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Abstract: The oil and gas industry plays a crucial role in the Russian economy. One of the ways to increase its energy efficiency
is to reduce unproductive losses. Losses of oil and petroleum products occur at all stages of the oil and gas complex from hydro-
carbon extraction to processing and transfer to secondary product consumers. Unavoidable losses in the system are caused by
losses of oil and oil products from evaporation during excessive heating by solar radiation during storage in tank farms. In the
cold season, intensive external cooling with outside air leads to increased product viscosity and increased cost of electricity for its
transfer. To avoid such situations, strict maintenance of the temperature regime of the reservoir by minimizing external heat gains
and its own heat losses is re-quired.

The article describes the simulation of heat transfer through the heat-insulated wall of the oil reservoir of one of the linear
main station of oil pumping. The construction of the temperature graph through the outer fence is performed by the method of
nanoscale cells of cellular automaton. The simulation was carried out for three dimensions of the field of cells. It is shown that for
the task, the optimal structure is a field of 560 simulation cells.

Keywords: thermal conductivity, thermal insulation, cellular automaton, modeling, temperature field.

For citation: Baikov |.R., Smorodova O.V., Kitaev S. V., Kuznetsova E.V., Gizatullina D.T. Modeling of oil reservoirs heat losses
by nanodimensional cellular au-tomata. Nanotehnologii v stroitel'stve = Nanotechnologies in Construction. 2019, Vol. 11, no. 3,
pp. 335-350. DOI: 10.15828/2075-8545-2019-11-3-335-350.

Machine-readable information on CC-licenses (HTML-code) in metadata of the paper

<a rel="license” href="http://creativecommons.org/licenses/by/4.0/"><img alt="Creative Commons License” style="border-width:0" src="https://i.crea-
tivecommons.org/I/by/4.0/88x31.png" /></a><br /><span xmlIns:dct="http://purl.org/dc/terms/” href="http://purl.org/dc/dcmitype/Text” property="dct:title”
rel="dct:type”>Modeling of oil reservoirs heat losses by nanodimensional cellular au-tomata</span> by <a xmlns:cc="http://creativecommons.org/ns#"
href=",Nanotehnologii v stroitel'stve = Nanotechnologies in Construction. 2019, Vol. 11, no. 3, pp. 335-350. DOI: 10.15828/2075-8545-2019-11-3-335-350"
property="cc:attributionName” rel="cc:attributionURL">Baikov I.R., Smorodova O.V., Kitaev S. V., Kuznetsova E.V., Gizatullina D.T. </a> is licensed under a <a
rel="license” href="http://creativecommons.org/licenses/by/4.0/">Creative Commons Attribution 4.0 International License</a>.<br />Based on a work at <a
xmlns:dct="http://purl.org/dc/terms/” href="http://nanobuild.ru/en_EN/nanobuild-3-2019/" rel="dct:source”>http://nanobuild.ru/en_EN/nanobuild-3-2019/</
a>.<br />Permissions beyond the scope of this license may be available at <a xmIns:cc="http://creativecommons.org/ns#" href="olga_smorodova@mail.ru”
rel="cc:zmorePermissions”>olga_smorodova@mail.ru</a>.

Cmamesa nocmynuna e pedakyuio: 03.04.2019.
CmamesA nocmynuna e pedakyuio nocsie peyeHsuposaHus: 26.04.2019.
Cmameos npuiama K ny6nukayuu: 08.05.2019.

http://nanobuild.ru 335 info@nanobuild.ru



Nanotechnologies in Construction: A Scientific Internet-Journal 2019; 11 (3):
HaHoTexHonornn B cTponTenbCTBE: HayuHbI IHTepHeT-XKypHan 335-350 NanObL" )

NANOTECHNOLOGIES IN POWER ENGINEERING « HAHOTEXHOJIOMW B SHEPTETUKE

MopgenupoBaHue Tenionotepb HepTAHbIX pe3epByapoB
MeTOA0M HaHOPa3MepPHbIX K/IeTOUHbIX aBTOMATOB

Aemopebl:

bankoB Uropb PaBunbeBuy,
OrbOY BO «Ydumckuiin rocygapcTBeHHbI HeGTAHON TEXHUYECKUIA yHBepcuTeT»; Poccns, r.Yda, Pecnybnuvka balwkopTtocTaH,
[-p TeXH. HayK, Npod., AeNCTBUTENbHDBIV UneH AKagemuy FopHbIX HayK, pte.ugntu@rusoil.net

CmopopoBa Onbra BukropoBHa,
OrbOY BO «Ydumckuin rocygapctBeHHbI HeGTAHON TEXHUYECKUIA yHUBepcuTeT»; Poccus, r.Yda, Pecnybnuka bawkopTtocTaH,
KaHf. TeXH.HayK, foueHT, olga_smorodova@mail.ru

KuTtaeB Cepren Bnagumuposwuy,
OrbOY BO «Ydumckuii rocysapcTBeHHbI HeGTAHON TEXHUYECKUIA yHUBepcuTeT»; Poccua, r.Yda, Pecnybnuka bawkopTtocTaH,
[-P TeXH. HayK, IOLeHT, AeCTBUTENbHbIN YneH MexayHapofHOW NHXXeHepHoW akagemuu, npodeccop, svkitaev@mail.ru

KysHeuoBa EneHa BukropoBHa,
OrbOY BO «Ydumckuin rocyaapcTBeHHbI HeGTAHON TEXHUYECKUNIA yHUBepcuTeT»; Poccua, r.Yda, Pecnybnuka bawwkopTtocTaH,
KaHf. TexH.HayK, AoLeHT, nsp-rb@mail.ru

TmsarynnuHa AvuHapa TarmpoBHa,
®OrbOY BO «YdurmcKuin rocyaapCTBEHHbIN HEPTAHON TEXHUYECKNI YHBepCUTeT»; Poccua, r.Yda, Pecnybnuka balwkoptocTaH,
CTyneHT 6akanaBpuara, dinara.giz@inbox.ru

