative radius,
the part of AC line, and the touch point ordinate are

R=R+y )y -vq); (25)
R TI 1/2
‘AC_:_(I—(Zy—l))‘ ((21&1)2—1) |
= (k=) -
5 =RIQR+1). @7)

The top sign of the formulas (25-27) is for the
convex jets. The bottom sign is for the concave jets. If
there is no external flow, the convex jets does not
produce an accompanying flow. By “old theory”, the
boundary velocity u, is zero. In this case Au=u [m/s].
By “modern theory”, the velocity profile is asymptotic
and it is necessary to use Au [m/s]. Both theories
provide close results with acceptable deviation for
ventilation.

The equation (24) may be used with formulas (25-
27) after replacing the arc above the parameter = by
tilde. Turbulence intensity of jets is usually related to
maximum velocity u,,, m/s, in a section:

e::—;:Tph—;—P(;)KE(l—E) /Z{A“m}. (28)

U

In the equation (28) the expression in the square
brackets is only for the concave jets or convex jets by
“modern theory”. For the convex jets by “old theory” it
is equal to one. The maximum velocity u,,, m/s, may be
found from the equation (23), using numerical
optimization methods or bulky derivatives for convex or
concave jets separately.

Let us accept 1. Shepelev’s hypothesis [15] that it is
possible to eliminate the wall boundary layer from
consideration. Author’s refinement says that the puffs
may be imaginary enlarged to the wall w. In this case,
¥»~0. The wall boundary layer stay thin and may be
simulated by the A. Tkachuk's theory as a very thin
vortex film that act as a lubricant. Therefore, at the
points 4,, F and E velocity is near to u, [m/s]. At the
point 4, velocity is near to translational velocity of the
puff u,/2 [m/s]. The simplest polynomial P for the
internal part 3 of the interpuff layer is a constant —
average velocity by the points above:

P(7)=(3/4)luy/u,)at <5, . (29)
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For the concave or flat wall jet, if using “old
theory”, u, =~ 0. Thus, the polynomial by the equation
(29) is 3/4.

In the external part at y >y, the polynomial is zero.

6. ANALYSIS OF THE RESULTS

As only large-scale vorticity is considered, the results
(figure 3) may be less than experimental data. For
convex jets the intensity changes below 5%

(6=0.1239...0.1304) at R >2.14.
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Figure 3: Maximum turbulence intensity in jets dependent
on the relative wall radius: 1 — calculation results,

2 — corrected results using correction for turbulence
intensity of inflow, 3 - experimental data for flat jets of

J. G. Eriksson, R. . Karlsson, and J. Persson [4]; 4 — DNS
(direct numeric solution of Navier-Stokes equation)
simulation results [4]; 5 — experimental data [16] at ¢ =65 °
and initial Reynold's number 9340; 6 — the same at ¢ =65 °
and initial Reynold's number 21040; 7 — the same at ¢ =35 °
and initial Reynold's number 9340; 8 — the same at ¢ =35 °
and initial Reynold's number 21040

For concave jets the intensity changes below 5 %

(¢ [t / Au,y] =0.1180...0.1239) at R <2.40. This in—
tensity change is equal to experimental errors, and it can
be neglected.

Out of the ranges there is avalanche-like increase
(convex jets) or decrease (concave jets) of turbulence
intensity. It shows the jet detach (convex jets) or destroy
due to geometric incompatibility between the wall and
the puffs (concave jets).

The experimental data [16] for convex jets (figure 3)
is differs up to 0.08. It is the influence of medium- and
small-scale vorticity. It is possible to assume that the jet
consumes the turbulent vorticity in injection flow to the
jet. It can be assumed [17] as near to 0.055 (5.5 %), and
it is possible to add it to the results and obtain the ideal
difference — up to 0.025. For the concave jets (by
experimental data of Tailand & Mathieu, Wilson &
Goldstein and Spettel at al.) this value [18] is greater
(¢=0.16...0.22) due to additional Gortler’s medium-
scale vortices. However, using plus 0.055 correction the
deviation is up to 0.047, and it is enough for ventilation.

Thus, the geometric analysis of puffs gives a
possibility of turbulence intensity prediction in wall jets
because in most cases the large-scale turbulence gives a
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greater part of the total turbulence intensity. In addition,
this approach can predict the jet detach or destroy.
Future researches will directed on jets interaction.

