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ABSTRACT. The paper focuses on the possibilities of adequately simulating
complex flow fields that appear around small-scale propellers of multicopter
aircraft. Such unmanned air vehicles (UAVs) are steadily gaining popular-
ity for their diverse applications (surveillance, communication, deliveries, etc.)
and the need for a viable (i.e. usable, satisfactory, practical) computational
tool is also surging. From an engineering standpoint, it is important to obtain
sufficiently accurate predictions of flow field variables in a reasonable amount
of time so that the design process can be fast and efficient, in particular the
subsequent structural and flight mechanics analyses. That is why more or less
standard fluid flow models, e.g. Reynolds-averaged Navier-Stokes (RANS)
equations solved by the finite volume method (FVM), are constantly being
employed and validated. On the other hand, special attention must be given
to various flow peculiarities occurring around the blade segments shaped like
airfoils since these flows are characterized by small chords (length-scales), low
speeds and, therefore, low Reynolds numbers (Re) and pronounced viscous
effects. The investigated low-Re flows include both transitional and turbulent
zones, laminar separation bubbles (LSBs), flow separation, as well as rotating
wakes, which require somewhat specific approaches to flow modeling (advanced
turbulence models, fine spatial and temporal scales, etc). Here, the conducted
computations (around stationary blade segments as well as rotating rotors),
closed by different turbulence models, are presented and explained. Various
qualitative and quantitative results are provided, compared and discussed.
The main possibilities and obstacles of each computational approach are men-
tioned. Where possible, numerical results are validated against experimental
data. The correspondence between the two sets of results can be considered
satisfactory (relative differences for the thrust coefficient amount to 15%, while
they are even lower for the torque coefficient). It can be concluded that the
choice of turbulence modeling (and/or resolving) greatly affects the final out-
put, even in design operating conditions (at medium angles-of-attack where
laminar, attached flow dominates). Distinctive flow phenomena still exist,
and in order to be adequately simulated, a comprehensive modeling approach
should be adopted.
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1. Introduction

The paper investigates fluid flows around propellers of small-scale multicopter
UAVs in both design and off-design operating conditions. UAVs are so popular
today for their ability to hover as well as perform progressive flight and accom-
plish various useful assignments (monitoring, observation, reporting, delivering,
cleaning, enabling communication, etc.) that require significant flying maneuver-
ability. These aircraft are usually equipped with fixed-geometry propellers that
are controlled solely by changing their angular velocities. In order to provide fast
responses to the desired flying commands, their rotors must be able to produce
satisfactory levels of thrust and torque in all operating conditions, both nominal
(e.g. at 70%) and off-design (at low angular velocities). In other words, the fluid
flow around the propeller rotors (including blade segments) should be known or
estimated sufficiently accurately, which particularly applies to hover, the basic ax-
isymmetric flying condition.

This study focuses on a propeller blade intended for a quadcopter with the 10-
15 kg useful payload that was specially designed for the following working regime
— angular velocity 2 = 3289 rpm corresponding to the 70% engine (electric motor)
throttle. The blade shape (airfoil contour) was obtained through an optimization
study [1] that required a simple and fast estimation of propeller thrust and torque
at a nominal Reynolds number of 300,000 (while off-design conditions correspond
to the range 60,000-200,000 of Re). Although various numerical models, differing in
complexity and the amount of physical details they take into account, exist and are
regularly employed |2H5], a combined blade element momentum theory (BEMT),
which uses simplified 2D aerodynamic characteristics, is still the most suitable for
preliminary analysis and a large number of repeated computations [2H4], while the
computational fluid dynamics (CFD) approach is used in subsequent design phases
for a more detailed inspection of flow field variables. CFD analyses should be able
to incorporate viscous effects to the highest degree and therefore provide the most
accurate output data.

However, low-Re flows around propeller blades, even at medium angles-of-
attack (a, AoAs), are intriguing and complicated for simulation since numerous
flow peculiarities appear, e.g. initially laminar flow transits to turbulent through
laminar separation bubbles (LSBs) which can even be accompanied by massive
flow separation. These mechanisms still remain unresolved and different numerical
approaches have to be tried and their applicability estimated |6H11].