Pe3tome: HedpTerazoBas 0Tpac/ib NUrpaeT BaxKHeLWYyo posib B 3KOHOMIKe Poccrn. OfHMM 13 cnoco60B NOBbLILLEHUS €€ SHep-
reTnyeckomn 3pPpeKTVBHOCTY ABNAETCA CHUXKEHVIE HEMPOW3BOANTENbHbIX NOTepb. [oTepn HedTH 1 HeGTENPOAYKTOB NPOUCXOAAT
Ha BCeX 3Tanax HepTerasoBoro KOMmnieKkca oT MeCTOpOXAeHni 4o6blun YyrNeBOAOPOAHOrO Cbipbs A0 NepepaboTKu 1 nepefaun
noTpebuTeNnaM BTOPUYHOTO NpoayKTa. HensbexkHble yObITKM CMCTEME HAHOCAT MOTEPY OT UCMAPEHNA NPY Ype3MepHOM Harpese
COJIHEUYHOW paAmnaumen Npu XxpaHeHUn B pe3epByapHbIX Napkax. B xonogHoe Bpems roga UHTEHCMBHOE BHELLHee OXJaXXeHune
Hapy>KHbIM BO3[lyXOM NPUBOAMWT K MOBbILUIEHUNIO BA3KOCTU NPOAYKTA U POCTY 3aTparT MIeKTPO3HEPrnn Ha ero nepekauky. ins uc-
KIoUeHrs BO3HMKHOBEHMSA TaKUX CUTyaLuid TpebyeTcs CTporoe BefleHre TEMNePaTypHOro pexrnmMa pesepByapa MUHUMU3aLER
BHELLIHMWX TEMIONOCTYIJIEHNI 11 COOGCTBEHHBIX TEMIOMNOTEPb.

B ctaTbe paccMOTpeHO MogenvpoBaHyvie TennoobMeHa Yepes TenIon30NPOBaHHYI0 CTEHKY HeTAHOro pesepByapa OJHOro
13 pe3epByapHbIX MAPKOB LIeHTPasIbHOro NyHKTa cobopa HedTU ceBepHOro MectopoxaeHus Poccun. MocTpoeHre TemnepaTypHOro
rpaduka yepes HapyHoe orpa<ieHrie BbINMOTHEHO METOJOM HaHOPA3MePHbIX iUeek aCUHXPOHHOTO KNETOUHOro aBTomMaTta. Mo-
JOennpoBaHue NPOBEeAEHO AN Tpex pa3mepHocTel KA-nons. MokasaHo, UTo Ans NoCTaBeHHON 3a4aun ONTUMaJIbHON ABNAETCA
CTPYKTYypa nons B 560 sueek MogeNMpOoBaHMs.
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INTRODUCTION

Currently, steel cylindrical vertical tanks are widely
used for the storage of oil and oil products. They
are the most important and integral part of the country’s
oil parks [1, 2]. High evaporation of petroleum and
petroleum products leads to their significant storage
losses [3, 4].

In the process of oil evaporation, a part of light
hydrocarbons passes into a gaseous state, as a result of
which a natural mass loss of the product occurs. The
norms stipulate only a quantitative change, whereas
during evaporation the qualitative composition of stored
oil also changes. At natural pumping and handling
temperatures during evaporation, light hydrocarbons of
fraction 200 (up to and including hexanes), which are
components of motor gasoline, are lost first of all. This
reduces the quality of oil according to the «distillation»
model, which takes into account the presence of light
fractions in oil [5].

The intensity of oil evaporation, in addition to the
technological regime with a change in the level of tank
infusion [6], is determined by its temperature. In the
conditions of the Russian north, when working with
highly viscous oil, technological tanks of liquid and oil
are equipped with thermal insulation [7]. Mineral wool
(MW), polyurethane foam (PPU), stone wool (SW)
are most widely used as a thermal insulation material.
It should be noted that the heat-shielding properties
of these materials at the initial stage of operation are
at a comparable level (Fig. 1a). The practical choice is
determined by other technological properties of thermal
insulation — reliability, durability, lammability, etc.
In par-ticular, the most common mineral wool has
the worst thermal insulation properties of all materials

(Fig. 1a) and insufficient wear resistance due to increased
crushability (Fig. 1b).

Polyurethane foam, despite its wide application at the
facilities of the main oil transportation for engineering
communications, has some flammability (group G2,
G3 according to GOST 12.1.044-89 «Explosive and fire
hazard of substances and materials») and therefore cannot
be recommended without compromising the reliability
and safety of reservoir hydrocarbon parks. The best
thermal insulation for hazardous production facilities is
stone wool (SW-thermal insulation).

MAIN PART

Development of one-dimensional model of thermal
conductivity by the method of cellular automata (CA-
modeling)

Practical management of the thermal regime of an oil
reservoir is possible on the basis of modeling temperature
conditions according to the results of monitoring the
thermodynamic parameters of oil and the enclosing
structures of the reservoirs. The article deals with the
problem of modeling the temperature distribution
in a cross-section of external fences of oil tanks. The
solution is made on the basis of operational technological
data of the reservoir parks of the northern fields of
Russia. Calculations in the course of the development
of temperature models were carried out for SW-thermal
insulation.

The authors of [8, 9, 10, 11, 12] recommended
the method of cellular automata to simulate thermal
conductivity in the enclosing walls of technological
facilities. In recent works [13, 14], using the CA-
simulation, biological, physical, information processes are

heat losses, Wt/m2
A
(-]

PPU MW sSw

a — heat flux density

fact/norm heatlosses

1 2 3 4 5 6 1

yearof operation

8

b — aging intensity of MW-isolation

Fig. 1. Characteristics of oil tanks thermal insulation materials
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simulated. This approach is especially productive when
classical models are multifactorial differential structures
[15].

The basis of the cellular automaton simulation is
a discrete model — a regular grid of cells, for each of
which a finite set of states is defined [16]. For each cell,
a cell neighborhood is defined. At the same time, the
initial states of all cells and the rules for their change are
specified. Such method makes it possible to investigate the
local mechanisms of the simulated system at the nanolevel
[17].

