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INVESTIGATION OF THE FRICTION FACTOR IN HYDRAULICALLY ROUGH
PIPES

The study presents the results of a comprehensive theoretical and
analytical investigation of the friction factor in pipes with a uniformly
rough internal surface. Based on the principles of dimensional
analysis, a detailed mathematical model was developed to determine
the friction factor within the pre-quadratic zone of turbulence, where
the flow regime transitions between smooth and fully rough
conditions. The proposed model accounts for the influence of relative
roughness, Reynolds number, and flow structure parameters,
enabling a more accurate description of hydraulic resistance under
turbulent flow. To validate the theoretical findings, the classical
experimental data obtained by J. Nikuradse for pipes with uniform
roughness were subjected to modern statistical processing and
comparative evaluation. Furthermore, a conceptual physical model
was introduced to describe the dynamic interaction of vortices in the
boundary layer formed above the rough pipe surface. The results
contribute to a deeper understanding of turbulence mechanisms and
provide a basis for improving the prediction of energy losses in
hydraulic systems with rough-walled conduits.

Keywords: theoretical research, friction factor, hydraulically rough
pipes, region of pre-quadratic turbulence, dimensional analysis method.

1. Introduction. Challenges associated with the hydraulic
computation of pipelines often arise when solving hydrodynamic
problems. The motion of a liquid through a closed conduit occurs either
because of differences in geodetic elevation or as a result of energy
imparted to the flow by pumping equipment. In engineering practice,
hydraulic calculations are generally performed to determine head
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losses and to identify the most economical pipe diameter corresponding
to a given discharge rate [1-3].

In 1752, Leonhard Euler formulated the Bernoulli equation for the
motion of a real fluid, which expresses the energy balance between two

cross-sections of a flow:
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where %1 and %2 - represent the elevations of the flow above a

reference plane (m); P1 and P2 - pressure values (Pa); Ui and Y2 - flow
velocities (m/s); # - fluid density (kg/m3); 9 - gravitational

acceleration, 9 =9.81 (m/s2) and h

friction along the pipe length.

Later, in 1845, Julius Weisbach and, in 1857, Henri Darcy proposed
an empirical relationship to calculate head losses along a pipe
(Colebrook & White 1937; Kuznietsov 2022' Guo 2002):
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where 4 is the friction factor, U is the mean flow velocity (m/s), l'is the
pipe length (m), and 0 is the pipe diameter (m).

This expression is known as the Darcy-Weisbach equation. The
friction factor 4 depends on the pipe geometry, internal surface
roughness, and the flow regime.

Different types of flow correspond to different patterns of fluid
particle motion. These flow types were first experimentally studied by
Osborne Reynolds, who established the existence of two primary flow
regimes. At low velocities, fluid motion is orderly and stratified referred
to as laminar flow. At higher velocities, the motion becomes chaotic and
dominated by small-scale eddies known as turbulent flow. Reynolds’
classical experiments (1868) and subsequent research demonstrated
that a gradual increase in flow velocity preserves laminar motion up to
a certain critical value, beyond which the flow becomes turbulent.
Conversely, when velocity decreases, turbulent motion persists down to
another critical threshold before returning to laminar conditions [4-8].

Reynolds introduced the concept of critical velocity, which marks
the transition between laminar and turbulent regimes. Two critical

w denotes the head loss due to

velocities exist: the lower u'-V, where turbulence decays into laminar
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flow, and the upper Uy , where laminar flow transitions into turbulence,

U, <u

with the inequality uv always satisfied.

The dependence between head loss h, and mean velocity U
differs for laminar and turbulent flows. Figure 1 presents the
logarithmic relationship between these parameters.

In laminar conditions, when Uiy (point a), head losses vary

proportionally to the first power of velocity, while for turbulent flow Uy

(point b), losses vary approximately with 1.75-2.0. The intermediate
range between points a and b represents the transition zone between
laminar and turbulent motion.
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Fig. 1. Relationship between head loss and mean velocity for
different flow regimes

Subsequent research established that flow type depends not only
on velocity but also on fluid viscosity and the geometry of the conduit.
Hence, the flow regime is characterized by a dimensionless parameter -
the Reynolds number:

Re="4
4 (3)

where U is the pipe diameter (m) and ; V is the kinematic viscosity of
the fluid (m?/s).
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In engineering applications, the lower critical Reynolds number

(ReCf) is commonly used to distinguish between laminar and turbulent

regimes.