In continuation, some comments on usually employed approaches to turbulence
modeling are provided. To be as comprehensive and useful as possible, the core of
this investigation comprises two parts:

- numerical simulation of the flow around a stationary blade segment,
and

- numerical simulation of the flow around the whole rotor,
which are described in more detail in the following sections. In the end, a brief
summary, some conclusions and few recommendations are given.
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2. A few comments on turbulence modeling

While (Unsteady) Reynolds-averaged Navier—Stokes or (U)RANS equations de-
scribing the fluid flow are still dominantly used in industrial applications |[9+H11],
certain models that resolve at least a portion of the turbulence spectrum (i.e. scale-
resolving or SR) are becoming more and more employed, even though they are ex-
tremely computationally expensive [6}/8//9]. The main reason for their increased use
is their ability to better describe real physical processes (in particular energy dissi-
pation) since they take into account more fluid flow information (that we otherwise
consider as noise). However, the appropriateness and accuracy of numerical results
obtained by more advanced turbulence models is still questionable, and should be
investigated in detail. It is therefore best to begin with relatively familiar exam-
ples such as external flows around airfoils (i.e. wing or blade segments in 3D) and
perform a comparative study of the obtained results.

Additional complication in wall bounded flows is that they incorporate ex-
tremely small turbulence length scales (particularly in the wall vicinity) that also
decrease at higher Re [9]. Generally, linear dependence of the turbulent length
scale L on the wall distance y can be assumed, except in the viscous sublayer where
turbulence is damped by the dominant effects of molecular viscosity p. Given that
the thickness of the viscous sublayer is greater at low-Re, it is generally easier
to numerically simulate (and partially resolve) such flows. On the other hand,
laminar-turbulent transition highly complicates everything and makes simulating
the low-Re cases almost equally unfavorable as high-Re.

Here, together with transition SST (or v — Rey) [7], a hybrid Scale-Adaptive
Simulation (SAS) model [8}9], which resolves large eddies far away from the walls
while the flow in the wall vicinity (boundary layer) is modeled by the RANS ap-
proach, was employed for the case of a single blade segment. In order to obtain
results of the highest possible accuracy and gain insight into the modeling capa-
bilities of flows around airfoils at low-Re, the authors tried and compared several
computational approaches differing in complexity. They started with XFoil [12], a
panel method enhanced by various corrections that incorporate viscous effects, per-
formed both 2D and 3D flow simulations by transition SST turbulence model |7],
and ultimately employed one of the more advanced turbulence models available in
ANSYS Fluent — transitional SST-SAS [8,/9]. SAS implies the safest (most conser-
vative) approach since it should revert back to (U)RANS if the mesh (i.e. length)
or temporal resolution is insufficient. Here, at lower AoAs, the flow is mostly locally
unstable as turbulence in the boundary layer primarily dictates the flow around the
airfoil (i.e. the streamlined body). At higher AoAs, the turbulent mixing of bound-
ary layers coming from the lower and upper airfoil sides also becomes significant.
As stated in [9], SAS may not be the most adequate choice in such flow cases, and
other scale resolving models should be used instead.

One possibility that still requires enormous computing power but should be
tried in future studies (when more computational resources are at disposal) is cer-
tainly Large Eddy Simulation (LES). It is one of the most promising and employed
SR models that resolves larger scales of turbulence while filtering/removing the



146 SVORCAN, KOVACEVIC, TANOVIC, AND HASAN

smallest scale information. At length-scales that correspond to the grid size, tur-
bulence can be considered isotropic and homogeneous and a flow must be mod-
eled |9]. In this case, it means that the numerical grid near the walls should be
very fine to resolve the smallest scales of turbulence in the boundary layer, which
is computationally very expensive. Furthermore, LES has not yet reached a level
of maturity that enables the users without significant experience and knowledge of
flow physics to obtain sufficiently accurate and reliable results [13].

