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MATHEMATICAL MODELING OF THE PROCESS OF COMPRESSED
AIR FLOWING THROUGH THE PIPELINE AS AN ELEMENT
OF THE PNEUMATIC NETWORK

Purpose. Improvement of the effectiveness of mining equipment operation due to accuracy increase in calcula-
tions of a compressed air parameters at design of pneumatic network.

Methodology. Theoretical and empirical methods of research were used in the paper. Mathematical modeling of
thermohydrogasdynamic processes at a compressed air flow through the pipeline is carried out. Methods of mathe-
matical statistics were used.

Findings. Mathematical modeling of a compressed air flow through the pipeline when the air temperature is above
ambient temperature, coming with a heat rejection to the ambient air and throttling due to pipe resistance is carried
out. In this case, change in air conditions in the flow depends on a ratio of the temperature change caused by heat
rejection and pressure because of pipe resistance. Dependences of change in temperature and pressure of the com-
pressed air through the pipeline length are obtained.

Exploratory tests and results of numerical calculations confirmed adequacy of mathematical models of a com-
pressed air flow through pneumatic pipeline.

Originality. New dependences for determination of pressure and temperature of compressed air considering
change in the heat-transfer coefficient through pneumatic pipeline are obtained.

Practical value. The use of the received dependences when designing pneumatic networks of mines allows provid-
ing generation of compressed air with necessary parameters for uninterrupted pneumatic supply of the mining equip-
ment of mines.
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Introduction. The compression facilities make a con-
siderable part of cost of enterprise fixed assets. Its profit-
ability depends on effective operation of the compressor
system: increase in costs of generation of compressed air
reduces a profitability ratio of the enterprise, while in-
crease in productivity of the compressor system and de-
crease in unproductive losses of air improve this indicator.

Considerable influence on profitability of the com-
pressor system is provided by electricity saving on gen-
eration of compressed air, reduction of losses of air when
transporting to consumers and its rational use for pro-
duction purposes [1].

Basic causes of unsatisfactory operation of compres-
sor stations are losses of compressed air because of the
underestimated productivity of compressor machines,
compressed air losses in air ducts, pneumatic mecha-
nisms and isolation valves, as well as considerable power
consumption on the drive of the compressor system and
processing equipment that is an integral part of com-
pression facilities. Therefore, reduction of power con-
sumption in compressor systems is one of the funda-
mental tasks which need to be solved.

In mining industry use of pneumatic energy is the
most effective at coal pits and mines which are dan-
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gerous because of gas and dust. The efficiency of ap-
plication of this type of energy is substantially defined
by compliance of calculated parameters of pneumatic
network and operating performance of the used equip-
ment and compressor station. The complexity of the
physical processes arising at transportation of com-
pressed air through the pipeline from the compressor
system to consumers of pneumatic energy reduces the
accuracy of prospective calculations of metering char-
acteristics of the pneumatic transport system.

The mine pneumatic network represents the exten-
sive piping system which is used for transportation of
compressed air from the compressor station to points of
consumption.

The pneumatic network is the point of the biggest
losses of energy at operation of mine compressed air in-
stallations; therefore, the correct design of pneumatic
network is a condition of effective operation of the
pneumatic equipment.

Literature review. The studies widely cover the issues
of improving mining equipment operation in works by
V.1.Samusia.

In the article [2] the analysis of real exploitation con-
ditions of the “vessel — reinforcement” systems in verti-
cal shafts is executed, recommendations providing the
necessary increase in operating strength security of
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hoisting plants for the shafts with the broken geometry
are presented.

The paper [3] reviewed the results of the experimen-
tal research of the heat pump plant showing that the
measured values of the volume flow rate of the heat
transfer agent in the circuits, temperatures and plant’s
heat rate well agreed with the calculated values.

The article [4] contains the results of experimental
research of unstable aeroelasticity type of wind reso-
nance and galloping for the elements of pipeline of
deep-water hydraulic handling. The experiments were
carried in aerodynamic pipe on scale models while using
the strain measure balance.