The implementation of the CA-modeling was carried
out for the tanks of the most common sizes — 5000 m?,
10000 m?* and 20000 m?. The ratio of tank wall thickness
to diameter at a level of from 0,0005 m/m to 0,0009 m/m
allows modeling in a one-dimensional format. To
simulate the temperature behavior in a transverse section
of external enclosures, nanoscale cells of a discrete
temperature state were selected as local elements [18].
In this case, each cell is a trace element of the material —
a «coarse-grained» substance.

According to the theory of finite state automation
[19], the state of an individual cell at each time step
changes in accordance to the transition function:

2(t) = olz(t,_), X(t, )], (1)

where z(tj) — cell state at time t;

X(tH) — previous input vector.

Let’s consider a one-dimensional heat conduction
problem, where a multi-layer outer barrier of an oil
reservoir will act as an object, on the left border of which
a thermal impulse is localized at the initial time [20]. We
divide the enclosing surface into elements (cells) with
the same step h and identify the state of the cell with its
temperature T. The input signals simulate the process
of transfer of thermal energy from neighboring cells and
from the source of heat. For the case in question, the one-
step transition function of the i-th cell is written as [21]:

T(t,,) = T,()+(AY/C-p)+[a, () +a, () +¥(E)]. (2)

(Ti—l (t])—Tl(tJ)
qi*l = }\’ T)

(T, ()-T(1)

QG =A72 > (€)
where T,(t) — temperature of the i-th cell at time t;
At — time step;

C, M and p — heat capacity, coefficient of thermal
conductivity and density of the cell material, respectively;

qH(tj) u qm(tj) — specific heat flow rates from
neighboring cells;

y(tj) — power density of the heat source at the j-th
moment of time.

The modeling process is reduced to determining the
states of cellular automata at each step of discrete time
[22]. In addition, each machine operates according to
a specific algorithm. For internal cells of the reservoir
wall, the transition function of the form (2)—(3) is used.
For the external boundaries of thermal insulation, these
dependences are modified on the basis of the hypothesis
of a zero temperature gradient at these points (equality
of heat fluxes from neighboring cells).

Under the conditions of practical implementation,
one-dimensional modeling based on cellular automata is a
sequence of iterative CA-interactions of the asynchronous
type. Each iteration cycle involves the implementation of
the following procedures:

1. On the CA-field, a cell i = 1 is randomly identified
with the x1 coordinate. All cells have equal probability
of identification.

2. The neighboring cell i = 2 with the x2 coordinate is
randomly selected according to the neighborhood
scheme from the Neumann neighborhood (the cell
has only two neighbors, Fig. 2).

1=0 ...

random cell 12850

f—-
g

T =T

neighboring cells

Fig. 2. The cell structure of the enclosing wall of the tank
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Implemented CA-interaction between the selected
cells. The meaning of interactions is to recalculate the
temperature values of the insulating material of the
reservoir in the cells of the simulation field according
to equations (2)—(3), which are a cellular-automatic
analogue of the thermal conductivity process [9].
In the simplest case of stationary heat conduction, the
one-step transition function of the i-th cell is calculated
by the formula:

TijJr] = ;\’iTij + )\'i+lTji+l/ }\’i + }\'H—l’

where j+1 — iteration number;

T,,, — new steady-state temperature in a random cell;

T) — initial temperature in the same cell;

M, — coefficient of thermal conductivity of the material
in this cell;

T,,, — temperature of one of the randomly selected
neighboring cells;

A, — coefficient of thermal conductivity of the
material selected adjacent cells.

As applied to the particular case of modeling the
temperature mode in the tank wall, the problem is
formulated as follows. The oil tank is covered with thermal
insulation made of basalt fiber mineral wool — stone wool
(SW). From the inner side, a layer of paraffin deposits is
formed on the tank walls. The main characteristics of the
tank fences are shown in Table 1.

The results of the simulation of one-dimensional field
of 850 cells, within the error of the cellular automaton
«noise», are shown in Fig. 3.

CA-simulation optimization

Obviously, to ensure the adequacy of the simulation
results to the actual process, the dimension of the model
field should be taken as large as possible. However, this
will inevitably increase the duration of modeling, even
with the use of modern high-speed computing equipment
[9, 11].

To assess the degree of influence of the number of CA
on the result of temperature modeling, we constructed

Table 1
Technical characteristics of the external fences of the tank
Thickness (ETHEETE o‘f t.hermal Number of cells
Ne Layer name conductivity
mm Wt/ (m?K) pieces
1 Sediments 1 0,4 10
2 Steel sheet 24 52,0 240
3 Thermal SW insulation 60 0,032 600
TOTAL 85 850
60
- ah - G - - R
8 20 o e
@ e
= e Number of cells
E 0 T T ‘%’ T 1
S 200 400 R 1000
£ 20
'_
-40
—t=50C == +t=40°C == t=30°C
-60
Fig. 3. Model temperature lines for three thermal modes of the tank: t_ = 30°C, t_ = 40°C, t,_ = 50°C

int int
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models for three cases of field dimensions. On the basis
of previously conducted computational experiments, 17,
85, and 850 cellular automaton were selected by layer
thickness. The layer of thermal insulation was taken as a
layer, since in the metal wall of the tank, the temperature
changes slightly and its dynamics are of no practical
interest. The simulation results are shown in Fig. 4.

Absolute deviations of the model temperature from
the calculated analytically are shown in Fig. 5.

The assessment of the quality of the constructed
model was carried out by the magnitude of the standard
deviation of the model temperature from the analytically
calculated temperature (Fig. 6).

The simulation results showed that in the considered
problem, the standard deviation o is related to the
dimension of the cellular automaton field N by the
dependence of the form

0 = 28,75XN-03%, 4)

The choice of the necessary and sufficient
dimensionality of the cellular automaton field is the main

step in the simulation. Assigning the field dimension at
an optimal level minimizes time costs and at the same
time provides the required accuracy of the results. From
Fig. 6, it can be seen that as the CA-field dimension
increases, the root-mean-square error in temperature
modeling monotonously decreases. However, the
concomitant increase of comparison pairs in the structure
of a spacecraft leads to a significantly increased modeling
time and, consequently, decreased efficiency of obtaining
results. This is a significant drawback in the production
monitoring of the field equipment operating mode.