J. Nikuradse (1932, 1933) performed pioneering investigations on
the relationship between the Reynolds number and the friction factor
for both hydraulically smooth and uniformly rough pipes. His
experiments produced a series of characteristic curves (Fig. 2) showing

the dependence of the friction factor 4 on R€ and relative roughness.

In laminar flow (Re<2320) the fluid moves smoothly and
bypasses surface irregularities, making the effect of roughness
negligible. Thus, local frictional resistance is minimal. On the friction
factor diagram (Fig. 2), this corresponds to a straight line, and the
values can be calculated directly using the Darcy-Weisbach
relationship.

In contrast, in turbulent motion, the higher flow velocity produces
steep velocity gradients between adjacent fluid layers, leading to the
generation of vortices within the boundary layer. These complex
interactions cause increased resistance and energy dissipation [3].
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Fig. 2. Dependence of friction factor on Reynolds number and pipe
surface roughness (after J. Nikuradse): 1 - laminar flow; 2 -

hydraulically smooth turbulent region (G. Blasius).
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Numerous researchers have conducted both theoretical and
experimental studies to derive analytical or empirical expressions for
estimating the friction factor as a function of the main flow and
geometric parameters.

2. Methods and Techniques. The research methodology combines
theoretical analysis, dimensional modeling, and statistical data
interpretation. Analytical relationships were established between the
Reynolds number, relative roughness, and the friction coefficient within
the pre-quadratic turbulence zone. To verify the theoretical model, the
classical experimental results obtained by J. Nikuradse were digitized
and reprocessed using regression and correlation analysis methods.
This enabled the evaluation of the model's predictive accuracy and its
consistency with empirical trends. Additionally, a conceptual vortex
interaction model was formulated to describe energy exchange
processes within the boundary layer. The combination of analytical and
statistical techniques ensured both theoretical validity and practical
applicability of the obtained results.

The present study focuses on developing a general mathematical
framework for determining the friction factor of turbulent flow in pipes,
as expressed in Equation (2).

3. Results and Discussion. To derive a universal approach for
guantitatively assessing head losses during the motion of a real fluid, it
is necessary to identify how wall shear stresses depend on the principal
physical and geometric parameters of the system. The dominant factors
influencing friction along the inner surface of a pipe include: fluid
density © , dynamic viscosity # , hydraulic radius R, average
roughness height K, and mean flow velocity u,

Using the dimensional analysis method, the general functional
dependence of the wall shear stress on these parameters can be
expressed as:

Ty = kpZ/,lmengn (4)
which, in dimensional terms, may be represented by:

MiL_M ML
e

(5)
where M | | and t denote mass, length, and time dimensions,
respectively.

By equating the dimensional exponents for both sides of Equation
(5), we obtain the following relationships:
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forthemass:1=m+z
forlength: —1=n+p-m-3z+Xx

fortime: —2=-n—-m (6)

Since the parameters N and X are known, additional degree-
related indicators can be determined from system (6)
m=2-n
z=n-1
p=n-2-x . (7)
By substituting the obtained degree indicators M, z, and 7 in

terms of N and X into equation (4), the expression for the tangential
stresses on the inner surface of the pipe is derived

7o = Kp" 12 "R = Kp" L p? "y 2GR k—
R*. (8)
R" 0" 0’ k* (k jx 02
=Kp——m =Ko o | ==
Vn R R Re n . (9)
k) o2
oy &
R) Re"™ (10)

The tangential stresses acting on the pipe’s inner surface can be
expressed by the following equation

8 (11)

The friction factor 4 is determined by equating the right-hand
sides of equations (10) and (11)

x 2
2 zzKp@%
Re™ ™ (12)
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25 (2)
0/, (14)

The indicator of degree X takes into account the effect of the

(13)

roughness of the inner surface of the pipe k%o on the friction factor,
and the indicator of degree N - the effect on the friction factor of the

8
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flow regime. Experimental studies of scientists prove that in laminar
flow x=0, N=1 3nd in turbulent flow in the region of quadratic
turbulence Xx=1 n=2,

Then in laminar flow, when X=0 Nn=1 and K =8 equation (14)
will have the form
8K 64

Hen = Re e, (15)

and in turbulent flow in the region of quadratic turbulence when

x=1N=2 _to the form

Aqt :16K£:const
fo . (16)
In the region of quadratic turbulence, the friction factor does not
change and is equal to the characteristic of the roughness of the inner
surface of the pipe.
In the article [3], L. Prandtl presented the dependence of the

friction factor Aat on the relative roughness of the inner surface of the
1

2
(1.74 +2log ro)
k (17)

For a turbulent flow, in the region of hydraulically smooth
turbulence, J. Blasius, based on experimental studies, taking x=1
N=1.75 agnd K=0.0395 optained the following equation

P 20.3164
" Re™® (18)

This equation is adequate to experimental data for Reynolds
numbers Re<80000 At higher Reynolds numbers, it reduces the value
of the friction factor.