According to a research of the EU (“Compressed air
systems in the European Union”), in 80 % of all enter-
prises the systems of compressed air distribution are the
weak spot in the compressed air technology. The exist-
ing and applied methods of calculation of compressed
air pneumatic pipeline are based on use of empirical de-
pendences and do not fully correspond to the valid pro-
cesses which arise at operation of pneumatic networks at
the underground enterprises. As a result, in most cases
compressor stations work with insufficient or excess val-
ues of operating pressure and consumption.

The detailed overview of production process, trans-
portation and use of compressed air in the different in-
dustries are provided in the studies [5, 6].

The study [7] describes performed numerical re-
search on vibration impact on a cylindrical pipe with gas
in it. Edges of a pipe are provided with the continuous
temperature which is equal to the initial temperature.
A value of a heat flow through pipe walls with different
vibratory frequencies is obtained.

There are developed mathematical models [§],
where pressure and mass air flow rate are chosen as the
main variables for the description of a pneumatic sys-
tem, but they do not consider dependence of change in
the heat-transfer coefficient on decrease in temperature
of compressed air when moving along the pipeline.

The study [9] is based on the research on influence of
a cooling water temperature on economic efficiency of
heat-pumping technology of heat recovery of compressor
plants at mining plants. The mode when the specific cost
of compressed air development is the smallest is defined.

With use of laws of thermogasdynamics, there is de-
veloped a numerical method for requirements of obtain-
ing dew point temperature and amount of the conden-
sate precipitated out longwise air piping of pneumatic
network from the compressor to a mine trunk [10].

As a rule, air-delivery systems of the industrial enter-
prises are individual. It is explained by a company pro-
file, planning solutions of the enterprise, type of work
(interchangeability, seasonality), type and characteris-
tics of the pneumatic equipment, the mode of its work
(constant, periodic, accidental), control and automation
degree, and others.

Generally, the principles of development of mathe-
matical models are universal, but research and optimi-
zation of system work are carried out only for a specific
network which is assigned. In the study [11] there is of-
fered a mathematical model of an air delivery system of
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an industrial enterprise which consists of sub-models
and elements and each of them is described by a system
of equations and inequalities with corresponding as-
sumptions and terminations. The model is made for cal-
culation of network parameters and the choice of the
rational modes of its work. The choice of rational modes
of compressor plant operation is carried out on the sim-
plified example of the air delivery system of the indus-
trial enterprise by means of the developed model.

The paper [12] discusses the results of theoretical and
pilot studies on the dynamic processes happening in com-
pressed air hydro-pneumatic accumulators of mines and
pits. There is substantiated a hydro-pneumatic accumula-
tor design that allows stabilizing and increasing pressure in
mine pneumatic network in comparison with pressure of
the compressed air coming from the compressor station.

However, the mentioned above studies do not con-
sider dependence of change in heat-transfer coefficient
on decrease in temperature of compressed air while
moving through the pipeline, which reduces the accu-
racy of calculations.

Thus, it is possible to make a conclusion that the
modern accumulated data, new research studies, in-
crease in computer capacities and a possibility of data
acquisition in real time due to modern measuring de-
vices allowed studying extensively a problem of a com-
pressed air flow in pipeline pneumatic systems. How-
ever, many studies devoted to development of this sub-
ject, development of a mathematical apparatus and its
program implementation do not solve this problem
fully. Therefore, development of a mathematical mod-
el of process of compressed air flow through pipelines
is a relevant scientific task, whose solution will increase
overall operation of mine pneumatic network.

Purpose. The purpose of the work is to carry out
mathematical modeling of hydro- and thermodynamic
processes of compressed air flow through pipelines as
elements of pneumatic network.

The task is set to develop a mathematical model de-
scribing the compressed air flow in pneumatic network,
to conduct pilot studies on this model and check the ob-
tained results by numerical calculations.

Methods. Variety and complexity of the physical
processes proceeding in pipelines and connected with
the features of hydrodynamics and thermodynamics of
the compressed air flow with the availability of acciden-
tal influences, point to outstanding complexity of the
analysis task of such flow in pipelines as elements of
pneumatic network. The existing and traditional meth-
ods of calculation of compressed air pipelines are based
on use of empirical dependences and they do not fully
correspond to the valid processes which arise at opera-
tion of pneumatic networks at the underground enter-
prises. As a consequence, in most cases compressor sta-
tions work with insufficient or excess values of operating
pressure and consumption.

