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Abstract

Introduction. Shell-and-tube heat exchangers are widely used in oil treatment and refining plants, as well as in heating
systems, where their reliable operation is largely determined by the intensity of thermal fouling on the tube surface.
Therefore, it is crucial to promptly determine when heat exchange equipment requires maintenance, as deposit
accumulation can result in the reduced heat transfer efficiency and increased operating costs. A review of the literature
shows that the problem of predicting heat exchanger fouling is being actively researched. However, existing approaches,
which focus on process parameters and the physicochemical properties of heat transfer fluids, are not always applicable
to the specific conditions of oil refining, where feedstock composition, operating conditions, and deposit nature differ
significantly from typical industrial processes. Thus, there remains a gap in scientific knowledge associated with the
insufficient development of models that allow for the reliable description of changes in the thermal resistance of
contaminants, and the heat transfer coefficient specifically for shell-and-tube heat exchangers of oil refineries. The
objective of this study is to determine the dependence of the coefficients of thermal resistance of contaminants and heat
transfer on operating parameters, in particular, on the output temperatures of coolants and oil density. For this, it is planned
to use machine learning methods to build more adequate predictive models and thereby increase the validity of decisions
on the maintenance of heat exchange equipment.

Materials and Methods. A shell-and-tube heat exchanger in a small refinery unit was investigated. Here, circulating diesel
reflux (210-235 °C) was the hot medium on the shell side, and oil was the cold medium in the tube bundle. For the
calculation, the cross-sectional areas of the tube and annular spaces, linear flow rates, Reynolds, Prandtl, and Nusselt criteria,
as well as the heat transfer coefficients of the hot and cold coolants were determined. The heat transfer coefficient was
calculated taking into account the thermal resistance of the wall and contaminants, while heat transfer was calculated from
heat balance and heat transfer equations. Machine learning and symbolic regression methods, including PySR, SISSO,
FROLS, and CatBoostRegressor, were used to estimate the thermal resistance of contaminants and the heat transfer
coefficient, based on oil density and coolant temperature data. The verification calculation of the heat exchanger was
performed by the method of successive approximations with the solution to a system of nonlinear equations in Matlab.
Results. A verification calculation of a shell-and-tube heat exchanger for oil from three fields showed that with an increase
in the thermal resistance of contaminants from 0 to 0.002 (m?-°C)/W, the heat transfer coefficient decreased from
approximately 93-95 to 81-83 W/(m?-°C). It was established that changes in the outlet temperatures of the coolants was an
information basis for identifying contaminants. Using the SISSO and PySR symbolic regression methods, analytical
dependences of thermal resistance on oil density and outlet temperatures were obtained with RMSE 1.25:1078
and 2.34:10%(m?-°C)/W, respectively. To predict the dynamics of heat transfer, NARX models based on FROLS and
CatBoostRegressor were built, validated on industrial data. Ex-post forecast error for the algorithm CatBoostRegressor
RMSE = 0.03573 W/(m?-°C), for the algorithm FROLS RMSE = 0.01296 W/(m?-°C).
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Discussion. A 13% reduction in heat transfer coefficient with an increase in contaminant thermal resistance
to 0.002 (m?-°C)/W was consistent with theoretical models and experimental data from other researchers. The use of
SISSO and PySR methods provided significantly higher accuracy compared to neural network approaches with small
training sets. The FROLS algorithm outperformed CatBoostRegressor in the accuracy of ex-post forecast of heat transfer
coefficient dynamics, which is explained by the compactness of the polynomial model and the smooth nature of the
process under study. The established threshold for reducing the heat transfer coefficient by 25% complies with industry
standards and provides the transition to equipment maintenance based on actual condition.

Conclusions. A method for determining the thermal resistance of heat exchanger fouling based on the outlet temperature
of the coolant and the oil density was developed. Analytical relationships with RMSE 1.25:107% (m?-°C)/W
and 2.34-107® (m2-°C)/W were obtained using the SISSO and PySR symbolic regression methods. NARX models for
predicting heat transfer coefficients (RMSE 0.01296 and 0.03573 W/(m?-°C) were built and validated using industrial
data. A 25.2% reduction in heat transfer coefficient was adopted as the criterion for the need for cleaning the unit, which
provided a transition to condition-based maintenance and increased energy efficiency in oil refining.
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Acknowledgements. The authors would like to thank the editors and reviewers for their time and valuable comments.

For Citation. Tugashova LG, Zatonskiy AV. Machine Learning-Based Condition Assessment Method for Shell-and-Tube
Heat Exchangers to Improve Energy Efficiency. Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2237.
https://doi.org/10.23947/2687-1653-2026-26-2-2237

0pu2uHClﬂbH0€ amnupudeckoe uccnedosatue

Cnoco0 oueHKH COCTOSTHUSA KOKYXOTPY0UATBIX TeNJI000MEHHHKOB C IPHMEHEHHeM
MAIIMHHOTO 00y4eHHsl /I MOBBIIIEHUsI JHeProd(pPeKTHBHOCTH

JL.T. Tyramosa'"*'t<, A.B. 3aTonckmii’

! AJIbMETBEBCKHI TOCY IaPCTBEHHBI TEXHOIOTMYECKHil YHUBEPCUTET «BbIcinast mKona HeTH», T. AJILMETHEBCK,
Poccuiickas ®@enepauus