The author proposed the following mathematical model for the
region of hydraulically smooth turbulence [3].

At = 64(0'01(?34 + 0'0003;24 +0.0000726)
Re™  ReT (19)

As shown in the named article, this mathematical model is
adequate to experimental data within the entire region of hydraulically
smooth turbulence.

Aqt =
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It is known [5] that in practice the flow in pipelines moves in a
turbulent regime, mostly in the region of pre-quadratic turbulence. But
currently, for pipes with uniform roughness, there is no calculated
dependence of the friction factor for this region. Visually analyzing the
graphs that characterize the dependence of the friction factor on the
Reynolds number within the region of pre-quadratic turbulence (Fig. 2),
it is obvious that there is a geometric similarity between them. This can
be explained by the fact that the technology of creating the inner surface
in these pipes was the same. In each case, it was created by covering it
with sand of the accepted diameter [3].

As a characteristic of the roughness of the inner surface of the

pipes, J. Nikuradse adopted the ratio of geometric quantities fo /K It can

be seen from Figure 2 that the ratio fo /K and the Reynolds number Re
uniquely determine the shape and position of the graphs

19(1002) = f(r,/k. Ig Re)_ At the same time, it should be noted that
J. Nikuradse performed the research on pipes of various diameter and

with different average heights of roughness k.

The purpose of this work is to obtain a mathematical model for
calculating the friction factor in the region of pre-quadratic turbulence
in pipes with uniform roughness.

We have accepted the hypothesis that within the region of pre-
quadratic turbulence, the degree " indicator is variable and takes the

following fixed intermediate values: N=125 n=15 a4 n=175,
Then, the mathematical model for determining the value of the friction
factor for pipes in the region of pre-quadratic turbulence, taking into
account equation (14) and fixed values of the exponent of the power of
N can be represented by the sum of terms
k( K K K
Apqt = E(Reéﬁ - Reo2.5 + Reo?zs] 20)

Each term of the mathematical model (20) has an unknown

coefficient of Ki. These coefficients are determined by the method of
least squares on the basis of the statistical processing of experimental
data.

Figure 3 shows experimental points from the experimental data of
J. Nikuradse for the region of quadratic turbulence. On the left, they are
bounded by a graph that corresponds to the region of hydraulically
smooth turbulence. On the right, in the region of quadratic turbulence,

10
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are continued by the graph (horizontal lines) according to L. Prandtl's
equation.

Graphs according to the mathematical model (20) are given within
the limits of the quadratic turbulence.
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Fig. 3. Graphs of the dependence of the friction factor on the
Reynolds number and the roughness of the inner surface of the pipes: 1
- laminar flow; 2 - region of hydraulically smooth turbulence (G.
Blasius); 3 — research experimental points (according to J. Nikuradse)

Table 1 shows pipe diameters d, average roughness heights k,
Reynolds numbers corresponding to the limit of hydraulically smooth

Ig Re

and pre-quadratic turbulence st and the limit of pre-quadratic and

IgRe

guadratic turbulence 4t the roughness of the inner surface of the

pipes o/ , the friction factor Aqt , as well as the numerical values of the

coefficients K", degrees of freedom and tabular and calculated values
of Fisher's criteria, relative to the mathematical model (20).

As can be seen from Table 1, the calculated Fisher criteria are in
all cases smaller than the tabular Fisher criteria, which confirms with a
reliability of 95% the adequacy of the mathematical model of the
authors (20) to the experimental data in the field of quadratic
turbulence, which were obtained on the basis of hydraulic studies by
J. Nikuradse.

19(1002) = f(1, /K, 19R€) i1\ the area of pre-quadratic

All graphs
, have a
11

turbulence, except for the graph with pipe roughness
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similar shape and consist of two sections. The first section has a
concave shape, and the second - has a convex shape. The beginning of
each graph is a certain flow regime, in which its transition from
hydraulically smooth turbulence to pre-quadratic turbulence occurs.