The optimal solution should be made on the basis
of the accuracy of the in-struments used to monitor
the temperature of the medium in the tank and on the
surface of the insulating layer. As a rule, chromel-copel
(HC) thermocouples are used to measure temperatures
in the range (—100; +100)°C. In this temperature range,
the permissible absolute error of instrumental control is
+2,5°C.

Using equation (4), it was found that to ensure such
accuracy, the dimension of the spacecraft with the
number of simulation cells N = 560 is sufficient (Fig. 6).

60
40

20

-20
-40

-60

a — The simulation field dimension N=17

60
40

20

-20
-40

-60

¢ — The simulation field dimension N=850

40
20
0
-20
-40
-60

b — The simulation field dimension N=85

Fig. 4. Results of modeling the temperature distribution across the thickness of the thermal insulation

of the tank depending on CA-dimension, °C
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=
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Fig. 5. Difference of model and analytically

determined temperature through the

thickness of the thermal insulation of the

tank depending on the CA-dimension, °C

—

[ CA-field optimal dimension N=560

standard deviation, oC
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v ©
2 290 The di 490 —_— :-5(13 £00 Fig. 6. Dependence of modeling accuracy
RS S on the CA-field dimension
CONCLUSION to identify the power dependence of the mod-eling

An alternative numerical method for solving heat
conduction problems is considered. The temperature
distribution in the outer insulating layer of the
reservoir in the conditions of the Russia Extreme
North f was obtained by the method of spacecraft
modeling. It is shown that the standard deviation of
the model 1,7°C is provided by the dimension of the
CA-field at the level of N = 850 cells.

Conducting a virtual experiment on modeling thermal
conductivity in an insulating layer made it possible

accuracy on the dimension of the CA-field for oil
reservoirs in the parks of the central collection points
of the northern oil fields. It is determined that the
obtained dependence is characterized by the accuracy
at the level of 0.99.

. It is shown that for the use of CA-modeling in

industrial monitoring of operating modes of oil tank
farms, the dimension of the CA-field N = 560 cells
is optimal from the point of view of accuracy and
efficiency of obtaining results.
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BBEJEHUE

B Hacrosmee Bpems o1 XpaHeHUST HEPTH U He-
(bTETTPOIYKTOB MIMPOKO MCITOIB3YIOTCS CTAJbHBIC 1M~
JIMHIPUYECKIE BepTUKAIbHBIC Pe3epByaphl, KOTOPHIE
SIBJISTIOTCSI BaXKHEUIIEl U HEOTheMJIEMOI YacTbhlo HedTe-
napKoB cTpaHsbl |1, 2]. Beicokas ncmapsieMmocTb HepTh
¥ HeTETIPOAYKTOB MPUBOIUT K UX 3HAYNUTEILHBIM I10-
TepsIM IPY XpaHeHuH |3, 4].

B nponecce ncnapeHust HeTH YacTh JIETKUX yIJIe-
BOOOPOIOB IIEPEXOAUT B Ta3000pa3HOE COCTOSTHHE,
B pe3y/bTaTe Yero MpOMCXOOUT eCTECTBEHHAs Macco-
Bas1 yOBUIb TIponyKTa. Hopmamu mmpeaycMOTpEeHO JINIITh
KOJIMYeCTBEHHOE M3MEHEHNE, TOTHa KaK IMpHu HcIiape-
HUM U3MEHSIETCA U KaUeCTBEHHBIM COCTaB XpaHUMO
HedTu. I1pm ecTecTBEHHBIX TeMIIepaTypax IepeKauKu
¥ TIepPEeBaJIKK TIPY MCTIAPEHUH B TIEPBYIO OUepeIb TePSI-
FOTCs JIeTKue yrieBogoponbl ppakiuu 200 (1o rekcaHoB
BKJTIOUMTEITEHO), SIBJISTIOIIMECS KOMITOHEHTAMH aBTOMO-
OMJILHBIX OCH3MHOB. DTO CHIKACT Ka4eCTBO HE(TH TI0
«IUCTWUISIIMOHHON» MOJCIIN, YIUTHIBAIOIICH HATMIME
B He(pTU CBETIBIX (Dpakumii [5].

HMHTeHCUBHOCTH UCITapeHUI HE(DTH KPOME TEXHO-
JIOTUYECKOTO pPeXXrMa ¢ I3MEHEHUEeM YPOBHS B3JTMBa
pe3epByapa [6] onpenensieTcs ee Temmneparypoii. B yc-
JIOBUSIX POCCHUIICKOTO ceBepa IIpu paboTe ¢ BHICOKO-
BSI3KOM HE(PTHIO TEXHOJIOTHIECKUE PE3ePBYyaphl KU -
KOCTU M He(dTU OCHAIIIEHBI TEIUIOBOI M3osueit [7].
B xauecTBe TeTUIOM30JIAIIMOHHOTO MaTeprajia Hanbosee
I POKO UCITOIB3YIOTCS MIUHepabHas Bata (MB), mre-
HomosmmypetaH (I1I1Y), kamennas Bata (KB). Crnenyer
OTMETHTBD, YTO TCIUIO3AIINTHEIC CBOMCTBA Ha3BAHHBIX
MaTepuaJioB Ha TIepBOHAYAIILHOM 3Talle SKCILTyaTa-
UM HaXOISITCS Ha COIOCTAaBUMOM YpoBHe (puc. la).
IIpakTryecKuit BEIOOP OMpeaessieTCsT IIPOUYNMU TeX-

HOJOTUYECKNMU CBOMCTBAMU TEIUIOBOI M3OJISLIUN —
HaJEXHOCTBIO, TOJITOBEYHOCTHIO, TOPIOYECTRLIO U TIP.
B vacTHOCTH, HauboJiee pacnpocTpaHeHHas] MUHE-
panbHas BaTa o0jlagaeT XyIIINMHU M3 BCeX Ha3BaHHBIX
MaTepUajIoB TEIUIO3AIMNTHBIMU CBOicTBaMM (puc. 1a)
1 HeJOCTATOYHON M3HOCOCTOMKOCTBIO M3-3a ITOBBI-
IIEeHHO# CMIHaeMOCTH (puc. 10).