In this regard, the special relevance is acquired by
mathematical modeling of the considered processes.
Use of modern computer technologies allows expanding
a concept of mathematical modeling, implementing it as
a part of a computing experiment.
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The moving of the compressed air flow through the
pipeline, when the air temperature is higher than the
ambient temperature, is followed by heat rejection to the
environment and throttling of air at the expense of pipe-
line resistance. In this case, a change in air parameters
in a flow depends on a ratio of the changes in tempera-
ture caused by heat extraction and pressure because of
pipeline resistance.

At the first stage of modeling, it is reasonable to ac-
cept that dry compressed air moves through the pipe-
line. Then, according to the equation of a heat balance
for the section of the pipeline, it is possible to write
down the differential equation

G-C,-di=—k, (1—ty) -7 dx, (1)

where G is a mass air flow rate, kg/s; C, is the specific
heat capacity of air, J/kg - °C; k, is a linear heat transfer
coefficient from a compressed air flow to the environ-
ment, W/m - °C; ¢, is the ambient temperature, °C; ¢ is
the air temperature in the pipeline, °C.

The linear heat transfer coefficient which enters into
the (1) is found by a formula

k. = , 2
* 1 1 d, 1 @
+ In—+

o -d, 2% d,

o, -d,

where d,, d, are the inside and outer diameters of the
pipeline, m; o, o, are the heat transfer coefficients
from internal and outer side of the pipeline, respective-
ly, W/m?- °C; A is the coefficient of heat conductivity of
the pipeline wall, W/m - °C.

During the moving of air in pipes and on the basis of
experiments on studying of heat emission there was de-
termined generalized dependence

A ot

QIZOOISV?—SE, (3)
where A, is the coefficient of heat conductivity of air in
the pipeline, W/m - °C; d, is the inside diameter of the
pipeline, m; v, is the kinematic coefficient of viscosity,
m?/s; o, is the flow rate of compressed air, m/s.

The coefficient from outer side of the pipeline which
enters into the formula (2) is connected with free con-
vection and it is found for horizontal pipes by a formula

Nu,-2,

o, =——=,

d,

where Nu, = 0.46 - G is the Nusselt number;

3
= de—;gAtz is the Grashof number; = L is the
\% Ty
temperature coefficient of volume expansion, 1/K; 7} is
the absolute temperature of environmental air, K; g is
acceleration of gravity, m/s?; v, is the kinematic coeffi-
cient of viscosity of environmental air, m?/s; At,=t, — t4
is temperature pressure between the wall and environ-
ment air, °C.
Using Grand Nu, in (3), we will receive a formula for
calculation of heat-transfer coefficient from the outer
side of the pipeline

Gr
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B-Ar 0.25
o, =0.814-4, ( 5 2 J .
Va4,

The analysis of rates of temperature and pressure dif-
ferences raises the possibility, at the first stage of math-
ematical modeling, of accepting the heat transfer coef-
ficient rate from the inside of the pipeline as a constant.

Then, taking into account the fact that the constant
thermal condition of the pipeline is considered, it is
possible to write down equality of heat flows which is
given by the hot and taken by the cold environment, as

5/4
At _ (At 2 ) )

—1/4 >
A+B-(an)" B
1 d,

1229 (v2-d, )"
+—-In-2; B=— (LJ )
o,-d 2L 4 A, -d, B

The equation (4) allows showing the general tem-
perature pressure through the temperature pressure on
the external wall of the pipeline

4
ar=2-(an)" ¢ an, (5)

where 4=

Considering (4), the equation (1) can be written
down as
d(At At
G-C,- EI )= T R (6)
X A+B-(An)

Further for availability of calculations we will make a
replacement

y=(An)" %)

Then we will write down (5) as

A
At=—-p> +y*. 8
R (8)

Taking into account (7) and (8) equations, (6) can be
written as

dy_ =m y?

dx  G-C, 5Ay+4B’

®)

The solution (9) is found by integration

5A-1n(lj—43-[l—i}— T (10)
Yo Yy % G-C,

where y, is the value of the variable on an entrance to the
pipeline.

