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Abstract. Increasing the depth of crude oil refining at domestic and foreign refineries
is an important technological challenge under conditions of a growing share of heavy
crude feedstock. This study presents the results of numerical modeling of hydrodynamic
cavitation in various cavitation device configurations intended for the treatment of crude
oil and oil-containing media. Four hydrodynamic cavitator designs were considered:
a conventional Venturi nozzle, a modified Venturi nozzle with a conical flow body, a
cavitator with cylindrical flow bodies, and a multichamber cavitator with sequentially
arranged expansion chambers. The calculations were performed using ANSYS CFX
with a two-phase “liquid oil—oil vapor” mixture model, a cavitation model based on the
Rayleigh—Plesset equation, and the standard k—¢ turbulence model. Pressure, velocity,
and vapor-phase volume fraction distributions, as well as the spatial localization of the
cavitation zone, were analyzed as comparative criteria. The results demonstrated that
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the geometry of the flow section significantly affects the intensity, extent, and location
of the cavitation region. The most favorable results were obtained for the cavitator with
cylindrical flow bodies. At flow velocities of 0.7-0.9 m/s, a developed cavitation cloud
was formed predominantly in the central part of the channel and remained separated from
the walls by a liquid-phase layer. This configuration provides high cavitation activity
while reducing the potential risk of cavitation erosion. Particular attention was paid
to comparing cavitation intensity with the extent of cavitation contact with the device
surfaces. Options for integrating cavitation devices into the process flow scheme of
crude oil preparation and primary refining were proposed. Potential effects of cavitation
treatment, including intensified degassing and a possible increase in the yield of light
fractions, were discussed. The obtained results provide a basis for further experimental
validation, optimization of cavitator geometry, and evaluation of its performance under
actual process conditions.

Keywords: mathematical modeling, Rayleigh—Plesset model, ANSYS CFX,
hydrodynamic cavitation, cavitation number.
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Annotanus. OTaHJbIK )KOHE HICTENIIK MYHal OHJIEY 3aybITTapblHIa ayblp MyHail
LIMKI3aThl YIIECIHIH apTybl KarJAalblHAa MYHaWIbl TEPEH OHJICY JIOPEXKECiH apTTHIPY
©3CKTi TEXHOJOTHSUIIBIK Mocelie OoJbIl Tadbuiaabl. JKyMbicTa MYHAHIbI j)KOHE MyHa
Kypam/ibl opTalapbl OHJAEYre apHaJIFaH OpPTYPIl KOHCTPYKIMSJIBI KaBHTAIMSUIBIK
KYPBUIFbLIAPaFbl THPOIUHAMUKAIBIK KABUTALIUSHBI CAHJIBIK MOJICIIBJICY HOTIIKEIEPI
YCBIHBUIFaH. [UAPOAMHAMUKAIIBIK KaBUTATOPJIAP/bIH TOPT HYCKAChl KapacThIPbUIIbI:
KIIACCUKANBIK BeHTypu ImyMmeri, KOHYCTBIK aFblHABI alHaJIBI OTy JeHeci Oap
MoaudukanysianFad BeHTypyu mryMeri, HHIMHAPIIK aFbIHbBI alHANBINT OTY JeHeNepi
0ap KaBUTAaTOp >OHE KEHEI KaMmepajapbl Ti30eKTell OpHalacKaH KeIlKamepalbl
kaBuratop. Ecenreynep ANSYS CFX OarmapiamaiblK KEHICHIHIC MYHANIbIH
CYHBIK koHe Oy (pazamapelHaH TyparhiH eKi (azaibl Kocna Mofelnid, Panes—I[Ineccer
TEHJICY1HE HETI3/Ie/INTCH KaBUTAIUSUIBIK MOJIEIIb/Il )KOHE CTaHIAPTThl k—& TYpOYJICHTTIK
MOJICTIIH  KOJAaHy apKbuibl OKypriingi. CanblcThlpy KpUTEpHidiepi peTiHzae
KBICBIMHBIH, JKbUIJAMJIBIKTBIH JXKoHE Oy (Da3achbIHbIH KeOJEMJIIK YJECIHIH Tapalysbl,
COHJIali-aK KaBUTAIUSIIBIK alfMaKThIH KEHICTIKTE OpPHAJIACy €pPEKIICNIKTEPl TaIaH/Ibl.
3epTTey HOTHIKENEpl arblH OTETiH OOJIKTIH MeOMETPHUSCHl KaBUTAIUSIIBIK aiiMaKThIH
KapKBIHABUIBIFBIHA, Y3BIH]IBIFBIHA XKOHE OPHAJIACYbIHA eIeyli 9cep eTeTiHiH KopceTTi. Ex
KOJIAIJIBI HOTHIKEJIEP IMITHMHPITIK aFbIH/IbI aHAIIBII OTY JCHEeNepi 6ap KaBUTATOP YIIiH
aNnbIHIbl. AFbIH KbUIaMIbIFb 0,7—0,9 M/c OosiFaH Ke3jie HETi31HEeH apHaHbIH OPTaJIbIK
OeJliriHe OpHajacaThlH XOHE KaObIprajapjaH cyiblk (a3a kKaOaTbiMeH OeJiHEeTIH
JlaMbIFaH KaBUTAIMSUIBIK OVJIT KaJblitacaibl. MyHIail koHQUrypalysi KaBUTAIUSIIBIK
OeJICeHIITIKTIH )KOFaphl JICHICHiH KAMTaMaChI3 €T€ OTBIPBII, KABUTAIUSIIBIK SPO3HSIHBIH
BIKTUMaJI KayIliH TOMEHAETyre MYMKIHIIK Oepezi. KaBuranus KapKbIHIbUIBIFBI MEH
KaBUTAILIMSJIBIK aliMaKTBhIH armapar OeTTepiMEH jKaHacCy JOPEkKECiH CalbICThIpyFa
epeKille Hazap ayaapbulabl. KaBUTAMSIBIK KYpPbUIFBUIAPABI MYHAW[IbI JIalbIH/AY
JKoHe 0acTamKbl OHJIEY KOHJBIPFUIAPBIHBIH TEXHOJIOTUSJIBIK CXEMachlHA EHI13y
HYCKaJIapbl YCBHIHBLIIBI. KaBUTAMSIBIK OHICY/IIH BIKTUMAJ dCepiiepi, COHBIH IIIH]IE
Jerasanys YAEpIiCiH KapKbIHAATY JKOHE JKCHIT (pakuusulap IIBIFBIMBIH apTTHIPY
MYMKIHITT TaJKbLIaH/bl. AJIBIHFAH HOTHIKEJIEpP KaBUTATOP FCOMETPHUSCHIH OJlaH 9pi
OHTaWJIaH/IBIPYFa, SKCIIEPUMEHTTIK TEKCEPYJIep KYPri3yre ®oHe HAKThI TEXHOIOTHSUIBIK
KaFaainapaa OHbIH THIMIUTITIH Oaranayra Heri3 Ooma ajabl.