2 TlepMCKHii HALIMOHANBHBII MCCIIEN0BATENLCKUI IOMTEXHUYECKUH YHUBEPCHTET, T. IlepMb, Poccuiickas Menepanus

B4 tugashova@yandex.ru

AHHOTALUSA

Beeoenue. KoxyxorpyOuaTble TEINIOOOMEHHUKH LIIMPOKO NPHMEHSIOTCS Ha YCTAHOBKAaxX HMOATOTOBKU M IIEPEepadOTKH
HedTH, a TaKXKe B CHCTEMax TEIUIOCHA0XKEHUs, TJe MX HaJeKHas paboTa BO MHOTOM OMNPEAENSETCS MHTCHCUBHOCTBIO
TEPMHUUYECKOTO 3arpsi3HEHHS TTOBEPXHOCTH TPYO. B CBsI3M ¢ 3TMM akTyanbHOH 3aa4yei sIBISETCS] CBOEBPEMEHHOE OTIpe/ie-
JICHHE MOMEHTA, KOT/[a TEINI00OMEHHOMY 000pyTOBaHHUIO TpeOyeTcsl TeXHUIEeCKoe 00CTy )KHUBaHHUE, TIOCKOJIBKY HaKOTIIJIe-
HHE OTJIOKEHUH MPUBOIUT K CHIDKCHUIO 3()(hEeKTHBHOCTH TEIUIONEpeiaun U POCTY IKCILTyaTallHOHHBIX 3aTpaT. AHaIU3
JUTEPATYPHBIX HCTOYHUKOB MTOKA3bIBAET, YTO MPOOIEMa MPOTHO3UPOBAHKS 3arPA3HEHNS TETNIOOOMEHHBIX alapaToB 10-
CTaTOYHO aKTUBHO Hcciexyercs. OMHAKO CYIIECTBYIONUE OAX0 b, OPUCHTUPOBAHHbIE HA YUET PEKUMHBIX TapaMETPOB
1 (PU3UKO-XUMHUYECKUX CBOWCTB TEIUIOHOCHTEIECH, HE BCEr/la NPUMEHUMBI K CIIEHU(HUIECKUM YCIOBHAM Hedremnepepa-
OOTKH, IJIe COCTaB ChIPbS, PEXKUMBI IKCIUTyaTalluy U XapakTep OTJIOKEHUH CYIIECTBEHHO OTIMYAIOTCS! OT THUIIOBBIX HPO-
MBIIIIEHHBIX TporeccoB. TakuM 00pa3zoM, coxpaHseTcs IpoOes B HayYHbIX 3HAHUSX, CBA3aHHBIN C HEIOCTATOYHOM pa3-
paboTaHHOCTHIO MOJETICH, ITO3BOJIAIOIINX HAJEKHO OMUCHIBATh N3MEHEHHUE TEPMHUUYECKOT'O COIIPOTHUBIICHHUS 3arpsI3HEHUH
1 K03 PHUIHECHTA TETIONEepeIadi IMEHHO VI KOXKYXOTPYOUaThIX TEINIOOOMEHHUKOB HedTenepepadaTeBalOINX ycTa-
HOBOK. L[eJ1bI0 HaCTOSIIEero UCCIIeIOBAHUSI SIBISIETCS OTIPEIeNICHHE 3aBUCUMOCTH KO ((HUIIUEHTOB TEPMHUUYECKOTO COIPO-
THUBJICHHS 3arPSA3HEHNH U TeIJIONepeadl OT PEXHUMHBIX IapaMETPOB — B YACTHOCTH, OT BBIXO/IHBIX TEMIIEPATYP TEILIO-
HocHTenel U IioTHOCTH HeTH. J{Js JOCTHIKEHHS OCTABICHHOM LIeNN TPe/IIoaraeTcs IpUMEHEHHUE METOIOB MalllH-
HOTO 00y4YeHHs, MO3BOJISIOIINX ITIOCTPOUTH OOJIee aeKBaTHbIE IPOTHOCTHYECKHE MOJICIIN M TEM CaMbIM IIOBBICHTB 000C-
HOBAHHOCTH PEIICHUH 110 TEXHUYECKOMY OOCITy>KUBAHHIO TEINIOOOMEHHOT'0 000PY/J0BaHUS.