On the other hand, in the second case where the whole rotor is investigated, a
standard, quasi-steady approach that combines RANS equations closed by the k—w
SST turbulence model with the multiple reference frames (MRF) is adopted [6] to
account for both turbulence and rotating effects. This was primarily done because
of relatively limited computational resources that had to be employed when solving
such complex flows.

3. Flow around a blade segment

We start the propeller analysis with the inspection of its single section to bet-
ter understand the complex flow physics and precisely determine how well it can
be simulated. As previously mentioned, the contour of the investigated airfoil,
illustrated in Fig. [ was defined after a multi-objective optimization study that
was performed in order to obtain the best aerodynamic performances of the pro-
peller [1]. Since this was part of the conceptual design, the airfoil itself was not
experimentally investigated, but only numerically, at the assumed Reynolds num-
ber of 300,000. Since no universal turbulence model can be applied to all industrial
flows, different models were tried in order to obtain the most usable results.
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FIGURE 1. Airfoil contour

An interesting flow phenomenon should be introduced here. Laminar separa-
tion bubbles (LSBs), i.e. small zones of recirculating flow adjacent to wall surfaces
appearing at low Reynolds numbers, lead to laminar-to-turbulent transition, insti-
gate increased noise and vibrations and may lead to decreased aerodynamic per-
formances. Thus, they have been much investigated in the past decades, both ex-
perimentally and numerically [14H16]. However, vortex formation and breakdown
processes typical of LSB development still remain insufficiently resolved. This is
probably due to their sensitivity to the disturbance environment, as well as nu-
merous difficulties in performing experimental measurements that do not change
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the nature of the flow . On the other hand, accurate estimation of laminar-
to-turbulent transition greatly facilitates accurate prediction of the skin-friction
coefficient (and vice versa). Both of the mentioned characteristics directly affect
the drag coefficient and overall aerodynamic efficiency. For these reasons, further
research into LSBs is necessary, and a small portion of it is included in this study.

3.1. Geometry of the computational domain. Computational domain is
formed from a half-circle (extending 12.5¢ around the airfoil) and an aft rectangle
(spanning 20c¢ behind the airfoil) as presented in Fig.[2| In the span-wise direction,
the domain extent is one chord-length ¢, which is sufficient for allowing turbulent
structures to develop (without the effects of side boundaries).

FIGURE 2. Extents of the computational domain with outer
boundaries

The inlet boundaries are colored dark blue, the outlet boundary red, while the
pair of periodic, side surfaces is colored light blue. A small blade segment is barely
visible in the center of the computational domain.

3.2. Computational grid. Generation of high-quality mesh is quite an im-
portant, but also a challenging task. When possible, a traditional approach should
be adopted, similar to . Initial fine, planar mesh was C-type structured,
while its 3D counterpart is obtained by extruding 40 cells in a span-wise direction.
The dimensionless wall distance y+ is lower than 0.5 along the whole airfoil, while
the cell growth ratio never exceeds 1.2. Unfortunately, main limitations to further
mesh refinement are the available computational resources. The overall number of
cells is approximately 4 million. Illustrations of the generated and used computa-
tional grid around the airfoil together with its details near the airfoil leading and
trailing edges are provided in Fig.
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FIGURE 3. Detail of the generated mesh around the airfoil

3.3. Numerical set-up. All flow simulations were performed in ANSYS Flu-
ent |6], where the governing equations for spatial, incompressible, viscous, both
steady and transient (where necessary, at certain AoAs) flow are solved by the
finite volume method (FVM).

As previously stated, a Reynolds number of Re = 300,000 determined the flow
conditions. For the airfoil chord length ¢ = 1 m and standard air conditions (i.e.
values of density p and viscosity g in accordance with the standard atmosphere
model), the free-stream velocity magnitude defined along the inlet boundary was
V, = 4.3822 m/s, while its direction is determined by AoA. Zero gauge pressure
is assumed along the outlet. Periodic boundary conditions are applied on the side
surfaces (since symmetry may appear nonphysical in the case of turbulent flows).
Flow equations are closed by one of the previously mentioned turbulence models.