Tyiiin ce3mep: MmareMaTukaibik Moneibaey, Panes—Ilneccer moneni, ANSYS CFX,
TUIPOAMHAMUKAJIBIK KABUTAIUS, KABUTALUSIIBIK CaH
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AnHoTanus. [loBeimenne ryOMHBI TepepadOTKH HE(TH HA OTEYECTBEHHBIX M
3apyOexxHBIX HedTenepepadaThIBAIOIIMX 3aBOJAX SIBISETCS AKTyalbHOW 3agadeidl B
YCIIOBUSIX YBEIMYECHHUS IO TSDKEJIOro He(TSHOro chipbs. B pabore mpenacraBieHsl
PE3YIbTATHI YUCJICHHOI'O MOACIIMPOBAHUSA I‘I/IILpOILI/IHaMI/ILIeCKOI\/'I KaBUTAllMU B PA3JIMYHBIX
KOHCTPYKIIMSX KaBUTAIMOHHBIX YCTPOUCTB, NMPeHA3HAYECHHBIX I 00paboTKu HeDTH
u HedTeconepKalmux cpell. PaccMOTpeHbl 4YeThlpe BapuaHTa THIPOJHHAMHYECKUX
KaBUTAaTOPOB: Kjaccuueckoe comio Bentypu, monuduunpoBanHoe comio Bentypu c
KOHYCHBIM TE€JIOM OOTEKaHMs, KABUTATOP C LMIMHIPUYECKHMHU TellaMH OOTEKaHHs U
MHOTOKaMEpHBIH KaBUTATOP C MOCIEAOBATEIbHBIM PACTIOIOKEHUEM PACIINPUTEIBHBIX
kamep. PacueTtriBbinonHenbI BiiporpaMmmMHoM koMiiekce ANS Y SCFX cucnonpzoBanuemM
IByX(ha3zHOH MOJETN CMECH <OKHIKOCThb—TIap He(TH», KaBUTAIIMOHHOW MOJEIH
Ha OCHOBe ypaBHeHHs Panes—Ilneccera m crammaptHOi Mopaenu TypOyJlIeHTHOCTH
k—e. B KauecTBe KpHUTEpHEB CPAaBHEHUS aHAIN3UPOBAIU PACHPEAEICHUE AABJICHUS,
CKOPOCTH ¥ 00BbEMHOH 1011 TapoBOi (a3kl, a TaKke 0COOEHHOCTU MPOCTPAHCTBEHHON
JOKANM3alul  KaBUTAUOHHOM 30HBI. YCTaHOBIECHO, YTO TEOMETPHsl HPOTOYHOM
YaCTHu CYHICCTBCHHO BJIMACT HA MHTCHCUBHOCTBH, MPOTAKECHHOCTHL U PACIOJIOKCHHC
KaBUTAllMOHHOHM oOsactu. HamOonee OnaronpusTHbIC pe3yybTaThl MOTYYEHBI IS
KaBHUTAaTOpPa C MIINHAPUIECKUMH Teramu ootekanus. [Ipu ckopoctu motoka 0,7-0,9 m/c
(dopmupyeTcst pa3BUTOEC KABUTAIIMOHHOE 00JIAK0, MPEUMYIIECTBEHHO JIOKAIN30BAHHOE
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B IIGHTPAJILHOW YacTH KaHalla ¥ OTJEJICHHOE OT €ro CTCHOK CJIOeM YKHUJKOHW (a3bl.
Takast koH(pUrypausi 00SCICUYUBACT BBHICOKYIO KABHTALMOHHYK AKTUBHOCTH IPHU
OTHOBPEMEHHOM CHIKEHUU TOTEHIUAIBHOTO PHCKA KAaBUTAIMOHHO-3PO3HOHHOTO
noBpexieHus. Ocodboe BHUMAHUE YJIEICHO COTIOCTABICHUIO MNHTCHCUBHOCTH KABUTAIIUN
CO CTETCHbIO KOHTAKTA KABUTAIIMOHHOM 30HBI C TOBEPXHOCTHIO amnmnapara. [Ipeanoxxenst
BAPUAHTHl HUHTETPAlMU KABUTALMOHHBIX YCTPOHUCTB B TEXHOJOTUYECKYIO CXEMY
MOJITOTOBKY W TIEPBUYHOU IepepaboTku HedTH. PaccMOTpeHBl BO3MOXKHBIE APPEKTHI
KaBUTAllMOHHON 00pabOTKM, BKJIOUAs MHTEHCU(DHUKAIIMIO MPOIECCOB Jera3alud U
MOTCHI[UAIIBHOE YBEJIIMYCHHE BBIXOAA CBETIBIX (pakiuii. [lomyueHHBIE pe3yiabTaThl
MOTYT CIYXHUTh OCHOBOW /ISl JalibHEHINEH 3KCIepUMEHTadbHOW BepudHKaiuy,
ONTUMU3AIUU TEOMETPUH KaBUTATOpa U OLECHKH 3(P()EKTUBHOCTH €ro MPUMECHEHUS B
peaIbHBIX TEXHOIOTHUECKUX YCIOBUSIX.