Mamepuanst u memoost. B xauecTBe 00bEKTa HCCIEIOBAaHNS PACCMOTPEH KOXKYXOTpyOUaThIil TEIJIOOOMEHHHK ycTa-
HOBKM TIepepaboTKu He(TH Majoil MOIIHOCTH, B KOTOPOM IHMPKYJIALMOHHOE OpOILICHHUE AM3EIbHOTO TOILUIMBA
(210- 235 °C) BbICTynaeT ropsiuMM TETFIOHOCHTENIEM B MEXTPYOHOM IPOCTPAHCTBE, & HEPTH — XOJIOHBIM TEIUIOHOCH-
TeneM B TpyOHOM myuke. [t pacdera ompeaesiiuch IUIOMAAN CEYCHUH TPYOHOTO U MEXKTPYOHOTO MIPOCTPAHCTB, JIH-
HeWHBIE CKOPOCTH TIOTOKOB, Kpurepuu PeitHonbaca, [Ipanamis n Hyccenbra, a Takoke K03 GHUIMEHTH! TEIUIOOTIaul CO
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CTOPOHBI TOPSYET0 U XOJOAHOTO TeroHocuTeneil. KoaddummenT temmonepenadn pacCYUTHIBAICS C yIETOM TEpMUYIe-
CKOTO COIIPOTHBIIEHHS CTEHKH M 3arps3HEHHH, TEIUIO0OMEH — 110 YPaBHEHMSIM TEIIOBOTO OajlaHca M TeIUIoNepeIaun.
JIs OLIleHKH TEPMIYECKOTO COTPOTHBIICHHS 3arps3HEHUH M KO3 QHUINEHTa TeIUIonepeaadn HCIIOIb30BAIUCH METO B
MAaIIMHHOTO 00y4eHHsI M CUMBOJIBHOH perpeccun, B ToM unciie PySR, SISSO, FROLS u CatBoostRegressor, Ha ocHOBe
JAHHBIX O IDIOTHOCTH HEPTH U TeMIIEpaType TeIUIOHOCHTeNeH. [IoBepOdHbIi pacyeT TeTT00OMEHHIKA BBHITIOJIHEH METO-
JIOM TI0CJIEJOBATEIbHBIX MPUOJIMKEHUH C peIlICeHUEM CHCTEMBI HEJIMHEHHBIX ypaBHeHUH B Matlab.

Pe3ynomamut ucciedosanus. [1oBepodnslii pacy€éT KOKyXOTpyOUaTOTO TETNIOOOMEHHHKA ISt HE(PTH TPEX MECTOPOK-
NEHUH MOKAa3aJl, 4TO MPH POCTE TEPMHYECKOTO CONPOTHBIEHHS 3arpsasueruii ot 0 mo 0,002 (M?-°C)/BT ko3¢ durment
TemIonepeadu CHIKACTCA IPUMEPHO ¢ 93-95 1o 81-83 B1/(M2-°C). YcTaHOBIICHO, YTO N3MEHEHUE BBIXOJHBIX TEMIIE-
paTyp TETUIOHOCUTENICH CITy>KUT HH()OPMAIIMOHHOW OCHOBO JIJIsl HASHTU(PUKAIIMH 3arps3HeHU. MeTogaMu CUMBOJILHOM
perpeccuu SISSO u PySR nonmydeHsl aHATMTHYIECKHE 3aBUCHMOCTH TEPMHUYECKOTO COMPOTHBIICHUS OT INIOTHOCTH HEPTH
U BBIXOAHEIX TemmepaTyp ¢ RMSE 1,25:107% u 2,34-1078 (m?-°C)/BT cooTBeTCTBEHHO. JIJI MPOrHO3UPOBAHUS TUHAMUKH
terutonepenaun nocrpoersl NARX-monenn Ha 6aze FROLS u CatBoostRegressor, BamanpoBanHble Ha IPOMBIIILICH-
HBIX JaHHBIX. OmuOKka nmocTnporyosa A anropurma CatBoostRegressor RMSE = 0,03573 Br/(m?-°C), ams anropurma
FROLS RMSE = 0,01296 Bt/(m>-°C).

Oécyacoenue. Camxenne koddduruenra remonepenaun Ha 13 % mpu pocTe TEPMUYECKOTO CONPOTHBIICHUS 3arpsi3He-
Huit 10 0,002 (M2-°C)/BT cornacyeTcs ¢ TeOpeTHIECKUMU MOJEISAMH M SKCIIEPUMEHTAIBHBIMU JAHHBIMU JPYTUX HCCIIE-
nosateneit. [Ipumenenne metomoB SISSO u PySR obecnieunsio cymecTBeHHO 00iee BRICOKYIO TOYHOCTh TI0 CPAaBHEHHUIO
C HEHpOCETEeBBIMH MOAXOAAaMH PH MajbIX oOydatomux Bbibopkax. AnroputM FROLS npessomén CatBoostRegressor
10 TOYHOCTH HOCTIIPOTHO32 AMHAMUKHN KO03((PHUIHEHTa TEIUIONEPEAadH, YTO OOBICHACTCS KOMIITAKTHOCTBIO TIOJIMHOMH-
TBHOW MOJIENH W TTAJKUM XapaKTepOM HCCIEAYeMOro Iporecca. Y CTAaHOBIEHHBIH HMOPOT CHIDKEHUS Kod(dduimenTta
TeruIonepenadd Ha 25 % COOTBETCTBYET OTPACIEBBIM HOPMaM M 0OECIIeurBacT Mepexo]] K 00CIyKMBaHHIO 000pyI0Ba-
HUSI IO ()aKTUIECKOMY COCTOSIHHIO.

3akntouenue. PazpaboTana METOIMKA OTPEACICHUS TEPMUUECKOTO COIPOTUBIICHNUS 3arpsi3HEHUH TEIIO0OMEHHHKA I10
BBIXOJHOW TEMTIEpaType TEIJIOHOCUTENEH U TIoTHOCTH HeTH. MeTomamu cuMBosbHOHK perpeccun SISSO u PySR mo-
TydeHbl aHanuTHIeckne 3apiucuMocti ¢ RMSE 1,25-1078 (m2-°C)/Bt 1 2,34-1078 (M?-°C)/Br. Iloctpoenst NARX-moxenn
nporxosuposanus koddunuenta temonepenadn (RMSE 0,01296 u 0,03573 Br/(M?-°C), BanmuaupoBaHHEIE HA IIPO-
MBIIIUIEHHBIX JaHHBIX. CHIDKEeHHE Kod(¢HUIMeHTa Teronepenayn Ha 25,2 % MpHUHATO KPUTEPHEM HEOOXOAWMOCTH
OYHCTKM amrapara, YTo oOecreunBaeT rnepexol K 00CIyKMBaHHIO 110 (PaKTHIECKOMY COCTOSHMIO M TTOBBIILICHHUE YHEP-
roaddexrrBHOCTH HeTenepepabOTKH.