It is reasonable to write down the equation (10) in a
dimensionless form

E-ln[&j+£~[&—lj=&, (11)
y o \ Y
54-G-C,  4B-G-C, _ x
where E = ; F= ; E=—; [is the
-l -l /

length of the pipeline, m.
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Then the equation (8) will take the following form
At:0.8-§~y5+y4. (12)

Finding of the value y, is connected with the numer-
ical solving of the equation when Af = At

E
O.SOF'y§+ya‘=At0. (13)

At a set value x by the numerical solving of the tran-
scendental equation (11) there is a size y. After substitut-
ing this value in the equation (12), we find the required
value of the compressed air temperature at a distance x
from the beginning of the pipeline

E
t=t,+0.8-—y>+y4
H Fy y

where 7, is the temperature of environmental air, °C.

Results. Thus, the general the solution of the equa-
tions (13, 11 and 12) allows solving the problem of
change in compressed air temperature in the pipeline.
The analysis of the equations (11—13) shows that at the
chosen distance from the beginning of the pipeline drop
in the temperature of compressed air (A7) depends only
on two parameters E and F, which include the pipeline
sizes and also thermal-physical characteristics of the air
in and outside the pipeline.

Change in pressure of the compressed air flow, caused
by pipeline resistance, can be defined from the equation
of Bernoulli where dissipative losses submit to Darcy law

ldp_, @

o 14
i (14)

p dx
where 2 is the Darcy factor; p is air density in the pipe-
line, kg/m?; w is the speed of air, m/s; Pis air pressure in
the pipeline, Pa.

For mine conditions, the Darcy factor can be deter-
mined by a formula

0.016
» =g (15)

Considering the invariance of the mass air flow rate
(G = const) flow rate of the compressed air at the con-
stant section of the pipeline is found with a formula

4G
n-d?

w=

.l’ (16)
p

where p is the current density of the compressed air, kg/m?;
the density of compressed air submits to Clapeyron-
Mendeleev law

p=3.488-10‘3-§, (17)

where P, T are the current pressure and absolute tem-
perature of compressed air, respectively, Pa; K.

Using (17, 16 and 15) in (14) we will receive the dif-
ferential equation describing change in the compressed air
pressure along the pipeline depending on its temperature
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T
—=-3718——-—. 18
dx d>3 P (18)

dp G?
S.
1
Taking into account that

where T is the absolute temperature of environmental
air, K.

According to the formula (12), it is possible to write
down the following

T:TH+O.8~%-y5+y4. (19)

Applying (19) to (18), we will receive

dp G? 1 E
L =3718 ——-| T, +0.8-=-p +y* |. (20
Using (11), we find
E F
dx:—l~[—~—2j~dy. (21)
yy

Then the differential equation (20) with (21) takes a
form

G2.1 E EF
pap=37189 L1 +08.L s || £ L4
df‘S[H P y](yszy

Removing the brackets, we obtain

. . 2
oy [T E+TH2F+O.8E e
= Y y F -dy.
! +1.8)3 + F-y?

P-dP=3.718-

Integrating the last equation, we obtain dependence
of the pressure of compressed air in the pipeline on pa-

rameter y,
1/2
T, -E-In (lJ +
Yo

+u.[]_&]+
Yo y

CE2 4,5
016257
F

. 2. 5
p=| P2 IBOCLE ), ,
‘1’15'3 Yo

+0.45-E- yg x
4
X (l] -1+
Yo
Fy((yY
Py [LJ 4
3 Y

where P, is the compressed air pressure on the entrance
to the pipeline, Pa.

(22)
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Setting value x, y by solving the equation (11) with
(13), we find y, which after using in (22) determines the
pressure of compressed air at distance x from the en-
trance to the pipeline.

Numerous calculations were carried out with the for-
mulas obtained. For an expense of a compressed air of V'=
= 8 m’/s through the pipeline with diameter of d, = 0.4 m
with an entrance pressure of a compressed air of P, =
= (0.7 MPas, entrance temperature of #,= 80 °C and envi-
ronmental air temperature of #;; = 20 °C at /= 1000 m dis-
tance from compressor station, there was received temper-
ature drop At= 32 °C, and pressure loss AP=0.15 - 10> Pas.

The mathematical modeling of the compressed air
flow which is carried out above belonged to horizontally
located pipeline. In case of a vertical arrangement of the
pipeline the heat transfer coefficient from the outer side
of the pipeline a, is calculated by a formula

Nu, -\
oy =22, (23)

Do At
BL8 8% 1 s the
Va

where Nu, = 0.133 - Gr'/3; Gr=

length of the vertical pipeline, m.