This state is determined by the Reynolds number Re“. at which the
values of the friction factor, which are determined by equations (18) and
(20), respectively, are equal to each other 4, =4_,.

Table 1.
Parameters of hydraulic research of pipes with uniform roughness
performed by J. Nikuradse, and the results of their statistical analysis

The value of the
9 Re,, Re, I’;i coefficients % %
K a Ky K, | Kg | 's »
2.412
008 | 405 | 47978 = 1123 | 347.1 | 316 = | 214
4820 0.0667 1 | 111
0.16
2.434
0.04
4.870 306 27 | 1.87
3928 78364 —— | 2960.0 | 751.9 | 574 — | ——=
0.08 0.0327 29 | 107
9.640
0.16
2.434
0.02 7998 159590 60 8289.7 | 1718.1 | 108.0 E %
9800 0.0167 7 | 108
0.08
2.474
0.01 20741 | 413835 126 23758.0 | 4071.0 | 214.1 g @
0.04
4.940
0.01 41075 | 819553 252 66163.0 | 9478.1 | 419.1 25 | 194
9.940 0.00397 ' ' 1 27 | 1.08
0.02
w 72110 | 1438792 o07 167672 | 20767 | 803.3 @ ﬂ
0.01 0.00197 30 | 1.07
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In the first section, as the Reynolds number increases, the graph
decreases monotonically and the coefficient A reaches its extreme
minimum value at the point where
dpge _ d 5( Ki K, | Ky j 0
dRe dRe(r\Re*™ Re’ Re’®
Taking the derivative of equation (21), get the equation

dA
— P4t _0.75K, Re"?—0.5K, Re®*®+0.25K, Re®"™® =0
d Re : (22)

(21)

The root of this equation is the Reynolds number Re  which

describes the flow regime at which the friction factor pqt reaches its
extreme minimum value.

As the Reynolds number increases further, the graph grows and
reaches an inflection point at which the concave graph turns into a
convex graph. At this point, the condition is fulfilled

d®Apqe _ d? 5( Ki K, K j 0
dRe? dRe?(r,\Re®”® Re’ Re’?®

Taking the second derivative of equation (21)

2

d ’lpqz‘ =0.75x0.25K, Re *™*~0.5x0.5K, Re **+0.25x0.75K, Re *** =0

d Re . (24)

The root of this equation is a Reynolds number of Re, which
corresponds to the inflection point at which a concave graph becomes a
convex graph.

With a further increase in the Reynolds number, the graph grows
and reaches its maximum position at a point with a Reynolds number of

(23)

Re‘“, which corresponds to the transition of the flow regime from pre-

guadratic turbulence to quadratic turbulence. The friction factor Aat at
this state of the flow is determined depending on the roughness of the

inner surface of the pipe o/ according to L. Prandtl's equation (17).

In the mathematical model (20), the first and second terms take
into account the influence of the roughness of the friction factor on the
first section of the graph, where it is concave. The third term takes into
account the influence of the roughness of the flow in the second section,
where the graph is convex. Together, all terms of model (20) take into
account the shape and position of the graph.

13



Cepist «TexHiuHi HayKu» ISSN 2306-5478
Bunyck 1(113) 2026 p.

Figure 4 shows graphs of the dependence of coefficients K1 and

Kz on the roughness of the inner surface of pipe rO/k. It can be seen
from the graph that with increased roughness of the inner surface of the
pipe, these coefficients increase parabolically.

Figure 5 shows a graph of the dependence of coefficient Ks on the

roughness of the inner surface of pipe /K . The graph shows that with
increased roughness of the inner surface of the pipe, the coefficient
increases linearly.

K

The change of coefficients Ki and K2 parabolically and coefficient

Ks linearly from the roughness of the inner surface of the pipe

confirms the accepted hypothesis that graphs 19(1002) = f(15/k, Ig Re)
are similar to each other and are described by the mathematical model
proposed by the authors (20).
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K> on the

Fig. 4. Graphs of the dependence of coefficients Ky and
roughness of the inner surface of the pipe

The article [6] proved that the boundary layer existing on the
perimeter of the inner surface of the pipe is a set of ring vortices. The
vortex axis of these vortices coincides with the cross-section of the flow,
and their transverse diameter depends on the Reynolds number (Fig. 6).
The diameter of the vortex is equal to the thickness of the boundary

laminar layer and is determined by the equation
Nd A,

dVOI’ :é‘:
Re\ 8

(25)
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where N - the Nikuradse number, which is equal to 10.5-11.0; d - pipe

diameter, m.
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Fig. 5. Graph of the dependence of coefficient
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Fig. 6. Scheme of the interaction model in the vortex boundary
layer with uniform roughness of the inner surface of the pipe wall: 1 -
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area of hydraulically smooth turbulence; 2 - mode of incomplete
manifestation of roughness; 3 — mode of full display of roughness; 4 —
grains of uniform roughness; 5 - glue (varnish); 6 - pipe wall;
k - roughness height, m; 6 - boundary layer thickness or vortex
diameter, m.