A pressure-based solver with SIMPLEC pressure-velocity coupling scheme is
used. All spatial and temporal (where applicable) discretizations are at least 2nd
order. In the unsteady simulations, the assumed time-step is 1 ms, producing a
Courant number CFL ~ 1. Computations were performed until the convergence of
aerodynamic coefficients was achieved.

3.4. Results and discussion. Computed velocity contours around the airfoil
at two different AoAs, namely o = 0° and « = 8°, are provided in Fig. [4] Large-
scale flow features such as the fore stagnation point, flow acceleration along the
upper boundary (and deceleration along the lower side), relatively narrow wake
detaching from the trailing edge (that expands at higher AoAs), etc. are clearly
visible. Given that the flow remains smooth and attached over a wide range of
AoA, it may be concluded that the airfoil is suitable for the designed operating
conditions.

However, in order to inspect in more detail small-scale flow features, such as
LSBs and other boundary layer occurrences, it is necessary to come very close to
the airfoil walls. The topology of computed LSBs, i.e. their size and location
at various AoAs, can be deduced from the functions of two standard dimensionless
variables — pressure C), and skin-friction C coefficient distributions along the upper
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(a) (b)

FIGURE 4. Velocity contours at: (a) a = 0°, (b) a = 8°

surface that are illustrated in Fig.[5] Generally, LSBs are denoted by even pressure
(zone of reversed flow) followed by the sudden pressure jump which is induced
by the flow reattachment. Here, however, due to the dynamic behavior of the
LSB, which actually comprises numerous smaller bubbles that interact, a zone of
varying pressure coefficient is easily recognized. The same range of the relative
longitudinal coordinate x/c¢ corresponds to the alternating negative and positive
values of the skin-friction coefficient that imply to the small zones of reversed flow
at all AoAs. However, it should be mentioned that LLSBs are inherent characteristics
of the employed transition SST turbulence model and that their computation is
highly governed by it. At « = 0° LSBs begin to appear in the second half, i.e.
at x/c > 0.5. With the increase in AoA, their occurrences slowly move forward,
towards the airfoil nose. Ultimately, at @ = 8°, a small LSB even appears in the
region 0.03 < z/c < 0.07. However, it quickly dies out, the flow remains laminar
(induced by observing intermittency distribution not represented here) and the next
flow reversal happens at z/c > 0.4.

[

Pressure coefficient C
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FIGURE 5. (a) Pressure coefficient, and (b) skin friction coefficient
distributions

Inside the LSB, the values of turbulence kinetic energy (TKE) k and turbulent
dissipation rate e are smaller than the adjacent up- and downstream, while the
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contrary can be said for the values of specific dissipation rate w. The obtained
values of intermittency - indicate a purely laminar flow inside the LSB.

Laminar-turbulent transition (triggered by the laminar separation bubble) can
clearly be seen by turbulence structures illustrated in Fig. [f] Their dimension in-
creases in the flow direction, particularly after the trailing edge. As AoA increases,
vivid and picturesque turbulence structures move forward and become more scat-
tered (dissipated).

FIGURE 6. Turbulence iso-structures around the blade segment
at: (a) a=0° (b) a =8°

3.5. Validation of the computational models. Unfortunately, since no
experimental data is available, critical estimate of the computational models is
performed thorough their mutual comparison as well as correlation to the numerical
results obtained by a simpler aerodynamic model (potential flow enhanced by semi-
empirical corrections solved by a panel method) in the freely available tool XFoil
. The results of both 3D analyses mostly lie somewhere between the curves
obtained by a panel method and 2D CFD simulations, see Fig. [7] Linearity of the
lift curve obtained by transition SST-SAS seems to be preserved, while all other
models seem to enter the non-linear range at o > 6°. Drag is by far the highest in
the 2D CFD simulations, while the transition SST-SAS model provides lower values
than the 3D transition SST, which ultimately results in an improved lift-to-drag
ratio, particularly at @ = 8°.