KiioueBble ¢JI0Ba: KOXKYXOTPYOUaThIi TEIIO0OMEHHUK, TEPMUIECKOE COTPOTHBIICHUE, KO PUIMEHT Teruionepeaaymn,
CHUMBOJIbHASI PETPECCHS

BJIaI‘OlIﬂpHOCTI/I. ABTOpLI BbIpAXKAIOT 6J'Ial"0[[apHOCTL peaakiuuu MU PCUCH3CHTaM 3a YACJICHHOC BpEMSA U LCHHBIC
KOMMCHTapHu.

s murupoBanus. Tyramosa JLI., 3aronckmii A.B. Crioco0 OLEHKH COCTOSIHHS KOXKYXOTPYOYaThIX TEIIOOOMEHHHKOB C
MPHMEHEHUEM MAIIIMHHOTO 00YYCHHS [T MOBBIIICHHs 3HeprodddexrusaocT. Advanced Engineering Research (Rostov-on-Don).
2026;26(2):2237. https://doi.org/10.23947/2687-1653-2026-26-2-2237

Introduction. Improvement of the energy efficiency of oil processing and pretreatment is a pressing practical
challenge, particularly given tighter energy regulations, rising cost pressures, and recent export restrictions on oil and
petroleum products. Oil producers have no influence over these restrictions, but they can improve internal processes at
their facilities to reduce production costs. Specific opportunities include reducing heat loss, thermal energy consumption,
and increasing the efficiency of installations. This can be accomplished through controlled process temperatures and
equipment diagnostics aimed at reducing unscheduled downtime. These approaches are closely related to heat exchange
processes, which are crucial in the petrochemical industry. A 1+3 mm layer of contaminant deposits on tube surfaces can
significantly reduce heat transfer efficiency. Heat losses are estimated at 2040 %. To compensate for the decrease in
heat transfer and maintain the required process parameters, the coolant flow rate must be raised, which in turn increases
fuel and electricity consumption. According to experts, a 1 mm fouling of the heat exchanger can result in a 10-15%
increase in fuel consumption.

Assessing the condition of shell-and-tube heat exchangers for petroleum products is difficult because of their operating
temperatures and the impossibility of directly inspecting internal fouling, corrosion, or deformation. Therefore, the key
parameters for monitoring tube wall fouling are the heat transfer coefficient, pressure drop, and outlet coolant temperature.

The cause of deposits on the surfaces of the walls of apparatus is the presence of asphalt-resinous substances, paraffins,
water, and salts in the raw materials. To get rid of deposits and scale in the cavities of oil pipelines and heat exchangers,
mechanical, thermal and chemical cleaning methods are used. The heat exchanger is cleaned by washing it with a paraffin
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solvent. Ultrasonic cleaning of paraffin deposits is used at oil preparation and refining facilities.

Deposits on tube walls impair heat transfer and reduce the heat transfer coefficient. Various methods exist for
diagnosing and assessing the fouling layer on the surface of heat exchanger tubes. For example, the characteristics of a
clean and fouled heat exchanger can be determined experimentally using monitoring systems. Another approach involves
constructing mathematical models. An example is the Ebert-Panchal model and its improved versions.

Article [1] provides an overview of models and examples of quantitative assessment of scale deposit thickness in plate
heat exchangers of heating systems. The authors [2] performed an analytical accounting of the impact of fouling on the
technical and economic indicators of industrial oil treatment units. In the work, the coefficients of heat transfer, heat
emission, and thermal resistance of deposits in heat exchangers were obtained by an experimental method. In [1, 2], the
proposed models concern specific types of heat exchangers and deposits; they do not predict the dynamics of fouling.

Software tools, particularly process modeling programs, are widely used to solve heat exchange equipment diagnostic
problems. For example, in [3], the authors examine the problem of fouling heat exchangers in diesel fuel hydrotreating
units. The problem is solved using the Hysys modeling program. In [4], a numerical solution is obtained by constructing
a thermal model based on the finite element method in the Ansys program. In [5], the authors propose simplified formulas
for calculating the effective thermal conductivity of porous structures by Mathcad and Ansys. Currently, the use of the
above programs is not possible within the framework of import substitution.

The authors [6] use the software package “MiR PiA” to model the quality indicators of oil preparation for
transportation. A license is required for use.

A number of studies are aimed at improving the design parameters of equipment used in the industry. Improved design
and aerodynamics of tube bundles should provide enhanced heat transfer with high reliability. In [7], this is linked to
pressure drops in the heat exchanger, which can cause equipment malfunctions. The implementation of algorithms for
automatic adjustment of operating modes is also proposed. The authors [8] propose a neural network model for predicting
the thermal-hydraulic efficiency of surface heat exchange intensifiers. Neural network models require large volumes of
training data on heat exchanger fouling, which is difficult to collect. Furthermore, such solutions, which require changes
to the device design, may not be applicable to the equipment in operation.