INenononuypeTaH, HECMOTPSI Ha IIMPOKOE TIPHMEHE-
HIe Ha 00BbEKTaX MarucTpaibHOTO TpaHCIIOpTa HEDTH
IIJIST MHOKeHEPHBIX KOMMYHUKAIINA, 001amaeT HEKOTO-
poii ropiouectbio (rpymmna I'2, I'3 mo TOCT 12.1.044-89
«B3pBIBOMOXKAPOOITACHOCTD BEIIECCTB M MAaTEPUAJIOB»),
U TIOTOMY HE MOXET OBbITh peKOMEHI0BaH 0e3 yiiepoa
HaIeXXHOCTU 1 0€30IaCHOCTH pe3epBYapHBIX TTapKOB
yIaeBOOOPOI0oB. ONTUMAIBHOM TEIIOBOM M30JISIIACH
JITST OTIACHBIX TTPOU3BOACTBEHHBIX OOBEKTOB SIBIISIETCS
kaMmeHHas Bata (KB-TemnoBas n3onsmms).

OCHOBHAA YACTb

IocTpoenne o1HOMEPHOIi MOIE/IH TENIONPOBOIHOCTH
METOAOM KJIETOYHBIX aBTOMATOB

[IpakTryecKoe ympaBiIcHNE TEIUIOBBIM PEXNMOM
HePTSIHOTO pe3epByapa BO3MOXHO Ha OCHOBE MOJC-
JIMPOBaHUS TEMIIEPATYPHBIX YCIOBUI ITO pe3yiabTaTaM
MOHHTOPHHTA TePMOIUMHAMNIECKUX TTOKa3aTesIeii Heptr
1 OrpakIalolInX KOHCTPYKIINI pe3epByapoB. B cTaThe
paccMoTpeHa 3agadya MOICIMPOBAHMS pacIipeIeICHUs
TeMIIepaTyp B IIOIIEPEYHOM Cpe3¢ HApYKHBIX OTpaxKie-
HUI He(bTIHBIX pe3epByapoB. PelreHre BEITIOTHEHO Ha
OCHOBE AKCIUTyaTallMOHHBIX TEXHOJOTMUECKIX JAaHHBIX
pe3epByapHBIX TTAPKOB CEBEPHBIX MeCTOpOoXIeHM Poc-
cun. PacdeTsl 1ipu pa3paboTKe TeMITepaTypHBIX MOIEIeH
IIpoBeaeHBI 111 KB-TermroBoif n30Ismm.
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Puc. 1. XapakTepucTHKH MATEPUATIOB [IJ151 TEIVIOBOI M30JISLUN Pe3epByapoB HedTH
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ABTOpamu pa6or [8, 9, 10, 11, 12] m1st cumymsimm Te-
TLTOITPOBOTHOCTHY B OTPaKIAOIINX CTEHKAX TEXHOJIOTH-
YECKUX COOPYKCHUI PEKOMEHAYETCS METO KIIETOUHOTO
aBToMara. B mocnennux padorax [13, 14] ¢ ToMoIIbIO
KA-MonmennpoBaHusST CUMYITHPYIOTCS OMOJIOTUIECKIE,
¢usunueckue, nHPOpMALIMOHHBIE Mpoliecchl. Takoit
TOIX0I OCOOCHHO TIPOAYKTUBEH B TOM ClIydae, Koraa
KJIacCUYeCKIEe MOICIU TIPEACTABIISIOT CO00# MHOTO-
(akTopHBIE T DepeHInaTbHBIC CTPYKTYPHI [15].

OCHOBOI KJIETOYHO-aBTOMATHOTO MOIEIMPOBAHMUS
CITY>KUT IUCKPETHAsI MOOCIb — PEryJsIpHasl pelieTka
ST9eeK, UIST KasKIO0# M3 KOTOPBIX OIIpeIesIeHO KOHEUHOE
MHOXECTBO cOCTOsTHMIA [ 16]. A1t KaXKI0i KJIIETKH! OTIpe-
IeJieHa KJIETOYHAsT OKPeCTHOCTh. [1pn 3TOM 3amaroTcs
HavyaJIbHBIC COCTOSTHIS BCEX STIeCK U TIPABIJIA X CMCHEL.
Takoit MeToI TO3BOJISIET UCCIICAOBATh JIOKAJTBHBIC MeXa-
HU3MbI MOJIEJIMPYEMOM CUCTEMBI HA HAHOYpOBHE [17].

Peammzanms KA-mMonemipoBaHus ITpoBeIeHa TS pe-
3¢pPBYapOB CaMBIX PacCIIPOCTPAHEHHBIX TUIIOPA3MEPOB —
5000 M3, 10000 M3 1 20000 m3. BenmmumHa OTHOLIEHNS
TOJIIIMHBI CTCHKU pe3epByapoB K IMaMETPy Ha YPOBHE
ot 0,0005 mo 0,0009 M/M TTO3BOJISICT BECTH MOIEIIHPO-
BaHUe B (popMate IIOCKoit 3amadn. JJIss UMUTHPOBAHUS
TeMITepaTypHOTO TTOBEACHMS B IIOTICPEYHOM Cpe3e Ha-
PYKHBIX OTPaKICHMI B KAYECTBE JIOKAJTBHBIX 3JICMCHTOB
OBLTN BBIICIICHBI HAHOPA3MEPHBIC STICHKI TUCKPETHOTO
TeMImepaTypHoro coctossHud [18]. B atom ciyyae kaxkmast
sTYeiiKa-KJIeTKa MPEICTaBIsIeT COO0M MUKPOIIECMEHT
MaTepHaa — «KpyITHO3epHUCTOE» BEIIECTBO.

CornacHO TeOpUH KOHEYHBIX aBTOMATOB [19], cocTo-
STHUE OTICIFHON KJIETKH Ha KaKIoM IIIare 1o BpeMeH!
W3MEHSICTCSI B COOTBETCTBUHU ¢ (DYHKIIMCH TTEPEXOIOB:

2(t) = olz(t,_), X(t, )], (1)

rae z(t,) — COCTOSIHME KJIETKU B MOMCHT BPEMCHH ;]
X(t,_,) — BEKTOp BXOZHBIX CUTHAIIOB B IPEIBLIYILIHIT
MOMEHT.