What happens at higher AoAs should be investigated in a future study (where
experimental validation would be the best). Also, aerodynamic coefficient ampli-
tudes seem to reduce at higher AoA for the transition SST-SAS turbulence model,
indicating (and confirming) that this model is more suitable for globally unstable
flows (than for small local instabilities where DES should better be employed).

4. Flow around a small-scale propeller

The geometry of the investigated small-scale propeller is relatively simple. A
constant airfoil together with linear pitch and cubic chord distributions is applied
along the streamlined portion of the blade. The rotor diameter is D = 0.76 m. This
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FiGURE 7. Computed aerodynamic coeflicients

light-weight blade, of composite sandwich structure, was manufactured by one of
the authors.

4.1. Geometry of the computational domain. As illustrated in Fig.
the complete geometry was modeled (and not just one half). The quasi-rotating
zone around the blade is shaped like a cylinder of diameter D, = 1 m, the total
total length 0.6 m. The surrounding, stationary zone is also cylindrical, extending
3.5 m in a radial direction, and 2 m and 8 m before and after the rotor.

FI1GURE 8. Computational domain around the propeller

4.2. Computational grid. After performing a grid independence study, a
refined hybrid unstructured mesh that comprises nearly 5.4 million cells was gen-
erated and used. Twenty-five layers of prismatic cells encompass the blade walls
where the value of dimensionless wall distance y™ was below 5 in all flow cases.
The mesh is additionally refined along the blades and along the interface bound-
ary (that separates the rotating from the stationary zone). Some details of the
generated mesh are presented in Fig. [0}
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FIGURE 9. Detail of the generated numerical grid

4.3. Numerical set-up. A three-dimensional, incompressible, nearly axisym-
metric flow around the blades was modeled by RANS equations and the (quasi-
steady) multiple reference frames (MRF) approach. As previously mentioned, flow
equations, closed by the k—w SST turbulence model, were solved in ANSYS Fluent
by the finite volume method [6].

Since hovering performances of the rotor are investigated (where velocity infin-
itely above and below the rotor should be zero), the following boundary conditions
are defined. The zero values of gauge pressures along both the inlet and outlet
surfaces are assumed, while the blade walls are rotational and no slip. Also, a
constant value of angular velocity is assigned to the inner, quasi-rotating zone.

Since air is considered incompressible, a pressure-based solver is used together
with the SIMPLEC pressure-velocity coupling scheme. All spatial discretizations
were of 2nd order. The computations were performed until the convergence of
aerodynamic coefficients was achieved.

4.4. Results and discussion. The CFD approach provides enormous quan-
tities of useful and illustrative data of flow variables. Likewise, Fig. [I0] depicts
pressure coefficient distribution along the blade in nominal operating conditions.
Again, similar to the previous analysis of the blade segment, it can be observed
that the flow is mostly smooth, attached and accelerated in the first half of the
blade upper surface, while the contribution of the root sections is mostly negligible.

Figure |11 presents the computed velocity contours (in a stationary frame) in
the mid-plane. Again, the flow is mostly accelerated (induced) through and after
the outer rotor ring. Also, the contraction of the wake behind the rotor is clearly
visible. It should be borne in mind that there is no flow coming through the
boundaries, and that these velocities are induced solely by the rotor rotation and
appropriate geometry.

Figure [I2] depicts the tip and root vortices detaching from the blades. They
are not significant, and they vanish quickly, implying that the corresponding losses
are also acceptable.
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FIGURE 10. Pressure coefficient distribution along the blade at
70% throttle

FIGURE 11. Velocity contours in mid-plane at 70% throttle

4.5. Validation of the computational models. Critical estimate of the
employed computational model was performed through the comparison with the
experimental data gathered by the authors . The contrasting of the two sets
of data, illustrated in Fig. [I3] can be performed by analyzing the corresponding
propeller performances, i.e. aerodynamic coefficients of thrust and torque, Cr and
Cq, which are computed as:

T Q
~ pn2DY 79T pp2ps

where T and () denote rotor thrust and torque, respectively, p is air density and n
is rotor angular frequency.