The authors [9] use simulation methods to obtain a model of a shell-and-tube heat exchanger and propose techniques
for improving the control system of the heat exchanger. The mathematical model of the shell-and-tube evaporator is
presented as an object with lumped parameters. A heat balance is compiled in differential form taking into account
transport delays.

In [10], a mathematical model of a shell-and-tube heat exchanger is presented in the form of an ARMAX model for
participation in a control system. These models do not take into account nonlinearities.

In the operation of heat exchange equipment, the colloidal state of raw materials and products, specifically heavy
fractions and residues, plays a major role in increasing the efficiency of heat and mass transfer [11]. This solution is
relevant for heavy fractions and also requires the installation of additional equipment.

The literature review shows that predicting thermal fouling and heat transfer coefficients based on feedstock
properties, as well as applying small-data methods that handle nonlinearities, remains insufficiently investigated. For
approximation and forecasting, a combination of approaches appears to be an interesting approach, such as combining
physicochemical (balance) methods with machine learning.

The objective of this research is to create a methodology for calculating the fouling thermal resistance and heat transfer
coefficient of a heat exchanger in relation to the outlet temperatures of crude oil and diesel fuel and the density of the oil,
as well as to enable prediction of the heat transfer coefficient.

To achieve this goal, the following tasks must be completed:

— perform a verification thermal calculation of a shell-and-tube heat exchanger for a small-capacity oil refining unit,
that is, obtain a mathematical model of the heat exchanger in balance form;

— using the shell-and-tube heat exchanger model obtained above, study the effect of the physicochemical properties
of the heat transfer fluids and the thermal fouling coefficient on the heat transfer coefficient and output parameters (using
oil samples from various fields as an example);

— obtain the dependence of the coefficient of thermal resistance of contaminants and the heat transfer coefficient on
the output temperatures of oil and diesel fuel in heat exchangers, as well as on the density of oil, that is, construct
approximating dependences through symbolic regression;

— build a nonlinear dynamic model suitable for predicting the heat transfer coefficient using the obtained
approximating dependences, experimental data of the operating installation, as well as a description of the object in the
form of previously derived ordinary differential equations.
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Materials and Methods. To determine the thermal resistance coefficient of fouling and the heat transfer coefficient
in shell-and-tube heat exchangers, it is proposed to apply machine learning methods using small sample sizes, such as
symbolic regression, since it is difficult to obtain large volumes of information on heat exchanger fouling under real plant
operating conditions. A NARX model is proposed for predicting the heat transfer coefficient.

The object of this study is a shell-and-tube heat exchanger for a low-capacity processing unit. The initial design
parameters of the heat exchanger were used for the shell-and-tube heat exchanger calculation: heat transfer surface
area — 68 m?, heat exchanger body length — 7.2 m, and tube length — 6 m.

The total thermal contamination of the tube surface was taken in the range from 0 (clean heat exchanger)
to 0.002 (m2-°C)/W (contaminated heat exchanger).

For such units, the circulation reflux (CR) is organized as follows. Diesel fuel from the main column outlet is divided
into two streams: product and circulating. The CR, passing through a shell-and-tube heat exchanger, returns to the main
column. The CR temperature is 210-235 °C. Diesel fuel (annular space) is the hot coolant, while oil (tube bundle) is the
cold coolant.

The first calculation step is to obtain the cross-sectional areas of the tubular and annular space. The second step is to
find the linear velocities of the oil and diesel streams.

The flow modes of the coolant and the heat transfer rates are determined by the Reynolds, Prandtl, and Nusselt criteria.
The next step is to calculate the heat transfer coefficient from the hot flow (diesel fuel) to the tube wall a; and the heat
transfer coefficient from the tube surface to the heated feedstock (oil) a.. The heat exchanger calculation is performed by
standard methods. Therefore, well-known formulas and heat exchanger calculation details are not provided.

The heat transfer coefficient is determined by the formula:

K= ()
1,6 1
o A, 0y
where 8;— heat exchange tube wall thickness, m; A; — thermal conductivity coefficient, W/(m-°C); o1, o, — heat transfer
coefficients, W/(m?-°C).

The heat transfer coefficient depends on the heat transfer coefficients in the heat exchange tubes and the thermal
resistance and thermal conductivity of the tube wall.

If there is contamination inside and outside the heat exchange tubes, the heat transfer coefficient is determined by the
following formula:

K, = 2
=1 8, Z 1° 2)
—+t+ Dy r+—
ap A, ®r
where Zr — total thermal resistance of the contamination layer, (m?-°C)/W.
The heat transfer equation is as follows:
O=K -F-AT, 3)
where K — heat transfer coefficient, W/(m?-°C); F — heat exchange surface, m?; AT — mean temperature difference, °C.
Heat balance equation for a shell-and-tube heat exchanger:

GLC‘CLC'(TB_TLC):Gn‘Cn'(Tnz_Tnl)» 4)
where c.c — heat capacity of CR diesel fuel, kJ/(kg -°C); ¢, — heat capacity of oil, kJ/(kg -°C); Grc — consumption of
CR diesel fuel; G, — oil consumption rate, kg/s; 713 — temperature on tray #13 of the diesel fuel outlet, °C; Trc — CR
return temperature, °C; 7,; — oil temperature at the inlet to the heat exchanger, °C; T,,> — oil temperature at the outlet of
the heat exchanger, °C.