PaccMoTprm ogHOMEPHYTO 3a1a49y TEIIOIIPOBOIHO-
CTU, TJI€ B KaUeCTBEe 00bEKTa OYIET BBICTYIATh MHOTO-
CJIOITHOE HapYKHOE OrpakacHIe He(TSIHOTO pe3epBya-
pa, Ha JIeBOI TpaHMIIe KOTOPOTO B HAYaTbHBIA MOMEHT
BpeMEHU JIOKAJIN30BaH TeII0Bo#t nmItyibe [20]. Pazo-
OBbEM OrPaKIAFOIIYIO TTIOBEPXHOCTD Ha 3JICMEHTHI (KJICT-
KH) C OMWHAKOBBIM IIIarOM h M OTOXIECTBUM COCTOSI-
HHE KJIETKU ¢ ee TeMrmepaTypoit T. BxomHble cUTHAIBI
MOICIMPYIOT IIPOIIECC TIepeIaun TEIIOBOI SHEPTUH OT
COCEIHMX KJICTOK M OT NCTOYHMKA TEIUIOTHI. JIJIsT pac-
CMAaTpUBAEeMOTO CIIydasl OIMHOIIaroBast (PyHKIIUS TIepe-
XOJIOB i-1i KJIETKHU 3aITnieTcs Tak [21]:

T (t,,) = T)+A/Cep)+[q, (1) +a, ()Y, (2)

(Ti—l (tj)_Tl(tJ)
qi*l = }\’ T)

(T,,,()-Tt)
G =A A3)

rae Ti(tj) — TeMmIiepaTypa i-ii KJIeTKU B MOMEHT Bpe-
MEHU tj;

At — 111ar 110 BpEMEHU;

C, A 1 p — TEIUIOEMKOCTh, KOI(D(DUIIMEHT TETII0-
TIPOBOHOCTH U TUIOTHOCTh MaTepuaia KJIETKHU, COOT-
BETCTBEHHO;

qH(tj) u qi+1(tj) — yIeJabHbIE MOIITHOCTU TETJIOBBIX
TTOTOKOB OT COCETHUX KJIETOK;

y(tj) — yhnenabHash MOITHOCTh UCTOUHUKA TETUIOTHI
B j-1f MOMEHT BpEMEHU.

[Mpotiecc MomeMpoBaHMST CBOAUTCS K OTIPEACTICHUIO
COCTOSTHU KJIETOUHBIX aBTOMATOB Ha KaXIOM IIIare IIC-
KpeTHOTO BpemeHHU [22]. [Ipu 3TOM KaxXIblit aBTOMAT
(byHKIIMOHMPYET TIO OTIpeneIeHHOMY anroputMy. st
BHYTPEHHUX KJIETOK CTEHKU pe3epByapa MCIOJIb3yeT-
¢ hyHKIUS nepexonoB Buaa (2)—(3). JI1s BHEITHUX
TPAHUII TETIJIOBOU M30JSIINU JaHHBIE 3aBUCUMOCTU

CnyvaiiHaa KneTka :

1=0 ' ..1=850

! !

s‘ |

|

[ i

v T= Teuyr CocegHie KneTku T = Touem

Puc. 2. Kinerounas cTpyKTypa orpazkuaiomeii CTeHKH pe3epByapa
http://nanobuild.ru 343 info@nanobuild.ru



Nanotechnologies in Construction: A Scientific Internet-Journal
HaHoTexHonornm B cTpontenbCcTBE: HayUHbIN IHTepHeT-XKypHan

2019; 11 (3):
335-350

Nanobull

NANOTECHNOLOGIES IN POWER ENGINEERING « HAHOTEXHOJIOMW B SHEPTETUKE

MOIN(PUIIMPOBAHBI, MCXOISI M3 TUIIOTE3EI O HYJICBOM
TpamleHTE TeMIIEPaTyphl B JaHHBIX TOUKAX (PaBEHCTBO
TETUIOBBIX ITOTOKOB OT COCETHUX KIIETOK).

B yc10BHSIX IMTpaKTHUECKOM pean3allii OTHOMEPHOE
MOJIEJTMPOBAaHNE HAa OCHOBE KJICTOYHBIX aBTOMATOB IIpEI-
CTaBIISIET COOOM ITOCICAOBATEIbHOCTD UTEPAITMOHHBIX
KJIETOYHO-aBTOMATHBIX B3aMMOICCTBIIT ACHHXPOHHOTO
Trma. Kaxmelii nTepalliOHHBIN [IUKIT IIpeIyCcMaTpUBaeT
peaan3ainio CICAYIOMNX IIPOICIyp:

1. Ha KA-mosne caygaifHBIM 00pa3oM NIeHTU(UILINPY-
eTcsl HeKoTopasi kKjeTka i = 1 ¢ koopauHaToii x1. Bee
STYCHKNA MMEIOT OMMHAKOBYIO BEPOSITHOCTD MICHTH -
puxkaumu.

2. CocemHsad KJIeTKa i = 2 ¢ KOOpAWHATOM X2 BEIOMpa-
eTCsI CIIyJaifHBIM 00pa30oM IT0 CXEME COCEICTBA M3
okpecTHOCTH HeitmMaHa (y KJIETKU €CTh TOJIBKO IBa
cocena, puc. 2).

3. Peammsyerca KA-B3aumoneiicTBie MeXIy BHIOpaH-
HBIMM KJIeTKaMi. CMBICIT B3aUMOICHCTBHIA 3aKITI0Ya-
eTCs B TIepecueTe 3HAUCHUI TeMIIePaTyPhI TEIION30-
JISIIMOHHOTO MaTepuraja pe3epByapa B KJICTKaX OIS
MOIETMPOBAaHUS 110 ypaBHEHUIM (2)—(3), KOTOpBIE
TIPEICTaBIISIOT COOOI KIIETOUHO-aBTOMATHBII aHAJIOT
Tpoliecca TeTJIOIPOBOIHOCTH [9].