The sense of other designations matches with ac-
cepted in (3).

After applying Grand Nu, to a formula (23), we receive

1/3
azzo.zss.xz.(%] (a1,)".

2

Taking into account that steady established thermal
condition of the pipeline is considered, it is possible to
write down the equation similar to (4)

At (ar,)"

a8 (an)"” B

5 \1/3
where A:L+i~lnﬁ; BI:3'512~ V2|
od, 2n Xd, \ B,

Then the general temperature drop is expressed
through the temperature pressure on the external wall of
the pipeline

bl

At:i-(At2

)" + At (24)
Bl

Taking into account (24), equation (1) takes a form
d(At
()

7 dx

_ - At (25)

A+ B ()"

For convenience of calculations we will make substi-
tution
7= (An)'~.

Then (24) and (25) will be written as

A
At=—-7*+7% 26
B (26)
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-
dx G-C, 4A47+3B,

(27)

Integrating the differential equation (27), we find the
solution in the form of private integral

4141-111(1—0}3131 .[l—iJ— X (28)

z 2 z) GC

where 7, is value z on the entrance to the pipeline.
The equation (28) can be written down in a dimen-

sionless form
E | | B2 o (29)
z2) 7 \z
44.G-C 3B,-G-C
P F=T1 " 0 e X fisthe
-/ -/ /

length of the pipeline, m.
Then the equation (26) takes a form

where E, =

E
At=0.75-"L. 74 + 73, (30)
h

Finding of the value gz, is connected with the solution
of the equation (30) at Af = A,

0.75-%-z3+z§=At0. (31)
1
As well as in a case of a horizontal arrangement of
the pipeline, there numeral equations (31, 29 and 30) are
consistently solved to find the compressed air tempera-
ture at preset values x and A#,. Then, the required tem-
perature of compressed air is determined by a formula

E
t=t,+0.75-=L-z4 + 2°. (32)
h
Considering a vertical arrangement of the pipeline,
the formula (14) takes a form
1 dP _ o’

=Xy ——&, 33
0 24, g (33)

p dx
where g is the acceleration of gravity, m/>.

In view of the fact that the dissipative losses consid-
erably exceed change in potential energy in the consid-
ered conditions of the compressed air flowing, it is pos-
sible to neglect the addend in the equation (33). It will
allow simplifying the solution of the equation (33) for
the purpose of obtaining an analytical formula.

According to the provided notes on features of the
compressed air flowing in horizontal pipes, the equation
(33) takes a form

2
dap =-3.718 G T

1821 34
dx a3 P (34)

Considering that according to (32)

T=T, v0.75. 500y 0,
k
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we obtain for (34)

E
= 3718 ——| T, +0.75-=L. 24 + 22 |. (35
| lH F z Zj( )

Using (29), we find

E F
dx =—1 ~[—1+—;jdz.
Z Z

(36)

Applying (36) to (35) and integrating the differential
equation obtained, we receive dependence of the com-
pressed air pressure in the vertical pipeline from param-

eter z
1/2
T, E -1n[i)+
o
+M.[l_z_0j+
2 z
2.4
+0.1875. FL%
F
4
2.
P=| pr+7.436. 2L (i] -1+ . (37)
di o

2 2
+M. i —1
2 2y

The numerical calculations given for the data which
were used for the horizontal pipeline by formulas (31, 28,
30, 37 and 24) for vertical layout pipeline we gave tem-
perature drop At =24 °C, pressure loss of 0.36 - 10° Pas.

Discussion of research results. The adequacy of
mathematical model was checked by comparison of cal-
culation results with the measurements taken earlier at
VAT Kryvorizkyi zaliznorudnyi kombinat “Kryvorizh-
stal”, JSC Kryvorizkyi iron ore plant “Kryvorizhstal”,
namely on the main pneumatic pipeline of the compres-
sor station and mine shaft pneumatic pipeline. Results
of experiments showed good convergence, the deviation
made no more than 7.5 % for temperature and 8.3 % for
pressure. It is reasonable to use the dependences ob-
tained when calculating long pipelines (//D > 2500) and
at a difference of temperatures of air compression and
the environment for more than 30 °C. The peculiarity of
this model, as opposed to the existing ones, is that it
considers change in heat transfer coefficient along the
pipeline, which increases the accuracy of calculations at
design of mine pneumatic circuits and allows improving
pneumatic supply of the mining equipment.