Using the initial design data, a verification calculation of the shell-and-tube heat exchanger was performed. The heat
transfer coefficients and heat transfer coefficient were determined, and the system of equations (3) and (4) was solved.
Figure 1 shows a flowchart of the algorithm for solving equations (3) and (4) for the shell-and-tube heat exchanger.

Information Technology, Computer Science and Management
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Fig. 1. Flowchart of the heat exchanger equation system solution algorithm

The diesel fuel and oil outlet temperatures are calculated using a method of successive approximations. After entering
the initial data in block 1, the first approximation of the hot fluid outlet temperature (diesel fuel) is selected.

Block 2 calculates the heat capacity of oil and diesel fuel, taking into account the fractional composition of the oil. Block 3
calculates the outlet temperature of the diesel fuel through solving the heat balance equation for heat exchanger (4). Block 4
calculates the following parameters: mean temperature difference, heat transfer coefficient of clean heat exchanger (1), and heat
transfer coefficient taking into account the thermal resistance coefficient of contaminant layer (2).

In the next block, block 5, the calculated heat transfer area is determined from heat transfer equation (3). In block 6,
the obtained calculated area value is verified. A significant discrepancy between the obtained and specified values
indicates an incorrect selection of oil and diesel fuel temperature. The iterative calculation continues until the discrepancy
between the calculated and specified heat transfer areas is no more than 5%. The solution to the system of nonlinear
equations (3) and (4) is implemented by numerical methods in the Matlab environment.

The calculation results are determined for given values of oil and diesel fuel inlet temperatures and oil and diesel fuel
flow rates. The oil properties (density, viscosity), its fractional composition at true boiling temperature (TBT), heat
exchanger design parameters, thermal load, and thermal resistance of the contaminant layer on the pipe surface are
specified.

The efficiency of the heat exchange process is affected by the thermal resistance of the tube surface fouling.
Furthermore, the composition and physicochemical properties (PCP) of the feedstock also influence the output
parameters, particularly the outlet temperature of the coolant. This study used the PCP of oil from three fields (Table 1).
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Table 1
Physicochemical Properties of Oil from Three Fields [12]
Output of
Oil field Density p, kg/m? fractionsup to | Viscosity n, mPa's | Asphaltene content, %

350 °C, %

Arlanskiy 891 42.8 35.37 5.80

Tuimazinskiy 856 53.4 10.18 3.40

Kuleshovskiy 819 63.6 3.29 0.70

Table 1 lists the physicochemical properties of crude oil from various fields. Density and viscosity are related to
asphaltene content. Density and viscosity increase with increasing molecular weight and fraction boiling point. Lower-
density oils yield higher light fractions at temperatures up to 350°C. The density and viscosity of oil, based on the PCP
listed in Table 1, can be measured in the field and in the laboratory. The data in Table 1 are also used to establish the
relationship between the thermal coefficient of contaminant resistance, the heat transfer coefficient, and the density and
viscosity of oil.

The following method is proposed for determining the thermal resistance of contaminants. Using the mathematical
model of a heat exchanger given in [13] and formulas (1-4), the input and output parameters of the object are determined.
These formulas form a training sample. To identify the thermal resistance of contaminants and the heat transfer coefficient
in shell-and-tube heat exchangers, it is proposed to use artificial neural networks [14] and machine learning methods
associated with symbolic regression and system identification. Examples of symbolic regression methods include
SISSO [15], TorchSISSO [16], PySR [17], SYMANTIC, and RGP. To obtain relationships between heat exchanger
parameters, the PySR (High-Performance Symbolic Regression) and SISSO (Sure Independence Screening and
Sparsifying Operator) methods are selected. They allow finding mathematical expressions that relate the original data.
These methods are selected because they are suitable for working with small data sets. Key hyperparameters of the PySR
method: binary operators — list of binary operators [+, -, "*', /', ""'], unary operators — list of unary operators ['sin’,
'cos', 'exp, 'log', 'sqrt!, etc.], maxsize — maximum expression size, niterations — number of iterations, loss_function —
loss function, population_size — size of population. Key hyperparameters of the SISSO method: n_expansion — number
of feature expansions, n_term — number of terms in the final formula, k — number of features for LO-regularization,
initial screening — initial feature selection, operators — a set of mathematical operations for generating features.

For identification and forecasting tasks over a given period, the NARX (Nonlinear Autoregressive with Exogenous
Inputs) model is selected. FROLS (Forward Regression Orthogonal Least Squares) and CatBoostRegressor algorithms
are used to determine its structure.

In the presented work, the oil density and the outlet temperature of the hot and cold coolants are used as factors. The
output parameter of the relationship is the thermal resistance of the contaminants, or the heat transfer coefficient. The
target parameter is calculated from the mathematical expression obtained by the PySR or SISSO, CatBoostRegressor or
FROLS methods and measured process parameter values. It allows for determining the heat transfer coefficient and
maintenance intervals for heat exchangers.

Research Results. Table 2 presents the values of heat transfer coefficients for different values of thermal fouling,
density and viscosity of oil from different sources (data from Table 1).