1. CONCLUSION

The approach to calculating turbulence intensity in jets,
mixing layers between flows etc., caused by large-scale
vorticity, without any fictitious values or experimental
coefficients is proposed. The equations for the tur—
bulence intensity calculation of the wall jets with
different curvature are obtained. It is shown that the
maximum turbulence intensity calculated by the large-
scale vorticity only is lower than experimental values.
This difference is caused by the small- and medium-
scale vorticity. Deviation of results is very good after
accepting the correction for injection flow turbulence.
The approach is helpful for the developers of air
distribution devices for ventilation and air conditioning.

ACKNOWLEDGEMENT

The authors thanks to professor of Heat Gas Supply and
Ventilation Department of Kyiv National University of
Construction and Architecture Andrei Tkachuk (1928-
2002) for foundation of this research direction in the
University.

REFERENCES

[1] Kamenev, P. N. and Tertichnik, E. 1.: Ventilation,
Publisher of Construction Universities Association,
Moscow, 2011 (in Russian).

[2] Strelchuk, O. and Sizov, O.: DBN V.2.5-67:2013.
Heating, Ventyliation and Air Conditioning,
Ukrarhbudinform, Kyiv, 2013 (in Ukrainian).

[3] Aliamovskii, A. et al.: SolidWorks. Computational
simulation in  engineering practice, BKhV-
Peterburg, Sankt-Petersburg, 2005 (in Russian).

[4] Ahlman, D., Brethouwer, G. and Johansson, A. V.:
Direct Numerical Simulation of a Plane Turbulent
Wall-Jet Including Scalar Mixing - Physics of
Fluids, Vol. 19, No. 6, pp. 065102-1 - 065102-13,
2007.

[5] Gutierrez, L. F., Tamagno,J. P., Elaskar, S. A.:
RANS Simulation of Turbulent Diffusive
Combustion using Open Foam - Journal of Applied
Fluid Mechanics, Vol.9, No.2, pp. 669-682, 2016.

[6] Lemos, R. de L., Vieira, R.S., Isoldi L.A., Rocha
L.F.O., Pereira, M. dos S. and Dos Santos, E.D.:
Numerical Analysis of a Turbulent Flow with
Coanda Effect in Hydrodynamics Profiles - FME
Transactions, Vol. 45, No 3, pp. 412-420, 2017.

[7] Jeli, Z., Stojicevic, M., Cvetkovic, 1., Duta, A. and
Popa D.-L.: A 3d Analysis of Geometrical Factors
and their Influence on Air Flow Around a Satellite
Dish - FME Transactions, Vol. 45, No 2, pp. 262-
267,2017.

[8] Mirkov, N. and Rasuo, B.: Numerical simulation of
air jet attachment to convex walls and application
to UAV, In: Knobloch, P. (Ed) Boundary and
Interior Layers, Computational and Asymptotic

FME Transactions

Methods - BAIL 2014, Editor:, Series: Lecture
Notes in Computational Science and Engineering,
Vol. 108, Springer, pp. 197-208, 2015.

[9] Mirkov, N., Rasuo, B. and Kenjeres, S.: On the
improved finite volume procedure for simulation of
turbulent flows over real complex terrains - Journal
of Computational Physics, Vol. 287, No 15, pp. 18-
45, April 2015.

[10] Tkachuk, A. Ya.: Computational Simulation of
Averaged Flow in Turbulent Zone of Flat and
Axissymmetrical Wall Boundary Layers -
Ventilation, [llumination and Heat Gas Supply, Iss.
2, pp. 3-18, 2001 (in Ukrainian).

[11]Tsai, Y. S., Hunt, J. C. R., Nieuwstadt, F. T. M.,
Westerweel, J., Gunasekaran, B. P. N.: Effect of
Strong External Turbulence on a Wall Jet Boundary
Layer - Flow, Turbulence and Combustion, Vol. 79,
Iss. 2 pp. 155-174, 2007

[12]Zhukovskyi, S. S., Labai, V. Y.: derodynamics of
Ventyliation. Textbook, Publisher of National
University “Lviv Polytechnics”, Lviv, 2003 (in
Ukrainian).

[13] Grimitlin M. Y.: Air Distribution in rooms, AVOK,
Nord-West, Sankt-Petersburg, 2004 (in Russian).

[14]Drong, V. I, Dubinin, V. V. Ilin, M. M,
Kolesnikov, K. S., Kosmodemianskii, V. A.,
Nazarenko, B. P., Pankratov, A. A., Rusanov, P. G.,
Saratov, Yu. S., Stepanchuk, Yu. M., Tusheva, G.
M., Shkapov, P. M.: Course of Theoretical mec—
hanics, Bauman MSTU, Moscow, 2005 (in
Russian).

[15]Shepelev, 1. A.: Aerodynamics of air flows in a
room. Stroiizdat, Moscow, 1978 (in Russian).