KuioueBble cjioBa: MateMarnyeckoe MoJeiaupoBaHue, moaenb Panes—Ilneccera,
ANSYS CFX, ruaponruHaMuyeckasi KaBUTaILKs, KABUTALIMOHHOE YHUCIIO

Introduction. The increasing share of heavy and high-viscosity oils in the resource
base of the oil industry leads to the need to develop and implement methods for intensifying
feedstock preparation and processing. Heavy oils and oil sludges are characterized by
increased viscosity and a high content of asphaltene-resin substances and organosulfur
compounds, complicating transportation, desalting, and the production of light fractions
by conventional methods (Uteev et al., 2023). Traditionally, reagent-based treatment
methods are used to solve problems associated with oil viscosity and the presence of
sulfur compounds. However, it is also possible to use physical, reagent-free methods
of treatment of oil-containing media and oil refining products, with the initiation of
chemical reactions that normally proceed only at elevated temperatures (Khamidullin et
al., 2016; Peshnev et al., 2023; Askarian et al., 2017). Modern reviews on hydrodynamic
cavitation consider this approach as one of the options for intensifying mass-transfer,
dispersing, oxidative, and physicochemical processes, determining efficiency not only
by the pressure and velocity levels, but also by the design of the cavitation unit, the
bubble nucleation regime, and the stability of the cavitation zone (Zheng et al., 2022;
Ranade et al., 2022; Xia et al., 2025).

Literary review. One of the promising directions for reagent-free intensification
of oil preparation and refining processes is the use of hydrodynamic cavitation.
Cavitation treatment of oil-containing media makes it possible to solve a number of
tasks: reducing the viscosity of heavy oil, degassing the feedstock, destroying stable oil-
water emulsions, changing the fractional and group composition of heavy fractions, and
improving desalting and stabilization conditions. Cavitation, a process of nucleation,
growth, and collapse of vapor or gas bubbles in a liquid under a local pressure decrease
to values close to the saturated vapor pressure, with bubble collapse accompanied by
the formation of regions with high local temperatures (5000—10000 K) and pressures
(101-203 MPa), as well as intense microjets and shock waves capable of destroying
asphaltene-resin associations, promoting degassing, and changing the structure of heavy
fractions (Nikishin et al., 2024). For liquid petroleum products and heavy hydrocarbon
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systems under cavitation treatment, studies additionally note the possibility of changing
rheological characteristics, the structural state of asphaltene-resin components, phase
dispersity and fractional composition (Kuimov et al., 2023; Carpenter et al., 2022).

The literature describes the application of both acoustic and hydrodynamic
cavitation; however, the issues of optimizing the geometry of hydrodynamic cavitators
and selecting operating modes for specific technological schemes remain relevant.
Recent studies showed that cavitation treatment of oil changes its hydrocarbon
composition: the content of resins and asphaltenes decreases, while the amount of
oil fraction increases. According to literature data, cavitation treatment also makes it
possible to remove hydrogen sulfide and sulfur from sulfur-containing compounds in oil
when hydrodynamic cavitation devices are used (Peshnev et al., 2023). Modern studies
emphasize the importance of the choice of cavitator design and flow regime, taking into
account the target effect: dispersion, emulsification, degassing, destruction of associates,
or intensification of chemical processes (Zheng et al., 2022; Xia et al., 2025; Carpenter
et al., 2022; Xue et al., 2024).

Numerical modeling (CFD) of cavitation processes in real geometries of cavitation
devices is of particular interest: calculations make it possible, before large-scale
experiments are carried out, to obtain an understanding of the shape and position of the
cavitation zone, the distribution of pressure, velocity, and vapor-phase volume fraction,
and to estimate potential erosion risks and hydraulic losses (Peshnev et al., 2023). In
recent computational studies, CFD approaches involving the analysis of pressure and
velocity fields, vortex structures, vapor-phase volume fraction, and local cavitation
number have been widely used for such tasks, allowing different designs to be compared
before laboratory prototypes are manufactured (Ranade et al., 2022; Nadiri et al., 2025;
Sekar et al., 2025; Poorbaba et al., 2026).

According to Bernoulli’s principle, when a liquid passes through a Venturi tube,
its velocity increases in the throat. At the same time, a local pressure decrease to the
saturated vapor pressure occurs due to the reduction in the cross-sectional area of the
throat. As a result, vapor-gas bubbles nucleate in the boundary layers of the flow; as
the flow moves further downstream, these bubbles grow in size and then collapse when
transported into a region of higher pressure. At the same time, for closed flow systems,
the use of the cavitation number requires careful interpretation, since its calculated
value depends on the selected locations for pressure and velocity evaluation, as well as
on the design of the constricting element (Zheng et al., 2022; Ranade et al., 2022; Nadiri
et al., 2025).

Depending on the design features of hydrodynamic cavitators, cavitation fields of
different area and intensity are formed, making it possible to identify the most energy-
efficient device configuration. Recent studies of Venturi reactors and rotary cavitators
confirm that changes in the angles of the converging and diverging sections, the shape of
the throat, the number of sequentially arranged constriction zones, and the configuration
of cavitation generators significantly affect the intensity of vapor formation and the
distribution of the cavitation region (Sekar et al., 2025; Poorbaba et al., 2026; Sun et al.,
2021; Song et al., 2022; Xia et al., 2024).

The aim of the present study was to perform a comparative analysis of hydrodynamic
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cavitation processes in an oil-containing medium for cavitation devices of different
designs using numerical modeling, as well as to assess the possibility of their subsequent
integration into technological schemes for crude oil preparation and primary refining.

In the course of the study, three-dimensional CFD models of the flow of a two-
phase “oil-oil vapor” mixture were developed with allowance for cavitation effects.
The influence of the geometric parameters of the cavitator and the flow velocity on
the configuration and localization of the cavitation zone was established, and the
dependences of the cavitation number on the flow velocity and medium pressure
were determined. The obtained data made it possible to justify the choice of the most
promising cavitation device design and to propose options for its integration into the
technological scheme of a primary oil refining unit. In this regard, the comparison of
the designs in the present work is additionally focused not only on the occurrence of
cavitation itself, but also on its spatial localization, which corresponds to the current
research direction aimed at reducing erosive impact while maintaining the technological
intensity of the process Zheng et al., 2022; Ranade et al., 2022; Nadiri et al., 2025; Xia
et al., 2024; Zhang et al., 2024).