Conclusions.

1. The performed mathematical modeling of the
compressed air flowing in pneumatic network allowed
receiving new dependences for determination of pres-
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sure and temperature of compressed air taking into ac-
count change in heat transfer coefficients longwise of
the pneumatic pipeline, which allows increasing the ac-
curacy of calculations when designing pneumatic net-
works of mines.

2. Pilot studies and results of numerical calculations
confirmed adequacy of the mathematical model de-
scribing the compressed air flowing in pneumatic net-
work.

3. Further research will be directed to use of the de-
pendences obtained to find rational parameters of final
air coolers of compressor stations, which will allow in-
creasing energy efficiency of compressed air production
in mine compressor systems.
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Mera. IlinBuilleHHs1 e€(PEKTUBHOCTI eKcrulyaTarlii
TipHAYOTO OOJIaMHAHHS 33 paxXyHOK ITiABUIICHHS TOY-
HOCTiI pO3paxyHKiB IMapaMeTpiB CTUCHEHOIO IOBITpPsI
TIPY IPOCKTYBaHHI THEBMATUIHUX MEPEXK.

Metoauka. ¥ poOOTIi BUKOPUCTOBYBAJIUCS TEOpe-
TUYHI Ta eMITipUYHi MeTOaU nocimKeHHs. [IpoBeneHe
MaTeMaTUYHe MOJEIIOBaHHS TEPMOTiapora3oarnHa-
MIYHMX MPOLECIB MPU TeUii CTUCHEHOTrO TOBITPsSI MO
TpyOomnpoBony. BukoprcToByBasiucs MeTOAu MaTeMa-
THYHOI CTATUCTHKH.

PesynbTaTu. IlpoBeneHe maTeMaTUyHE MOJIENIO-
BaHHS TeYii CTUCHEHOro TMOBITpsl MO TPyOOIpOBOMY,
KOJIM TeMIlepaTypa IIOBIiTpsl BUIIE TeMIIlepaTypu Ha-
BKOJIUIITHBOTO CEPEIOBUINA, IO CYIPOBOMIKYETHCS
BiIBOOOM TeIUIa IO HABKOJUIIHLOTO CEepeloBUINA I
IPOCETIOBAHHSIM 3a PaXyHOK OIIOpY TpPyOOIIpOBOY.
Y uboMy BuNaaky 3MiHa rmapamMeTpiB IMOBITPS B IMOTOLL
3aJIeKUTh Bill CITiBBiIHOIIEHHS 3MiH TeMIIepaTypu, BU-
KJIMKAHUX BiIBOJOM TEIUIOTH, i TUCKY Yepe3 OMip Tpy-
o6ompoBonmy. OTpuMaHi 3aJe3KHOCTI 3MiHM TeMIeparty-
Py i TUCKY CTUCHEHOTO TOBITPSI MO AOBXUHI TpyOO-
npoBoay. ExcriepuMeHTanbHi DOCTIIKEHHS I pe3yib-
TaTU YWCEJIBHUX PO3PaxyHKIiB IMiITBEpAVIN ameKBaT-
HiCTh MaTEMATUYHUX MOJIeJIeil Teuil CTUCHEHOIO MOBi-
TPSI TIO TTHEBMOIIPOBOY.

HaykoBa HoBu3Ha. OTpuMaHi HOBi 3aJICXKHOCTI IS
BU3HAYCHHS TUCKY M TeMIIepaTypu CTUCHEHOTO TIOBi-
Tps 3 ypaXyBaHHIM 3MiHU Koe(MillieHTiB TeIoBiaaadi
10 TOBXWHI ITHEBMOIIPOBOTY.

IIpakTHuHa 3HaumMicTh. BukopucraHHs oTpuma-
HUX 3aJIeXKHOCTE MpPU MPOEKTYBaHHI IMTHEBMAaTUUYHUX
MEpeX IIaxXT JOO03BOJIIE 3a0e3MeYUTH BUPOOJIEHHS
CTUCHEHOTO TMOBITpsl HEOOXiTHUX MapaMeTpiB 1151 0e3-
nepebiifHOro MHEBMOMOCTaYaHHS TipHUYOro o0Ja-
HaHHS [IaXT.