[16] Perera, K. R. L.: Curved Wall Boundary Layer
Flow. Thesis, Naval Postgraduate School, USA,
1971.
http://calhoun.nps.edu/bitstream/handle/10945/156
42/curvedwallboundaOOpere.pdf?sequence=1.

[17] Gumen, O., Dovhaliuk, V., Mileikovskyi, V.,
Lebedieva, O., Dziubenko, V.: Geometric Analysis
of Turbulent Macrostructure in Jets Laid on Flat
Surfaces for Turbulence Intensity Calculation -
FME Transactions, Vol. 45 No. 2., pp. 236-242,
2017.

[18] Pajayakrit P.: Turbulence Modeling for Curved
Wall Jets under Adverse Pressure Gradient. PhD.
Thesis, Ottawa-Carleton Institute for Mechanical
and Aerospace Engineering, Ontario, 1997.
http://www.collectionscanada.gc.ca/obj/s4/f2/dsk2/f
tp02/NQ26861.pdf.

NOMENCLATURE

Area [m’]

any value (intermediate result)

Diameter [m]

coefficient of axial velocity change
m=2/(n"*m

coefficient of mixing of jet and ambient air
polynomial

radius of the wall [m]

TSI ¥ DR A
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r radius of the selected puff [m]
u velocity in jet [m/s]
u' pulsation velocity [m/s]
v velocity of injection flow to the jet [m/s]
X,y coordinates [m]
Greek symbols
Au surplus velocity [m/s]
€ turbulence intensity in jet e =u'/ u,,
- relation between length of legs AC and AB
. in convex wall jets &= |AC|/|AB]
& local resistance coefficient of nozzle
T pi constant 7 =3.14159...
angle of tangent of the selected puff in
4 radians
Subscripts
0 jet output (initial)
b free jet boundary
c puff centre
d division line between boundary layers
i interpuff layer
m locus of maximum velocity
P puff
t touch point of puffs
x projection on x-axis
Overlines

~

relative value for concave jets

puff centre
averaging
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YIIPOIIREHA AHAJIN3A UHTEH3UTETA
TYPBYJIEHHHUJE KO/J{
3AKPUB/BEHUX 3UJTHUX MJIAZEBA

B. loBxaauyk, O. I'ymen, B. MunejkoBcku, B.
[Inybenko

[pukazan je ynpolnhieHH NOPUCTYI MPOLEHH HHTCH—
3uTeTa TypOyJeHIuje Ko TypOyJICHTHHX MOTOIbEHHX
3UAHMX Mia3eBa Ha LWIMHIAPHYHUM ITOBPLIMHAMA
pa3IHYMTe 3aKPUBJBEHOCTH. Pan mpencraBiba HacTaBak
nctpaxnBama AHIpeja Tkauyka, mpodecopa Hammo—
HaJHOT Tpal)eBHHCKOT M apXUTEKTOHCKOT (axyiTera y
KujeBy. I'eomMeTpujckoM M KHHEMATH4KOM aHAJIM30M
TYpOyJICHTHE MAaKpOCTPYKType INpeiaxe ce YyCIoc—
TaB/balb€ HE CaMO KapaKTEpUCTUKA MPOCEYHOT
cTpyjama Beh u TypOyJeHTHHX myJcaiuja. AHajau3a
BU3YEIIHUX  HUCTPaXKHBama IOTOIUBEHHX  MJla3eBa
JOMyIITa JAa C€ MPETIHOCTaBM Ja MOCTOjH TaKBO
CTpyjame jep ce IOAMpYje Ca BEIMKHM KPYXXHUM
BpTJIO3UMa (BHUPOBUMA), Koju ce Kpehy y3 3umoBe
CIIOOOTHUX TPaHUIIA CTPYjarba.

W3BpireHa je reoMeTpHjcka W KHHEMATHYKa aHaM3a
Jdjarpama MaKpOCTPYKType KOJ KOHKaBHUX
NOTOIUBCHUX 3UIHHUX MJIa3eBa U yTBphEH je HHTeH3UTET
TypOyneHnje. PesynTaTtn ucTe aHanm3e CrIpoBeleHe
KoL IIOTOIIJbE€HUX KOHBCKCHHUX 3UIHUX MJjia3cBa
oMoryhmnu cy na 1o0ujeMo 3ajeqHUYKE 3aBUCHOCTH 3a
pa3nuuuTa 3aKpuBJbeHa. Pesyntatu cy mnorBpheHu
yrnopehuBameM ca I[O3HATUM  CKCIICPHUMEHTATHUM
noAaIuma.
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