2. Materials and methods

2.1. Geometric features of cavitation devices

The study considered four variants of hydrodynamic cavitators differing in the
geometric parameters of the flow section and the shape of the flow bodies.

Figure 1 shows different model variants of hydrodynamic cavitation devices, each
of which consists of a cylindrical body of constant or variable diameter, inside which a
flow constriction zone is formed.

a— Model 1, b —Model 2, c — Model 3, d — Model 4
Figure 1 — Different models of hydrodynamic cavitation devices
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The cavitation device whose model is shown in Figure 1a consists of a conventional
Venturi nozzle with a smooth converging section, throat, and diffuser. The inlet diameter,
D, , is larger than the throat diameter, D, ; the lengths of the converging section, L , and
diffuser, L,, were selected to ensure smooth acceleration and subsequent deceleration
of the flow. This variant was used as the baseline for comparative analysis, hereinafter
referred to as Model 1.

The cavitation device whose model is shown in Figure 1b consists of a modified
Venturi nozzle with an axisymmetric conical flow body, with base diameter D, and
length L, located in the constriction zone. The cone forms a local low-pressure region in
the wake zone and enhances cavitation development, hereinafter referred to as Model 2.

The cavitation device whose model is shown in Figure lc consists of a nozzle with
cylindrical flow bodies, with diameter D_and length L , placed in the flow section. The
cylindrical inserts form a separation zone and a developed wake flow, in which intense
cavitation occurs, localized predominantly in the central part of the channel, hereinafter
referred to as Model 3.

The cavitation device whose model is shown in Figure 1d consists of several
expansion chambers, with diameter D and length L, connected by a smaller-
diameter tube of diameter D,. In each chamber, conditions are created for the nucleation
and partial collapse of cavitation bubbles, which provides “stepwise” cavitation along
the length of the apparatus, hereinafter referred to as Model 4.

The main dimensional characteristics, including the inlet and outlet diameters,
the lengths of the converging and diffuser sections, the dimensions of the conical and
cylindrical inserts, and the length of the connecting tube and chambers, were selected so
as to ensure a comparable flow-section length and similar hydraulic operating conditions
for all models. This made it possible to correctly perform a comparative analysis of the
efficiency of different cavitation devices under identical flow regimes. This approach to
comparing designs is consistent with modern studies on the optimization of cavitation
reactors, in which the design parameters of the flow section are considered one of the
main factors determining the nucleation region, length, and stability of the cavitation
cloud (Xue et al., 2024; Nadiri et al., 2025; Sekar et al., 2025; Sun et al., 2021; Song et
al., 2022; Xia et al., 2024; Zhang et al., 2024).

2.2. Physicochemical properties of the medium

The following initial assumptions were adopted in the numerical modeling: oil was
considered a Newtonian incompressible liquid; the vapor phase, i.e., oil in the vapor
state with the corresponding thermodynamic characteristics, was described within the
model without accounting for chemical transformations; heat exchange with the walls
was not considered, which is equivalent to imposing adiabatic boundary conditions;
the flow at the operating flow velocities was assumed to be turbulent; and the flow
temperature was assumed to be constant. The “oil-oil vapor” system was used as the
working medium. The physicochemical properties of the medium are given in Table 1.
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Table 1 — Physicochemical properties of oil/oil vapor

No. Parameter | Value
Liquid phase (oil)
1 | Density p, kg/m* 850
2 | Dynamic viscosity p, kg/(m-s) 8.9-10*
3 Molar mass M, kg/mol 0.21
4 | Thermal conductivity A, W/(m-K) 0.6069
5 | Heat capacity Cp, J/(kg'K) 2150
Oil vapor

1 | Density p, kg/m’ 8.59
2 | Dynamic viscosity p,, kg/(m-s) 9.86-10°
3 | Saturated vapor pressure of 0il at the calculation temperature P_, Pa 66700
4 | Molar mass M, kg/mol 0.21
5 | Thermal conductivity A, W/(m-K) 0.0185

2.3. Mathematical model and numerical method

Numerical modeling was performed using the ANSYS CFX software package. For
spatial discretization, an element-based finite volume approach was used with a second-
order calculation scheme. The calculations were carried out in a steady-state mode until
the residual convergence criterion was satisfied and the integral parameters, namely
pressure drop and average vapor-phase volume fraction in the control sections, were
stabilized. The motion of the two-phase “liquid-oil vapor” system was described by a
system of Reynolds-averaged Navier—Stokes equations for an incompressible liquid,
taking into account turbulence and the cavitation process. The standard k—¢ turbulence
model was used to close the turbulent stresses. The type of multiphase model was
homogeneous mixture.

Cavitation processes were modeled within an approach based on the Rayleigh—
Plesset equation, which describes the dynamics of a single spherical bubble in a variable
pressure field (1):

d’R 3(:1;&)3 1 20 4pdR

G ) o)
dt—+2 dt pp P" 2 "R a 1

where R is the bubble radius, ¢ is time, dR/dt is the rate of change of the bubble
radius, @’R/dt* is the acceleration of the change in bubble radius, p (or p)) is the liquid-
phase density, p_ is the pressure in the surrounding liquid far from the bubble, p is
the pressure inside the bubble / vapor pressure in the bubble, ¢ is the surface tension
coefficient, and p is the dynamic viscosity of the liquid.

The development of the vapor-phase volume fraction was determined from a transport
equation with source terms depending on the local pressure and liquid properties (2):

%Hﬁénu
“‘V =1- ﬂl = - 4 2 » (2)
1 +§TERBTL|}
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where o, is the vapor-phase volume fraction, o, is the liquid volume fraction, R, is
the bubble radius or characteristic cavitation nucleus radius, n is the concentration of
cavitation nuclei / number of bubbles per unit volume.

The structural and geometric parameters of the considered cavitator models were
represented as a three-dimensional computational mesh with local element refinement
in the channel constriction region and in the zone of expected cavitation development.
To describe the flow near solid walls more correctly, prismatic layers were formed in
the near-wall region, making it possible to account for the features of the boundary
layer. The total number of control volumes for each computational model was set
within a comparable range, ensuring the correctness of the subsequent comparison
of the modeling results. These assumptions are typical for the initial stage of CFD
comparison of cavitators; however, when moving to pilot-scale verification, they require
refinement by accounting for the rheological nonlinearity of heavy oil systems, bubble
polydispersity, and possible unsteadiness of the cavitation cloud (Ranade et al., 2022;
Kuimov et al., 2023; Poorbaba et al., 2026).