KmiouoBi cnoBa: waxmmua nnesmomepesica, cmucHene
NOBIMPsl, KOMAPECOPHI YCMAHOBKU, mpybonposio, nHee-
MOYCMAaHO8KU
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Hens. IToBbiieHue >¢hGEKTUBHOCTH 3KCILTyaTa-
LIMM TOPHOTO 000PYIOBaHUs 3a CUET MOBBILLIEHUS TOY-
HOCTM pPacueToB IMapaMeTpOB CXaTOro Bo3dyXa Ipu
MMPOCKTUPOBAHNHN ITHEBMATUIECKUX CETEHA.

Metoauka. B paboTte ncnosib3oBaauch TeOpeTUye-
CKMe Y 3MIUPUYECKHe METOIbl ucciienoBaHus. [1po-
BEICHO MaTeMaTHMYeCKOe MOIEIMPOBAHUE TCPMOTH-
IPOTa30IMHAMNYECKIX IIPOILIECCOB TP TCUCHUN CKa-
TOTO BO31Iyxa 1o TpyborpoBoay. M crombp30Banch Me-
TOIBI MATEMAaTHYECKOM CTATUCTUKM.

Pesynbratel. [IpoBeneHo maTemaTMyeckoe Mone-
JINPOBaHME TEUCHHUSI CXKAaTOT0 BO3AyXa IO TPyOOIIPOBO-
Iy, Korjga TemIiepaTypa BO3[AyXa BbIIIE TeMIIepaTyphl
OKpYXarollel cpeabl, COIMPOBOXKIAIOIIETOCS OTBOIOM
TeIUia B OKPY>KaloIIlylo Cpely U APOoCCeIUpOBaHUEM 3a
CUeT COMPOTUBJIEHUsT TpyborpoBoaa. B atoMm ciyuae
M3MEHEHME TTapaMeTPOB BO3AyXa B TIOTOKE 3aBUCUT OT
COOTHOIIICHUST U3MEHEHMI TeMIIepaTyphl, BRI3BAHHBIX
OTBOIOM TETUIOTHI, ¥ TaBJICHUS M3-3a COTIPOTUBIICHMS
TpyoompoBona. ITonxydeHbl 3aBUCHMMOCTU M3MEHCHMS
TeMIIepaTypsl ¥ JaBJICHUS CXXATOTO BO3MyXa IT0 JUTMHE
TpyOOTIpOBOIA. DKCIEPUMEHTAIBHBIC MCCICTOBAHMS
U pe3yiabTaThl YWCICHHBIX PacyeTOB ITONTBEPIVIIN
aIeKBaTHOCTb MaTEMaTUUECKMX MOJeNeil TeYeHMS
CXaTOT0 BO3yXa IO THEBMOIIPOBOY.

Hayunas nosusHna. [TosryyeHbl HOBbIE 3aBUCUMOCTU
IJIS1 OTpeiesIeHUs] JaBAeHUsI U TeMIepaTypbl CKaToro
BO3/yXa C y4eTOM U3MEHEHMST KOG GhUIIMEHTOB TEII0-
OTJA4M T10 JUTMHE TTHEBMOITPOBO/IA.

IIpakTyeckas 3HaYMMOCTh. VcTiosib3oBaHMe TTOITY-
YEHHBIX 3aBUCHUMOCTCH TIPH MPOCKTUPOBAHUM ITHEB-
MaTHYECKMX CETEeH IIaXT ITO3BOJISIET OOCCIIEUYNUTh BhIpa-
OOTKy CXXaTOTO BO3dyXa HEOOXOOMMBIX ITapaMeTpPOB
st 6ecriepeOOMHOro MHEBMOCHAOXEHUSI TOPHOTO
000pyIOBaHUS LIAXT.

KimoueBble ciioBa: waxmHas nHeemocemos, Colcamoiii
6030yYX, KOMNDeCCOpHble YCMAHOBKU, MpyoOnposoo,
NHe8MOYCMAaHOBKU
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