It should be noted that the torque @ was not actually measured, but implicitly
extracted from the values of voltage and current, and with the assumed efficiency of
electric-to-mechanical conversion of 82% deduced form the motor datasheets. Still,
both curves follow the expected trend and the correspondence between the two sets

Cr
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FIGURE 12. Vortical structures separating from blade tips colored
by velocity magnitude
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Fi1GURE 13. Computed aerodynamic coefficients

of results is satisfactory. Interestingly, the estimation of thrust is less accurate (rel-
ative differences amount to 15%), implying that the aerodynamic characteristics
(and local lift distribution in particular) are slightly underestimated by the em-
ployed computational approach and chosen turbulence model. On the other hand,
the estimation of torque (and mechanical power) seems to be more reliable implying
that drag forces and viscous effects are accounted for to a sufficient degree.

5. Conclusions

This paper provides a brief description of the steps that should be made when
simulating flows around small-scale propellers, including both the whole geometry
as well as separate segments. Several conclusions can be drawn.

Three-dimensional flows over a propeller blade segment at a Reynolds number
of 300,000 and several different angles-of-attack, with the special attention to LSB
formation and development, have been studied numerically. Although the LSB
phenomenon is still challenging to simulate, various distinctive and illustrative flow
visualizations, which present a good starting point for further computational and
experimental studies, are provided in the paper.
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This paper demonstrates that accurate estimation of airfoil (blade segment)
aerodynamic performances at medium and high angles-of-attack and low-Re is ex-
tremely difficult. This applies to both numerical and experimental studies, while
an analytical approach is barely possible and can only be employed in combination
with semi-empirical corrections. On the other hand, correct estimation of aerody-
namic characteristics of airfoils is extremely important for further analyses of 3D
bodies (wings, blades, etc.) and greatly affects the overall efficiency and the re-
quired power. Therefore, a careful and detailed approach should be assumed in flow
simulations. For precise results, very fine meshes and unsteady simulations of tur-
bulent flows are necessary. In the end, it is best to validate the obtained numerical
data against the results of the corresponding experimental measurements.

On the other hand, if global performances are the main research interest, they
can be successfully estimated even by standard computational approaches, as is
demonstrated on the flow around the complete propeller geometry. The accuracy
and usability of the adopted numerical model are additionally validated against the
experimentally obtained data (that includes thrust and torque coefficients). It can
be concluded that satisfactory correspondence between the two sets of results can
be achieved. Furthermore, numerical estimations seem to be on the safe side, i.e.
the required power can be accurately evaluated, while the thrust may be slightly
under-estimated (meaning that higher thrust levels can be expected in real flight).
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O N3BOJIMBVIM CUMVJIAIINJAMA OIICTPYJABAIBA
MAJINX POTOPA 1 CETMEHATA JIOITATUIIA