Table 2
Heat Transfer Coefficient Values

Thermal resistance, (m™°C)/W Heat transfer coefficient of clean and contaminated heat exchangers, W/(m? °C)
Arlanskiy oil field Tuymazinskiy oil field Kuleshovskiy oil field

0.00000 95.27486 94.24999 93.19691

0.00018 93.97257 92.97539 91.95044

0.00036 92.70541 91.73479 90.73687

0.00055 91.47196 90.52687 89.55492

0.00073 90.27091 89.35035 88.40336

0.00091 89.10098 88.20401 87.28104
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0.00109 87.96099 87.08672 86.18686
0.00127 86.84981 85.99737 85.11978
0.00145 85.76635 84.93495 84.07879
0.00164 84.70959 83.89845 83.06296
0.00182 83.67855 82.88695 82.07138
0.00200 82.67231 81.89954 81.1032

In the next step, the output temperatures of the coolants (oil and diesel fuel) are calculated depending on the thermal
resistance of the contaminant layer and the physicochemical properties of the oil (density and viscosity). Figures 2 and 3
show the results obtained.
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The graphs in Figures 2 and 3 show that thermal fouling of the tube surface reduces heat transfer efficiency. The outlet
temperature of the heated oil does not reach the required value, which corresponds to a clean heat exchanger. To maintain
the heat flow at the specified level, it is required to increase the flow rate or temperature of the hot coolant.

It can be seen that as the thermal fouling coefficient increases, the difference and ratio between the outlet temperatures
of oil and diesel fuel increase. This pattern is taken into account when deriving the thermal fouling coefficient by the
SISSO method. The ratio of the outlet temperatures of the fouled heat exchanger to those of the clean heat exchanger also
changes. This pattern is taken into account when applying the PySR method.

For training, PySR and SISSO are fed with the oil density and temperature at the outlet, and the diesel fuel temperature
at the outlet. The target parameter is the thermal resistance of the contaminants. The Python software package is selected
as the implementation tool.

Examples of mathematical relationships for determining the thermal resistance of contaminants obtained using SISSO:

y=k -((xz-x3)—(x2 /xl))_kz‘ ln(XI) +k;

Xy — X3 Xy — X3

X5 / X3

+ky, (6))

where x; — oil density, kg/m®; x, — diesel fuel outlet temperature, °C; x3 — oil outlet temperature, °C; y — thermal
resistance, (m?°C)/W; k1—ks — coefficients.

Using PySR, a mathematical relationship is obtained for determining the thermal resistance of contaminants:

)’ZXOXZOg(xl‘Fkl)’kz_ﬁa (6)
X3
where xo — oil density, kg/m?; x; — ratio of the outlet temperature of diesel fuel in the contaminated heat exchanger to
the outlet temperature of diesel fuel in the clean heat exchanger; x, — ratio of the outlet temperature of oil in the
contaminated heat exchanger to the outlet temperature of oil in the clean heat exchanger; y — thermal resistance,
(m?2-°C)/W; ki—k; — coefficients.

To compare the accuracy of the dependences obtained, the root mean square error (RMSE) is used, which determines
the average difference between the predicted and original data. The RMSE for expression (5) is 1.250371-¢™% (m?-°C)/W.
For expression (6), RMSE = 2.336612-¢"% (m?-°C)/W.

Mathematical expressions (5, 6) are used to find the thermal resistance values of contaminants based on the measured
parameters of the operating unit.

For practical applications, it is also necessary to know the values of the contaminant thermal resistance and heat
transfer coefficient, determined not only at a given moment but also over a certain period. To obtain a consistent set of
contaminant thermal resistance and heat transfer coefficient values, historical data is required.

The training and test samples are formed using the dynamic model of the heat exchanger given in [18], with
dependences (5) or (6) added to the model. After training and testing the models, it is possible to predict the target
parameter.

The Python SysldentPy library is used to model and forecast multiple target parameter values over a given period.
The NARX model is suitable for modeling dynamic systems that use both current and previous input and output values.

The FROLS and CatBoostRegressor algorithms are used to select the model structure. Lags of input (xlag) and
output (ylag) variables are selected. Lag values are determined by search method.

The parameters selected for the FROLS algorithm are:

method for estimating model parameters — LeastSquares and TotalLeastSquares;

— order_selection=True — automatic selection of the model order (number of significant terms);

—n_terms=12 — maximum number of terms in the final model;

—model type="NARMAX" — type of model;

— xlag=[1,1,1] — lags for input variables;

— ylag=12 — lags for the target variable;

— Polynomial — base class for generating polynomial functions with a selection of polynomial degree (degree=2);

— information criterion — AIC (Akaike Information Criterion).

For the CatBoostRegressor algorithm (a gradient boosting regressor), the following hyperparameters are defined:

— iterations=500 — number of trees in the ensemble;

— learning_rate=0.1 — learning rate (gradient descent step);

— depth=6 — maximum tree depth;

— xlag=[1,1,1];
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— ylag=12.

In this case, a parameter prediction problem is solved, producing results that have not been previously reported. Thus,
the ex-post forecast method is the most appropriate. The data are split 80/20 for model building and ex-post forecast.

After training the model, its quality is assessed using ex-post forecast. The post- prediction error for the
CatBoostRegressor algorithm is RMSE = 0.03573 W/(m?-°C), for the FROLS algorithm, RMSE = 0.01296 W/(m?-°C).
When forming the training and test samples, the range of variation of the thermal resistance of contaminants from 0
to 0.0022 (m?-°C)/W, and the oil density — from 810 to 910 kg/m3 are used. The results obtained for an oil density
of 900 kg/m® are shown in Figure 4.