As the Reynolds number increases, the diameter of the vortex
decreases accordingly. With increased roughness, namely, friction

factor Aot increases.
The uniqueness of J. Nikuradse's experiments lies in the fact that

they make it possible to compare the diameter of the vortex Ayor and the

height of the roughness k.
Reduce the dependence (25) to the form
d _Refs
Gvor N VA (26)
Figure 7 shows the relationships between the radius of the vortex
and the height of the roughness at characteristic points depending on
the roughness of the pipe.
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Fig. 7. The relationship between the radius of the vortex and the
height of roughness at characteristic points depending on the
roughness of the pipe

In Figure 7, graph 1 describes the flow regime in which its
transition from hydraulically smooth turbulence to pre-quadratic
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turbulence occurs. It can be seen from the graph that in this case the
ratio of the radius of the vortex to the height of the roughness is greater

than one. That is, the thickness of the boundary layer (created by the

vortex) in all cases, except for the case of fo/k = 15. exceeds the height

of the roughness by more than 2 times. Such conditions provide a
regime of hydraulically smooth turbulence.

Graph 2 describes the flow regime in which friction factor Apgt
reaches its extreme minimum value. It can be seen from the graph that
in this case, the ratio of the radius of the vortex to the height of the

roughness is greater than For/K >0'5. Such conditions ensure the
regime of incomplete roughness.
Graph 3 describes the flow regime in which the ratio of the vortex

radius to the roughness height is For /K :0'5. Such conditions ensure
the full roughness regime. In this case, the vortices of the boundary
layer are completely located within the roughness level. It should be
noted that with a further increase in the Reynolds number, the diameter
of the boundary layer vortex does not decrease.

Figure 8 shows the graphs of the dependence of the Reynolds
number on the roughness of the inner surface of the pipe for typical
flow regimes.

Ig Re
7.50
7.00
6.50
6.00 —e— ﬁ ® - graphl
5.50 ,.//.// Q= graph 2
) L — O - graph 3
5.00- //./ A/‘//’_‘D .- i h4

;é//_./—e grap

4.50- ///i& = ® - graph5
4.00-%
3.50
3.00 ro'k

0.0 1000 200.0 300.0 400.0 500.0 600.0 700.0 800.0

Fig. 8. Graphs of the dependence of the Reynolds number on the
roughness of the inner surface of the pipe for characteristic flow
regimes: 1 — the flow regime in which its transition from hydraulically
smooth turbulence to pre-quadratic turbulence occurs; 2 - the flow
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regime in which the coefficient Apqt reaches its extreme minimum
value; 3 — the state of the flow, in which the ratio of the vortex radius to

the roughness height is For/K =O'5: 4 — the flow regime corresponding
to the inflection point at which the concave graph turns into a convex
one; 5 — the mode of flow transition from pre-quadratic turbulence to
guadratic turbulence

Using Figure 8, it is possible to determine the Reynolds number for
characteristic points that describe the considered flow regime,
depending on the roughness of the inner surface of the pipe.

4. Conclusions

1. To develop a general method of quantitative accounting of
pressure losses in a real fluid flow based on the dimensional analysis
method, a mathematical equation was established for the dependence
of the friction forces on the inner surface of the pipe on the main
operating factors, namely the roughness of the inner surface of the pipe

k/ty and the turbulence of the flow, which is determined by the
Reynolds number.

2. The accepted hypothesis is that the mathematical model for
determining the value of the friction factor for pipes in the region of pre-
guadratic turbulence, taking into account the internal roughness of the
pipe and fixed values of the power N, can be represented by the sum of
the corresponding terms.