B mpocreiieM cirydae cTalliOHAPHOM TETIOIIPOBO-

THOCTH OTHOIIATOBasT (PYHKIIUS TICPEXOIOB i-i1 KIIETKU

paccYnTHIBaeTCs M0 (hopMyIIe:

T =ATIH A T /At A,

rae j+1 — Homep uTepannu;

T/*! — HOBasA yCcTaHOBUBLIAACS TEMIIEPATYpa B CIIy-
YalHON KJIeTKeE;

T) — neppoHavaIbHOE 3HAYEHKME TEMIIEPATYPhI B 9TOM
Ke KJIEeTKe;

A, — KOG GULMEHT TETLIONPOBOAHOCTU MaTepuaa
B TAHHOM KJIETKE;

T, — Temmeparypa OIHOM U3 CJTy4aitHO BEIOPaHHBIX
COCEIHUX STYEEK;

M., — KO3(D(HULIMEHT TEMIONPOBOAHOCTH MaTepyaa
BBIOpAHHOM COCEIHEN STYCTKM.

B nipyMeHeHnM K YaCTHOMY CJTy4ar0 MOISTUPOBAHUS
TeMIlepaTypHOTo TpadrKa B CTEHKE pe3epByapa 3ajada
dopmynupyercs Tak. HedTsaHoit pesepByap MOKPHIT TE-
TUIOBO# M30JISIIIEH 13 MUHEPaIbHOM BaThl 0a3aJI5TOBOTO
BOJIOKHA — KaMeHHOI1 BaThl. C BHYTpeHHE CTOPOHBI Ha
CTEHKaX pe3epByapa oOpa30BaH CJI0# mapaUHUCTHIX
oTinoxeHnii. OCHOBHBIE XapaKTePUCTUKI OTpakKIeHUIA
pe3epByapa npuBeaeHbI B Ta0JI. 1.

PesynbraThel MOAeIMpPOBAHUSI OQHOMEPHOTO IOJIs,
conmep:kaniero 850 gueek, B Mpeaeiax MOrpelrHOCTH
KJIETOYHO-aBTOMATHOTO «IIIyMa» IPUBEIECHBI Ha puC. 3.

Onruvm3anys KJeT0YH0-aBTOMATHOTO MOJEMPOBAHMUA

OueBHIHO, YTO IJISI 0OCCIIeUeHMs afcKBAaTHOCTH
pe3yabTaTOB MOACINPOBAHUS peaTbHOMY ITPOIIECCY
pa3MepHOCTh MOACIBLHOTO TIOJIST CIIEAyeT MIPUHUMATh,
BO3MOXKHO, 00bIeii. OmHAKO 3TO HEM30EKHO YBEJIM-
YUT MPOIOJKUTESIILHOCTD MOACIMPOBAHUS JaXKe TP
HCIIOJIb30BAHUN COBPEMEHHOTO OBICTPOICHCTBYIOIIETO
BBIUMCIIUTENIBHOTO 0bopynoBanusd [9, 11].

71T OLIEHKY CTETIEH! BIUSHUST KOJIMIECTBA KIICTOK
aBTOMaTa Ha pe3yJIbTaT MOICINPOBAHNS TEMITePATyPhI
ObLIM BBIITOJIHEHBI IOCTPOECHMSI MOAEIN JUIS TPEX CIIy-
yaeB pa3MepHOCTH moyst. Ha ocHOBe mpenBapuTeIbHO
MIPOBEACHHBIX BEIYMCIUTEIHBHBIX 9KCIICPUMEHTOB OBLIIO
otobpano 17, 85 1 850 KJI€TOYHBIX aBTOMATOB IO TOJI-
IrHe cosl. B KadecTBe c10sT OBLT B3ST CI0M MMEHHO
TEIUTOBOM M30JISIINN, T.K. B METAJUIMIECKOM CTCHKE pe-
3epByapa TeMIlepaTypa U3MeHsIeTCS He3HAUNTEILHO U €€
IWHAMHWKAa HE TIPEICTaBIIIeT IIPAKTUICCKOTO MHTepeca.
Pe3ynbraThl MOIETMPOBAaHMS IIOKA3aHbI Ha puC. 4.

AOCOTIOTHBIC OTKJIOHCHMST MOIEITEHOM TeMITepaTyphl
OT BBIYMCJICHHOI aHAJTUTUYECKU TIPUBEICHBI Ha PHC. 5.

OleHKa KayecTBa ITOCTPOCHHOM MOIEIN ObLJIa TIPO-
BelcHA IT0 BEJIMYMHE CPECIHEKBAAPATUICCKOTO OTKIIO-
HEHUS MOIEIbHOI TeMIIepaTyphl OT aHAJIMTUIECKHU pac-
cyuTaHHOU (puc. 6).

Tabauya 1
Texnnyeckue XapaKTepUCTHKN HAPYXKHBIX OrpakIeHuii pe3epByapa
Toammna Kosdauiiert KommuecTBo sueex
Ne HanvenoBauue cios TEITONPOBOAHOCTH
MM Bt/(M*K) T
1 OT10XeHUs 1 0,4 10
2 CranbHOI JTUCT 24 52,0 240
3 Termnosass KB-u3onsaius 60 0,032 600
BCET'O 85 850
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Temnepatypa, oC

Puc. 3. MoaenbHbie TeMIepaTypHbIe JIMHIAM IS TPEX TEILUIOBBIX PEKUMOB pe3epByapa:
t =30C,t_=40C,t =50C

60 60
40 40
20 20
0 0
-20 -20
-40 -40
-60 -60
a— PazMepHOCTE TIOJIA MOJIETTHPOBAHU A 6 — Pa3MepHOCTh 10N MOJIETMPOBAHUS
N=17 N=85

60

40

20

0

-20

-40

-60

B — PasmepHocTh ot MogenmipoBanusa N=850

Puc. 4. Pe3yabpTaTel MOIEIMPOBAHHAS pacnpeaeeHHs TEMIIEPATyp M0 TOJIIIHE TeIIOBO H30/ISIHA pe3epByapa
B 3aBHCHMOCTH OT KommdecTBa KA, °C
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10 10