Industrial data for 12 readings is used to validate the models. Time series of measured oil and diesel fuel temperatures
are processed by a median filter. Expert assessments by process engineers (regarding the dates of scheduled heat
exchanger cleanings) are taken as additional information.
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Fig. 4. Actual and predicted values of heat transfer coefficient

For a clean heat exchanger, the heat transfer coefficient is 95 W/(m?-°C), and after 12 readings, it is 77 W/(m?-°C).
During this time, the heat transfer coefficient has decreased by 18.61%. After 18 readings (not shown in Fig. 4), the heat
transfer coefficient has decreased by 25.2%, indicating the need for equipment cleaning to maintain operating efficiency.
In this way, the target parameter can be predicted in the event of a change in oil density.

A comparative analysis of the heat transfer coefficient for a clean versus a fouled heat exchanger over a specified time
interval indicates a loss of thermal efficiency. If the parameter falls by 25-30%, this serves as a signal that cleaning of
the heat exchange unit is required.

Discussion. The results of a calibration thermal calculation of a shell-and-tube heat exchanger for a low-power oil
refinery confirm the correctness of the constructed mathematical model. When the total thermal resistance of
contaminants increases from 0 to 0.002 (m?-°C)/W, the heat transfer coefficient decreases by approximately 13 — 14% for
all three studies of oil from different sources.

A relationship between heat transfer efficiency and the physicochemical properties of oil is established. As density
increases, the heat transfer coefficient increases slightly due to higher heat capacity and thermal conductivity. However,
heavier oils contain more asphaltenes, which accelerate the buildup of contaminants. Thus, the effect of density is twofold
and requires further study.

The PySR and SISSO symbolic regression methods demonstrated high accuracy in reconstructing analytical
relationships: RMSE were 1.25:107% and 2.34-107% (m?-°C)/W, respectively. The expression obtained by the SISSO
method appeared to be more practically applicable, since it did not require reference values for the clean heat exchanger
temperatures.
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In the forecasting task, the FROLS algorithm as part of the NARX model outperformed CatBoostRegressor in
accuracy (RMSE = 0.013 versus 0.036 W/(m?-°C), which is explained by the better adaptability of orthogonal regression
to small samples with smooth dynamic dependences. The established cleaning criterion (a reduction in the heat transfer
coefficient by 25-30%) allows for a transition from a reactive to a proactive maintenance strategy.

Conclusion. This paper presents a method for determining the thermal resistance coefficient of fouling and the heat
transfer coefficient of a shell-and-tube heat exchanger for a small-capacity oil refinery by machine learning methods. In
the course of the study, a verification thermal calculation of the shell-and-tube heat exchanger was performed using an
iterative algorithm for solving a system of heat transfer and heat balance equations. It was shown that as the thermal
fouling coefficient of the tube surface increased, the heat transfer coefficient decreased, and the outlet temperatures of the
coolants deviated from the values corresponding to a clean unit. The effect of the physical and chemical properties of
oil — density and viscosity — on the output parameters of the heat exchanger was also established.

Using the PySR and SISSO symbolic regression methods, analytical dependences of the thermal resistance coefficient
of contaminants on the outlet temperatures of oil and diesel fuel, as well as on the oil density, were obtained. The root-
mean-square error of the obtained expressions did not exceed 1.25-10% and 2.34-10® (m2-°C)/W, respectively,
demonstrating their high accuracy.

To predict the heat transfer coefficient over time, the FROLS and CatBoostRegressor algorithms were used within the
NARX model. According to the ex-post forecast results, the error for the FROLS algorithm was
RMSE = 0.013 W/(m?-°C), and for CatBoostRegressor — RMSE = 0.036 W/(m?-°C). Based on the dynamics of the
predicted heat transfer coefficient, it was shown that a decrease in this parameter by 25-30% relative to the value of a
clean heat exchanger was a justified criterion for scheduling maintenance.

Validation of the developed models was performed using industrial data and expert assessments of technologists,
which confirmed the applicability of the proposed methodology under real operating conditions.

The practical significance of this work is that the developed method uses readily available operational data (outlet
temperatures and oil density) to evaluate heat exchanger fouling and predict cleaning schedules, thereby improving energy
efficiency and reducing unplanned downtime in oil refining.

In the future, it is expected that the application of the method will be expanded to other types of heat exchange

equipment, as well as its integration into automated process control systems.
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3asnenenHsvlit 6K1A0 ABMOPOB:

JL.I. Tyramosa: ¢opManpHBIi aHANIHW3, MPOBCACHUE HUCCICAOBAHMS, pa3paboTKa METOJOJOTHU, HAMUCAHUE
YEpHOBUKA PYKOIMCH, HAIIUCAHUE PYKOITUCH — PELICH3UPOBAaHKE U PEIAKTUPOBAHHE.

A.B. 3aToHckuii: hopMaIbHBIN aHAIN3, HATTMCAHUE YEPHOBHUKA PYKOIMCH, HAITMCAHUE PYKOTIHCH — PEIIEH3UPOBAHKE H

peIaKTUPOBaHUE.
Kongpaukm unmepecog: aBTopsbl 3aBJISAIOT 00 0TCYTCTBUHM KOH(INKTA HHTEPECOB.
Aemopbl npouumanu u 0000puyL OKOHYAMEILHbLI 6APUAHM DYKORUCH.
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