3. Based on the experimental data of I. Nikuradse, the adequacy
check of the obtained mathematical model was performed.

4. It has been established that in the mathematical model for the
region of hydraulically smooth turbulence, the degree of flow turbulence

is taken into account by indicators of degrees n=15 n=175 and
N=2.0 and for the region of pre-quadratic turbulence - by indicators of
degrees n=125 n=15 3pq N=1.75,

5. A mathematical analysis of the shape of dependence graph
19(1004) = f(r,/k., IgRe) was performed. It was established that all
graphs are geometrically similar to each other and have concave and

convex sections. As the roughness increases, the graph moves to the
left and up.

6. The paper presents graphs of the dependence of coefficients Ki

on the roughness of the inner surface of the pipe rO/k. It was
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established that with increased roughness of the inner surface of the
pipe, these coefficients increase according to the corresponding laws.

7. For the first time, the values of the parameters of the
characteristic points on the graphs were mathematically determined.

8. The scheme of the model of interaction in the boundary layer of
the vortex with uniform roughness of the inner surface of the pipe is
developed. The ratio between the dimensions of the roughness and the
diameter of the vortices was determined for the characteristic points.

9. In the following articles, it will be shown how the turbulence of
the flow in steel and cast iron pipes will be taken into account in the
mathematical model for the region of quadratic turbulence.
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LokTop TexHiYHWIM HayK, 3aBigyBay Kadenpu
" HauioHanbHuii yHiBEPCUTET BOAHOIO roCcrnoAapcTsa Ta npupoaoKopucTyBaHHs, PisHe
2 HauioHanbi TexHiyHni yHiBepcuteT Ykpa\Hu «KniBcbKin NONITeXHIYHUIA IHCTUTYT iMeHi
Iropsi Cikopcbkoro”

OOCTIIKEHHSA KOE®ILIEHTA TEPTA B rAPABJIIYHO LLIOPCTKIN
TPYBI

y AOCHiAYKeHHI npeacTaBlieHi pesynbTaTtn KOMIJIEKCHOro
TEOPEeTUYHOro Ta aHaJIiTUMHOrO AOCNIMKeHHA KoediuieHTa Tepta B
Tpy6ax 3 piBHOMipHO LUOPCTKOK BHYTPilWHbOK noBepxHew. Ha ocHoBi
NPUHUMNIB PO3MipHOro aHanisy ©6yno po3pob6neHo AeTanbHy
MaTeMaTU4YHY MoAenb AJIA BU3HAYeHHA KoedilieHTa TepTa B MeXax
nepeaKBaApaTUYHOI 30HU TYpOYNEHTHOCTi, Ae PpPeXuM TMNOTOKY
nepexoauTb MDK TNaAKMM Ta MNOBHICTIO LWOPCTKUM CTaHaMM.
3anponoHoBaHa MoAeslb BpaxoBY€ BNJIMB BiAHOCHOI LLOPCTKOCTI, YMcna
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BicHuk
HYBIM

PeiHonbAaca Ta napaMeTpiB CTPYKTYPM NOTOKY, LU0 A03BOJISE TOYHile
ONMUCyBaTy rigpaBniyHUM onip Typ6yneHTHOMY noToKy. [lna nepeBipku
TEOPEeTUYHUX BUCHOBKIB KJ1aCMYHIi eKCrnepuMMeHTasbHi AaHi, OTpUMaHI
Ibx. Hikypaace pna Tpy6 3 piBHOMIpHOI LWWOpPCTKicTIO, 6ynuM nigapaaHi
CYYacHiW CTaTUCTUYHIN 06pobui Ta nopiBHANbHIN ouiHui. Kpim Toro,
6yno BBeAEeHO KoHuenTyanbHy ¢i3sMuHy Moaenb AN ONUCY ANHAMIYHOI
B3aeMopail BMXOpPiB Y NPUKOPAOHHOMY Luapi, WO YTBOPKWETbCA Haa
LUOPCTKOK nNoOBepxHew Tpybu. Pesynbtatm cnpusioTb rnubwomy
PO3YMiHHIO MeXaHi3MiB TypOyneHTHOCTi Ta 3a6e3neuyloTb OCHOBY ANA
NOKpPAaLLEeHHA NPOrHo3yBaHHA BTPAT eHeprii B riapaBniYHUX cuctemax 3
Tpyb6onpoBoaaMm 3 LLOPCTKOKO NOBEPXHEID.

KnwouoBi cnoBa: TeopeTMyHe [OCNIOXKEHHS, KoediuieHT TepTs,
rigpaBnivyHo LIOPCTKI TpyoW!, obnactb nepeakBagpaTUYHoOl
TypOyneHTHOCTI, MeTon, pO3MipHOro aHanisy.
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