Additionally, a mesh convergence check was performed. When the number of
computational elements was increased, the change in the main monitored parameters did
not exceed the acceptable level, which made it possible to consider the selected mesh
discretization sufficient for obtaining stable and comparable computational results.

The following set of boundary conditions was used in the calculations:

At the inlet of the cavitator nozzle, a prescribed flow velocity averaged over the
cross-section was specified. Five velocity values were considered: 0.5, 0.6, 0.7, 0.8, and
0.9 m/s.

At the outlet of the cavitator nozzle, a prescribed static pressure was specified,
corresponding to the operating pressure range in the pipeline of the oil preparation unit.

At the cavitator walls, the no-slip condition was applied, and heat flux through the
walls was absent, corresponding to adiabatic walls.

In each calculation series, the fields of vapor-phase volume fraction, velocity, and
pressure were recorded, and the local cavitation number was also calculated and used to
compare cavitation activity in cavitation devices of different configurations. The model
did not account for chemical transformations, flow unsteadiness, bubble polydispersity,
or heat exchange with the walls.

3. Results

Effect of cavitator design features on the flow structure

According to the numerical modeling results, the shape of the flow section and
flow bodies of the cavitation device has a key influence on the flow structure and the
distribution of the cavitation zone. The distribution of the vapor-phase volume fraction
o, was used as the main criterion for the presence and development of cavitation in
the channel. Regions where o, > a ., for example, 0.05-0.1, were considered active
cavitation zones.

Figure 2 shows typical distributions of the vapor-phase volume fraction in cavitators
of different configurations at the studied flow velocities.
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a— Model 1, b —Model 2, ¢ — Model 3, d — Model 4
Figure 2 — Simulation results for the distribution of the vapor-phase volume fraction in cavitators of
different configurations (flow velocity 0.8 m/s)

For the basic cavitator model shown in Figure 2a, a conventional Venturi nozzle, the
low-pressure zone is formed in the throat region and in the initial part of the diffuser.
When the local pressure reaches values close to the saturated vapor pressure of the
oil-containing medium, the cavitation process is initiated in this zone. The cavitation
cloud comes into partial contact with the throat walls and gradually collapses as the
flow moves downstream. The configuration of the conventional Venturi nozzle provides
noticeable cavitation activity; however, it is accompanied by an increased load on the
wall material in the throat region, which potentially increases the risk of cavitation
erosion.

In the cavitator shown in Figure 2b, the modified Venturi nozzle is supplemented with
an axisymmetric conical flow body installed in the constriction zone. As a result, the
region of minimum pressure shifts to the wake zone behind the cone. Cavitation bubbles
nucleate in the zone of flow separation and intense shear stresses. The cavitation cloud
is more elongated along the channel axis; however, in a number of regimes it remains
partially associated with the cone surface and the diffuser wall, which may also be
critical from the standpoint of erosion resistance.
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The most pronounced advantages in terms of spatial localization of the cavitation
zone and reduction of the risk of cavitation erosion are observed for the cavitator with
cylindrical flow bodies shown in Figure 2c. The modeling results show that, in this
design, the cavitation zone is formed predominantly in the central part of the channel,
in the wake region behind the cylindrical inserts, and is separated from the walls by a
distinct layer of the liquid phase. Such a spatial configuration reduces the probability
of direct impact of cavitation microjets and shock waves on the channel walls while
maintaining a high vapor-phase fraction in the flow volume. Therefore, this design
makes it possible to combine intense cavitation development in the working volume
with a reduced probability of cavitation erosion of the cavitator walls.

In the multichamber cavitator shown in Figure 2d, cavitation zones are formed mainly
in the smaller-diameter connecting tube, as well as in the inlet and outlet regions of the
chambers. As the flow passes through the sequentially arranged chambers, alternating
regions of nucleation, growth, and collapse of cavitation bubbles are observed. Such a
stepwise nature of cavitation action may potentially promote more intense disaggregation
of stable asphaltene-resin structures. At the same time, this design requires additional
analysis in terms of the uniformity of treatment of the oil-containing medium, the
stability of the cavitation regime, and the magnitude of hydraulic losses.

4. Discussion

4.1. Effect of flow velocity on cavitation development

In recent literature, additional criteria related to the vapor volume fraction, cavitation
cloud localization, vortex structures, and the area of potential erosive contact have been
used for similar tasks, increasing the analysis informativeness compared with the use of
the cavitation number alone (Nadiri et al., 2025; Poorbaba et al., 2026; Xia et al., 2024;
Zhang et al., 2024).

To compare flow regimes and assess the degree of development of cavitation
phenomena in the considered designs of hydrodynamic cavitators, a combined
approach was used in the present work, based both on the analysis of the dimensionless
cavitation number ¢ and on the interpretation of the distributions of the vapor-phase
volume fraction o, obtained as a result of numerical modeling. The classical cavitation
number ¢ is determined through local flow parameters, namely pressure, density, and
velocity, and characterizes the thermodynamic tendency of the system to cavitation
onset (Omelyanyuk et al., 2022). However, in numerical modeling of complex flows
in cavitator designs with design-scale dimensions, not only the numerical value of the
cavitation number o is informative, but also its physical manifestation through the spatial
distribution of the vapor phase. In this regard, the present work also focuses on regions
in which o exceeds a certain threshold, o > 0.05-0.1, which are considered zones of
developed cavitation. At the same time, an increase in the area and intensity of these
zones, as well as their displacement toward the central part of the flow, are interpreted
as signs of a decrease in local cavitation number values and a transition of the system to
a stable developed cavitation regime. Thus, visualization of the a, fields actually serves
as a tool for spatially resolved assessment of the cavitation regime and makes it possible
to compare different designs not only by the fact of cavitation occurrence, but also by
the nature of its distribution within the flow volume.
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Figure 3 presents the numerical modeling results for the distribution of the vapor-
phase volume fraction o for four different configurations of hydrodynamic cavitators,
Models 1-4, at flow velocities of 0.5, 0.6, 0.7, 0.8, and 0.9 m/s. For each velocity,
the o, fields are shown, allowing to trace the evolution of the cavitation zone as the
hydrodynamic load increases.
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Figure 3 — Simulation results for the distribution of the vapor-phase volume fraction in cavitators of
different configurations at flow velocities of 0.5, 0.6, 0.7, 0.8, and 0.9 m/s