5 N 5

0 = 0

=5 LI U 5
-10 | | -10 it
-15 -15
-20 -20

a—PasMepHocTE Tond MofiemupoRaHud N=17 6 — PasmepHOCTD TONA MofieHpoBaHuI N=85

10

o Lot ... et

B — PasmepHocTs o MojierpoBaHus N=850

Puc. 5. Pa3Huna MojieIbHO# M aHAJTMTUYECKH OTpe/ieJIeHHOI TeMIepaTypbl M0 TOJIIIMHE TeNJI0BOMi U30JIA1UU
pe3epByapa B 3aBHCMMOCTH 0T KommdectBa KA, °C
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PazmepHocTte KA-nona

Puc. 6. 3aBHCHMOCTDH TOYHOCTH MOAEIHPOBAHMS OT pa3MepHocTH KA-no.s

PesynbraThl Mo IMPOBAaHUSI TIOKA3aJIu, YTO B pac- Br160p HEOOXOMMMO U TOCTATOYHOM pa3MEePHOCTH
CMaTpuBaeMoii 3a1aue CPeTHEKBAIPATHUECKOE OTKIIOHE-  TTOJIST KJIETOYHBIX aBTOMATOB SIBJISIETCSI OCHOBHBIM 3Ta-
HHE O CBSI3aHO C pa3MEPHOCTBIO KJIETOYHO-aBTOMATHOTO  TTOM TPpH MOJieIMpoBaHuu. Ha3HaueHre pa3MepHOCTH
rmosist N cTeTieHHO# 3aBUCUMOCTH BUIA OJIsT HAa OTITUMAJIbHOM YPOBHE TTO3BOJISIET MUHUMM-

3UpOBATh BPEMEHHBIE 3aTPaThl ¢ OTHOBPEMEHHBIM

0 = 28,75x N3, (4) mocTUXeHMEM TPeOYyeMOM TOUYHOCTU PE3yJIbTAaTOB.
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W3 puc. 6 BUAHO, YTO IIPU YBEJINYEHUU PAa3MEPHO-
ctu KA-mons cpemHekBagpaTUdecKasl OIIMOKa MO-
IeTUPOBAHUS TeMIIepaTyp MOHOTOHHO CHIXKACTCS.
OmHAKO COMYTCTBYIOIIEe HapallnBaHNE KOJTNIEeCTBA
map cpaBHEHHUS B cTpyKType KA mpuBoguT K 3HAYM-
TEeJIbHOMY YBEIIMYCHUIO BpeMEHHN MOJCINPOBAHNS U,
KaK CJICACTBUE, CHUXKCHHUIO OIICPAaTUBHOCTHU MOJY-
YEeHUS Pe3yJIbTAaTOB. DTO SIBIISICTCS CYIIECTBEHHBIM
HEIOCTaTKOM B YCJIOBUSIX IIPOU3BOACTBEHHOTO MO-
HHUTOPHWHTA PeXMMa SKCITyaTalluW IIPOMBICIOBOTO
00opynoBaHUSI.

OnTuManbHOE PEeIIeHHE CIeAyeT IIPUHUMATB C yJe-
TOM TOYHOCTH MCITOIB3YEMBIX IIPUOOPOB TSI KOHTPOJIS
TeMIIEpaTyp Cpeabl B pe3epByape M Ha MOBEPXHOCTH
HM30JIIIIMOHHOTO cliosd. Kak mpaBuiio, mist m3aMepeHUs
temrtepatyp B nuanaszoHe (—100; +100)°C ucmonab3y-
10Tcs XpoMenb-koneneBbie (XK) Tepmonapel. B aTom
WHTEpBaJie TeMIlepaTyp J0MycTUMas abCoJIIOTHas Mo-
TPEITHOCTb MHCTPYMEHTAIBHOTO KOHTPOJISI COCTABIISICT
+2,5°C.

C nmomoIpio ypaBHeHUS (4) OBUIO YCTAHOBIICHO, YTO
IJIsT 0OecTIeYeHUST TAKOM TOTYHOCTH JTOCTaTOUHOU SIB-
JIsieTesl pa3MepHOCTh KA-TT0MIST ¢ KOTMYeCTBOM STUeeK
moaenupoBanus N = 560 (puc. 6).

REFERENCES

3AK/IIOYEHUE

. PaCCMOTpCH a.J'[LTe]C)HaTHBHbeI YUCJICHHBIA METOI

pelIeHNs 3a1a4 TeTUIOIPOoBOTHOCTH. [TomydeHo pac-
IIpeaesIicHre TeMITepaTyp B Hapy>KHOM M30JISIIIOH-
HOM cJIo¢ pe3epByapa B yCIOBHUsIX KpaitHero ceBepa
Poccun metogom KA-monenuposanus. IlokazaHo,
YTO CpeOHEKBAAPaTUIECKOE OTKIOHEHUE MOICIH
1,7°C obecnieumBaeTcs pa3MepHOCcThI0O KA-T101s Ha
ypoBHe N = 850 sueex.

IIpoBemeHMe BUPTYaTbHOTO SKCIIEPUMEHTA IO MO-
JISTMPOBAHUIO TEIIOTIPOBOTHOCTH B M30JIIIITOHHOM
CJI0€ TTO3BOJIMIIO MICHTU(MUITNPOBATEH CTEIICHHYIO 3a-
BHCHUMOCTh TOYHOCTH MOIETMPOBAHUS OT pa3MEPHOCTH
KA-to1s1 711 He(PTSIHBIX pe3epByapoB ITapKOB IICH-
TPaJIbHBIX ITYHKTOB COOpa CEBEPHBIX MECTOPOKICHHMIA.
YcTaHOBJIEHO, UTO TIOJTyIeHHAS 3aBUCMOCTh XapaKTe-
pU3yeTCcsT IUCTIepCHeii ameKBaTHOCTH Ha ypoBHe 0,99.
ITokazaHo, uto mist KA-MomeampoBaHUS TIPH TTPOU3-
BOJICTBEHHOM MOHHUTOPHWHTE PEKMMOB SKCILTyaTalldN
pe3epByapHBIX TapKOB HE(DTH ONTUMAIBHBIM C TOU-
KU 3pCHUSI TOYHOCTHU M OITEPATUBHOCTH TTOTYICHMST
pe3yIbTaTOB SIBIISICTCS pa3MepHOCTh KA-1ronsa N =
560 styeex.
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