PE3UME. Paj je yemepen ka moryhHocTHMa CIIpoBOherba 3a/10BO/baBajynnux cu-
MyJIalja KOMILJIEKCHUX CTPYJHUX II0Jba KOja Ce jaBJbajy OKO MaJIUX €JINCa BUIIIe-
poropHux Jiereauna. llomyrapHoCT TaKBUX OECIMJIOTHHUX JIETEJIUIA je Y CTaJTHOM
nopacry 300r BUXOBUX PA3HOPOIHUX HaMeHa (HaJA30Dp, KOMYHHUKAIUja, UCIOPYKE,
uT) Te ce u norpeba 3a ycuemHuM (ynorpebJbuBUM, 33/[0BO/baBajyiuM, IpakTud-
HEM) HyMEpUYKHUM aJaToM Takohe Harsio noseliaBa. Ca MHKEHEPCKOr CTAHOBUIIITA,
BaXKHO je JIOOUTHU MPOIeHE BEJIUYMHA CTPYJHOT IM0Jba 33JI0BOJhaBajyhe TauHOCTH Y
peaJlHOM BpeMeHy Ja Ou IpOIeC IIPOjeKTOBama Morao outu Op3 u edukacaH, Ha-
pounTo 360r aHAAU3a Koje cieje (CTPYKTYpaaHUX U AuHamuke Jjera). 3 Tor pa-
3JI0ra, Hajuertlie ce KOPHUCTE W BAaJUIUPAjy PEJATHBHO CTAHIAPIHU MOJEIU HIID.
Haguje-Crokcose jegaadnne ocpembene PejHOIICOBOM CTATHCTUKOM, & PEeIlieHe Me-
TOJOM KOHauHMX 3amnpemuna. Ca Jpyre crpane, Tpebajio 6u oOpaTUTH HAPOUUTY
MMaKiby Ha, PA3JIUIUTE MOCEOHOCTU CTPYjHOT IMOJha KOje Ce JIENIaBajy OKO cerMeHa-
Ta JIoNaTUIle OOJMKOBAHUX Kao aepornpodmIn jep ce OBaKBa CTPYjarba OJIUKY]Y
MaJuM TeruBama (JyzKuHama), MajuM Op3uHaMa, 1a U MajuM PejHosicoBumM 6po-
jeBUMA 1 M3PAXKEHUM BUCKO3HHM edekTnMa. VcrparkuBaHa CTpyjama IIPU MAaJIAM
Pejuosacosum 6pojeBuma moppa3yMeBajy U mpesia3He u 30He TypOyJIEeHTHOT CTPY-
jama, JaMuHapHE MEXYPOBE, OTIEIVbEHhEe CTPYyjarba, Kao M pOTHpajyhe BPTIOXKHE
Tparose, MTO 3aXTEBA JIOHEK/Ie CleNuMUIHN IIPUCTYII MOJEIUPAy CTPyjama (Ha-
upeHuje TypOyJIeHTHE Mojiesie, (PUHE IPOCTOPHE U BpeMeHCKe pa3mepe, utn). OBje
Cy IPHUKA3aHU M [OJAIE-E€HN CIIPOBEIECHH MPOPAYyHH (OKO HEIOKPETHOr CerMeHTa
JIOLIATHIIE Ka0 M ODPTHE ejiuce), KOjU Cy 3aTBOPEHU DA3IMIUTHM TYDPOYIeHTHUM
MojeuMa. Pa3un KBaJUTATUBHUA M KBAHTUTATUBHU PA3yJITATH Cy JaTH, yropehe-
HU U npojuckyToBanu. CIlOMeHyTe Cy OCHOBHE MOIYNHOCTH M OrpaHMYerma CBAKOT
IpopavdyHCKor npuctyna. e je 6umo moryhe, HyMepudKy MOJAIM BaJUIUDAHN CY
Kpo3 mnopeheme ca ekcrepumentasanM. Crarama m3mely 1Ba cKyma pesysrara ce
MOI'y cMaTpaT 3a70BosbaBajyiiuM (pesaruBHe pasiuke y KoeUIUMjeHTUMA By IHE
cuie He npesase 15%, mok cy jom m mMame 3a xoedunujerTe MoMmenTa). Moxke ce
3aK/byYUTH J1a 0abup TypOyJIEHTHOI MOJIe/Ia BeOMa yTU4Ye Ha KPajibe pe3ysITare,
YaK My HOMUHAJHAM PaJHUM pPesKUMuMa, (DU CPEIbUM BPEJHOCTAMA HAIAHOT
yIJa rje JOMUHUPA JIAMUHADPHO, IPWIEILeHO crpyjame). Kapakrepucruanu crpyj-
Hr (PeHOMEHU Cy W Ty IPUCYTHHU, U Ja OM OMIn aJeKBaTHO CUMYJIUPAHU, TOTPEOHO
je ycBojuTu cBeoOyXBaTaH HYMEPUUIKNA MPUCTYII.
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