Analysis of the obtained results shows that, at the minimum studied flow velocity of
0.5 m/s, cavitation effects are weakly expressed in all considered configurations. For the
conventional Venturi nozzle, Model 1, only local initiation of the cavitation process is
observed in the throat region; in this case, the vapor-phase volume fraction is low, and
the cavitation cloud has limited dimensions. In the modified design with a conical flow
body, Model 2, the cavitation cloud forms in the wake zone behind the cone; however,
its intensity also remains low. In the cavitator with cylindrical inserts, Model 3, more
pronounced localization of the cavitation cloud in the central part of the flow is observed
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at this velocity, although the overall degree of its development remains limited. For the
multichamber cavitator, Model 4, the cavitation process is practically absent, indicating
insufficient intensity of hydrodynamic impact in this configuration.

When the velocity is increased to 0.6 m/s, a noticeable intensification of cavitation
phenomena occurs in all models. In Model 1, the cavitation zone expands substantially
and extends into the diffuser section, with a significant part of it coming into contact with
the channel walls. In Model 2, an increase in the length of the cavitation cloud in the
wake region behind the cone is observed. The most substantial changes are recorded for
Model 3, where a developed cavitation zone is formed, localized predominantly in the
central part of the flow, which indicates a favorable pressure and velocity distribution.
In Model 4, cavitation remains weakly expressed and localized in separate sections of
the transition zones.

At velocities of 0.7-0.9 m/s, a transition to a developed cavitation regime occurs.
Model 1 is characterized by the formation of an extended cavitation cloud; however,
it is largely associated with the channel walls, which may lead to increased erosive
impact. In Model 2, the cavitation zone becomes more stable and elongated along the
flow axis; however, partial contact with the walls and the surface of the flow body is
preserved. The most favorable pattern is observed for Model 3: the cavitation cloud has
considerable length and high intensity, while it is clearly localized in the central part
of the channel and separated from the walls by a layer of liquid phase. This indicates
the formation of a regime in which high cavitation activity is achieved while reducing
the risk of cavitation erosion. In Model 4, even at the maximum velocities, cavitation
remains local and stepwise in nature, being distributed among individual chambers and
transition sections, which leads to a less uniform effect on the flow.

Thus, analysis of the results presented in Figure 3 makes it possible to draw conclusions
about the influence of flow velocity and cavitation device design on the formation and
localization of the cavitation zone. An increase in velocity leads to a decrease in the
local cavitation number and an increase in the vapor-phase volume fraction; however,
the nature of cavitation distribution is determined by the design of the flow section.
From the standpoint of forming a technologically preferable regime, namely developed
cavitation in the flow volume with minimal contact with the walls, the best results were
recorded for Model 3 with cylindrical flow bodies, especially in the velocity range of
0.7-0.9 m/s, confirming the feasibility of its further use and optimization.

For a quantitative comparison of the cavitator models, the classical cavitation
number alone is not sufficient, since this parameter characterizes the general tendency
of the flow to develop cavitation but does not fully reflect the spatial localization of the
cavitation zone, the degree of its contact with the walls, or the distribution of the vapor
phase over the channel cross-section. In this regard, in the present work, along with
the local cavitation number, additional integral criteria calculated from the vapor-phase
volume fraction fields are proposed.

The classical cavitation number ¢ was determined using (3):
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_ P—P
o=—"°"5 3)
0.5pV=

where P is the absolute flow pressure, P_ is the saturated vapor pressure of the liquid
at the calculation temperature, p is the liquid-phase density, and V is the characteristic
flow velocity.

From a physical standpoint, a decrease in the cavitation number corresponds to an
increase in the probability and intensity of cavitation development, whereas an increase
in the cavitation number indicates weakening of the cavitation regime (Omelyanyuk et
al., 2022). Therefore, all other conditions being equal, the geometry that ensures lower
values of ¢ in the working zone is more effective in terms of cavitation excitation.

However, for the treatment of oil-containing media, not only the intensity of the
cavitation process but also the nature of its spatial distribution is of fundamental
importance. Taking this into account, the following additional dimensionless indicators
were introduced (Zhang et al., 2022).

The integral degree of cavitation K, over a cross-section or volume was defined as
follows (4):

K, = %Lu,_,[b’] dav, 4)

where o, is the local vapor-phase volume fraction.

The parameter K, makes it possible to estimate the total intensity of vapor formation
in the flow section.

To assess the position of the cavitation zone relative to the flow axis, the centrality
index K. was introduced (5):

J;uv% dA (5)

Ke=1——F——"7—7",
[, dA

where 7 is the distance from the considered point to the channel axis, and R is the
local flow radius. The closer K. is to unity, the more strongly the cavitation zone is
concentrated in the central part of the flow. A decrease in K. indicates displacement of
cavitation toward the walls.

This approach is consistent with modern CFD studies, in which the vapor-phase
volume fraction is considered one of the key computational indicators of the intensity of
the cavitation regime and the spatial position of the cavitation region (Sekar et al., 2025;
Poorbaba et al., 2026; Xia et al., 2024; Zhang et al., 2024).

To assess the risk of cavitation impact on the housing material, the near-wall contact
index K, was additionally proposed (6):
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where A4 is the region adjacent to the channel wall within a specified near-wall layer.

An increase in K, indicates an increase in the fraction of the cavitation zone located
in the immediate vicinity of the wall and, consequently, a potential increase in erosion
hazard.

Taking into account the technological objective, which consists in forming intense
cavitation predominantly in the flow volume rather than near the apparatus walls, the
overall indicator K . can be used as a generalized efficiency criterion. This indicator
increases with increasing total cavitation intensity and its displacement toward the axial
part of the flow, but decreases with increasing near-wall contact of the cavitation cloud

(7):
Kege = Ky - Ko+ (1 — Ky ). (7

Analysis of the obtained pressure, velocity, and vapor-phase volume fraction fields
showed that, with increasing flow velocity, the cavitation number decreases for all
considered cavitator variants, while the volume of the active cavitation zone increases.
At the same time, comparison based only on the value of the cavitation number ¢ does
not allow the variants to be correctly ranked in terms of their practical applicability,
since equally low values of 6 may correspond both to desirable volume cavitation and
to undesirable near-wall cavitation. For this reason, the combined use of the criteria o,
K, K and K, is the most appropriate. Therefore, the introduction of additional integral
indicators makes it possible to more correctly assess not only the overall cavitation
activity, but also its technological suitability in terms of the service life of the apparatus
and the directionality of its effect on the treated medium (Zheng et al., 2022; Ranade et
al., 2022; Carpenter et al., 2022; Nadiri et al., 2025).

In Table 2, the values of K, K ., K, and K . are presented as normalized comparative
indices obtained based on the analysis of the vapor-phase volume fraction o, distributions
in the computational domain. The presented values are semi-quantitative and are
intended for intergeometry comparison of cavitators at identical flow velocities.

Model 1 is characterized by the formation of developed cavitation in the throat and
in the initial part of the diffuser; however, a significant part of the cavitation cloud
is associated with the channel wall. This leads to acceptable values of K, but is
simultaneously accompanied by comparatively increased values of K, which limits the
service reliability of the design.

In Model 2 with a conical flow body, displacement of the cavitation zone into the
wake region behind the body is observed; however, in a number of regimes, partial
contact is retained both with the surface of the flow body and with the channel wall. In
this regard, this model occupies an intermediate position between the baseline variant
and the more favorable configuration with cylindrical inserts.
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The most preferable results according to the set of criteria were obtained for Model
3 with cylindrical flow bodies. This geometry is characterized by comparatively low
values of the cavitation number in the operating velocity range, high values of K, as
well as an increased centrality index K. with a reduced near-wall contact index K. This
means that the cavitation cloud is formed predominantly in the central part of the flow
and has a lesser effect on the apparatus walls.

Table 2 — Results of cavitation activity assessment for different cavitator configurations

Velocity, Integra@ dggree Centrality Near-wall contact quall.efﬁmency
Model of cavitation, . . indicator,

m/s K, index, K. index, K, K,
Model 1 0.40 0.41 0.20 0.57
Model 2 0.5 0.26 0.52 0.14 0.95
Model 3 ’ 0.11 0.61 0.00 1.00
Model 4 0.01 0.11 0.50 0.00
Model 1 0.99 0.39 0.16 0.43
Model 2 0.6 0.35 0.52 0.13 0.40
Model 3 ' 0.59 0.57 0.10 1.00
Model 4 0.01 0.11 0.63 0.00
Model 1 0.95 0.45 0.16 0.72
Model 2 0.7 0.59 0.50 0.14 0.67
Model 3 ’ 0.64 0.54 0.11 1.00
Model 4 0.01 0.13 0.59 0.00
Model 1 1.00 0.41 0.17 0.57
Model 2 0.8 0.67 0.49 0.15 0.71
Model 3 ’ 0.62 0.54 0.11 1.00
Model 4 0.01 0.11 0.51 0.00
Model 1 0.98 0.40 0.16 0.45
Model 2 0.9 0.68 0.48 0.16 0.55
Model 3 ’ 0.65 0.56 0.10 1.00
Model 4 0.01 0.13 0.60 0.00

Model 4 provides stepwise development of cavitation along the length of the
apparatus; however, the distribution of cavitation activity between individual sections of
the flow path is less uniform. At the same time, this model requires additional assessment
of hydraulic losses and regime stability, which makes its unambiguous ranking difficult
without extended analysis.

Thus, quantitative assessment of cavitation activity should be based not only on the
cavitation number, but also on integral characteristics of the vapor-phase distribution.
This approach makes it possible to compare cavitators of different configurations
more correctly and to identify designs that provide not simply intense cavitation, but
technologically preferable cavitation: volumetric, stable, and minimally associated with
the channel walls.

Comparison of the numerical modeling results based on the pressure, velocity, and
vapor-phase volume fraction fields, as well as on the system of quantitative criteria
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o, K, K., K, and K showed that the most favorable combination of cavitation
intensity and reduced risk of erosion damage is provided by Model 3 with cylindrical
flow bodies. In this configuration, the cavitation zone is formed predominantly in the
wake region behind the cylindrical inserts and is localized in the central part of the
channel, maintaining a liquid layer between the region of developed vapor phase and the
apparatus walls. This distribution provides high cavitation activity in the working flow
volume while limiting the direct impact of microjets, shock waves, and local pressure
pulses on the housing material.

Model 1, represented by a conventional Venturi nozzle, provides a pronounced
pressure drop in the throat region and the formation of developed cavitation; however,
the cavitation cloud is largely associated with the channel walls. This increases the
probability of local cavitation erosion and limits the feasibility of long-term operation of
this design when treating high-viscosity and potentially corrosive oil-containing media.
Model 2 with a conical flow body is characterized by a more favorable flow structure
compared with the baseline variant, since the region of intense cavitation is shifted
into the wake zone behind the flow body; at the same time, in a number of regimes,
partial interaction of the cavitation cloud with solid surfaces is preserved, as a result
of which the reduction in erosive load remains incomplete. Model 4 is of interest as a
variant of stepwise cavitation action, in which the stages of bubble nucleation, growth,
and collapse are sequentially realized in different sections of the apparatus. Such a
regime may be promising for the disaggregation of asphaltene-resin structures and oil
degassing; however, the increased complexity of the flow section, a possible increase
in hydraulic resistance, and the nonuniform distribution of cavitation activity along the
apparatus length require further optimization.

Thus, for the stated task, associated with the formation of developed cavitation
predominantly in the flow volume while minimizing near-wall impact, the most
rational configuration is Model 3. This variant is characterized by a combination of a
reduced cavitation number in the working zone, a high integral degree of cavitation,
pronounced central localization of the cavitation cloud, and a lower risk of erosive
impact on the walls. The optimal velocity range for this configuration is 0.7-0.9 m/s;
within this range, a stable regime of volumetric cavitation is ensured without substantial
expansion of the near-wall contact zone. Therefore, Model 3 can be recommended as
the baseline geometry for further experimental verification, design refinement, and
subsequent integration into technological schemes for crude oil preparation and primary
refining. The obtained results require verification on a laboratory test bench, followed
by comparison of the calculated and experimental data.

4.2. Integration options for a hydrodynamic cavitator in a crude oil
preparation and primary refining unit

The modeled designs of cavitation devices are intended for implementation in
existing crude oil preparation and primary refining units with minimal modification of
the current process scheme. Model 3, in the velocity range of 0.7—0.9 m/s, is the most
preferable for industrial application due to localization of the cavitation zone within the
flow volume and achievement of a developed cavitation regime at moderate cavitation
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numbers. At least two principal options are possible for incorporating a hydrodynamic
cavitator into the technological flow.

Figure 4 shows a scheme for incorporating a hydrodynamic cavitation device into
the technological scheme of primary oil refining, with installation options at two points
proposed: before and after the electrostatic dehydrators.
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Figure 4 — Proposed placement of a hydrodynamic cavitation device in the primary oil refining process
flow diagram

In the first variant (Point 1), the cavitator is installed in the feedstock line after the
heaters, but before the electrical desalting and dehydration unit. Under these conditions,
preheated oil with increased viscosity and containing mechanical impurities, salts, and
dissolved gases enters the cavitator. The expected effects of implementing cavitation
treatment at the oil preparation stage include intensification of degassing due to the
release of dissolved and finely dispersed gases under the action of cavitation phenomena;
increased desalting efficiency due to the destruction and dispersion of stable oil-water
emulsions; fragmentation of large droplets and impurity agglomerates with improved
conditions for coalescence of the aqueous phase; and homogenization of the rheological
and physicochemical properties of oil in the flow due to mixing and partial disaggregation
of asphaltene-resin associations. At the same time, the disadvantages of installing the
cavitation device at Point 1 include the need to arrange a system for removal and
utilization of the released gases, since under intense cavitation action part of the light
hydrocarbon components and sulfur-containing compounds may pass into the gas phase
already at the preparation stage, which requires ensuring their safe discharge or return
to the appropriate technological streams.

In the second variant (Point 2), the cavitator is incorporated into the feedstock
supply line directly before the gasoline-stripping (stabilization) column. In this case,
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the gas released during cavitation treatment is almost immediately directed to the
column, where conditions are provided for its separation and subsequent utilization.
The advantages of placing the cavitator directly before the column include elimination
of the need for a separate degassing unit, since the gas released under cavitation action
is directed immediately into the column apparatus; combining cavitation treatment with
stabilization and gasoline-stripping processes, which may potentially provide more
complete recovery of light fractions and an increase in the depth of separation; and
the possibility of integrating the cavitator into the existing technological scheme with
a minimal amount of changes to the piping arrangement. At the same time, with this
arrangement, the probable increase in the corrosive aggressiveness of the medium in
the upper part of the column and adjacent communications should be taken into account
due to an increase in the content of H,S and other sulfur-containing components in
the gas phase, which necessitates a justified selection of equipment materials and the
application of adequate corrosion-protection measures.

In addition to crude oil treatment, hydrodynamic cavitators can be used to intensify
processes associated with heavy petroleum products, including fuel oil, tar, bitumen,
and oil sludges. Possible areas of application of hydrodynamic cavitation include
reducing the viscosity of fuel oil and tar in order to facilitate their transportation,
pumping, and combustion through degassing and partial destruction of asphaltene-
resin structures; treatment of bitumen and road binders for targeted modification of
their structural-mechanical and rheological characteristics; processing of oil sludges,
including dispersion of the solid phase, removal of the gas component, and partial
destruction of high-molecular compounds, which may simplify subsequent separation
and utilization; and preparation of composite fuels, including mixtures of fuel oil, heavy
petroleum fractions, and coal-water suspensions, in which cavitation action may be
used to intensify mixing, increase system homogeneity, and improve stability during
storage and transportation.

For these areas, additional studies are required, including adaptation of cavitation
device designs to more viscous media, experimental verification of treatment efficiency,
and assessment of the effect on combustion parameters, emissions, and equipment
durability. In addition, for transition to industrial application, it is necessary to take into
account apparatus scale-up, stability of the cavitation regime under changes in flow
rate, hydraulic losses, and the possible influence of cavitation on subsequent separation
stages and the corrosion state of the equipment (Song et al., 2022).

5. Conclusion

Anumerical study of hydrodynamic cavitation processes in an oil-containing medium
was carried out for four designs of cavitation devices. It was established that the design
of the flow section determines the intensity, shape, and localization of the cavitation
zone. As the flow velocity increases, the cavitation number decreases, and a transition
occurs from initial vapor formation regimes to stable developed cavitation.

The use of the cavitation number alone is insufficient for a correct comparison of
cavitators, since this parameter does not reflect the distribution of the vapor phase
in the flow volume or the degree of its contact with the apparatus walls. Therefore,
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a multicriteria approach was applied, including assessment of the integral degree of
cavitation, the centrality of the cavitation cloud, and near-wall contact.

The most preferable results were obtained for the design with cylindrical flow
bodies. In this variant, the cavitation zone is formed predominantly in the central part
of the flow while a liquid layer is preserved near the channel walls, which provides a
combination of high cavitation activity and a reduced risk of erosion damage to the
equipment. The rational velocity range for this design is 0.7-0.9 m/s.

The obtained results confirm the prospects of using hydrodynamic cavitation as a
reagent-free method for intensifying crude oil preparation and primary refining processes,
including degassing, viscosity reduction, destruction of emulsion structures, and
treatment of heavy fractions. Further studies should focus on experimental verification,
assessment of hydraulic losses, consideration of the properties of real oil systems, and
techno-economic justification for the implementation of cavitation devices. The next
stage should involve comparison of the calculated data with experimental results on
changes in viscosity, gas content, fractional composition, and stability of emulsion
systems, since these indicators are used in modern studies of cavitation treatment of
petroleum and heavy hydrocarbon media.
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