S&l

https://doi.org/10.15407/scine18.05.061

AVDIEIEVA, L. Yu. (http://orcid.org/0000-0002-3434-1669),
MAKARENKO, A. A. (http://orcid.org/0000-0003-2338-5364),
and DEKUSHA, H. V. (http://orcid.org/0000-0002-8829-8221)

Institute of Engineering Thermophysics, the of National Academy of Sciences of Ukraine,
2a, Marii Kapnist St., Kyiv, 03057, Ukraine,
+380 44 456 6282, admin@ittf.kiev.ua

COMPUTER SIMULATION OF FLUID FLOW
THROUGH A VENTURI NOZZLE OF DIFFERENT
CONFIGURATIONS

Introduction. Hydrodynamic cavitation, as an effective way of local energy concentration to create powerful
dynamic effects, has been widely used to intensify many energy-intensive operations related to processing complex
heterogeneous dispersed systems.

Problem Statement. The high cost of equipment for physical experiments and the difficulties related to repro-
ducing complex hydrodynamic processes in laboratory conditions make it necessary to use modeling/simulation
methods. Recently, mathematical and computer modeling has become one of the most effective information tech-
nologies that determine the rapid development of advanced fields of science and technology.

Purpose. The purpose of this research is to predict the behavior of fluid motion inside the Venturi nozzles of
different configurations in the case of changing thermal process parameters, with the use of ANSYS Fluent com-
putational package.

Materials and Methods. The Simple algorithm of the Patankar method, which involves a second-order
accuracy counter flow scheme for convective terms in the momentum conservation equation, for the kinetic tur-
bulent energy equation and the turbulent energy dissipation equation, has been used. The “Realizable” modified
k- model of turbulence and Euler’s model (multiphase model) have been applied. The standard ANSYS ICEM
CFD package has been employed to generate the calculation grid.

Results. The model chosenfor computer simulation has proven its effectiveness and allowed us to establish
some patterns of fluid motion along the axis of the Venturi nozzle. Based on the simulation results, the depen-
dences of changes in the pressure in the case of varying neck diameter and opening angle of the Venturi nozzle
diffuser have been constructed. It has been shown that the highest intensity of cavitation is reported in the ex-
perimental nozzle with opening angle of the diffuser adif = 12° for all diameters of the nozzle neck.

Conclusions. The use of highly specialized software and modeling systems allows us to better understand the
behavior of the flow in closed channels of dif ferent configurations. Computer simulation of fluid motion in Ven-
turi nozzles has enabled predicting the processes of occurrence and development of hydrodynamic cavitation in
different sections of the nozzle.
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Fig. 1. Venturi nozzle configuration

Hydrodynamic cavitation, as an effective method
of local energy concentration to create powerful
dynamic effects, has been widely used for the in-
tensification of many energy-intensive operations
of processing complex heterogeneous dispersed
systems [1, 2].

The expensive equipment for physical experi-
ments and the difficulties related to reproducing
complex hydrodynamic processes in laboratory
conditions have led to the need to use modeling/
simulation methods. Recently, mathematical and
computer modeling has become one of the most
effective information technologies that determine
the rapid development of advanced fields of sci-
ence and technology, as evidenced by the appear-
ance of application program packages for numeri-
cal modeling of gas-dynamic and heat-mass ex-
change processes, which have been widely used in
scholarly research and engineering practice.
Among them, there are the products of ANSYS,
Inc., including those in the field of computational
fluid dynamics (CFD) [3]. This is because of the
formal simplicity of the problem statement and
the independence of the solution method on the
operation of the node under study. Among the
software products that allow us to calculate, to
visualize, and to optimize a wide range of techno-
logical processes ANSYS Fluent computing pack-
age is the first to be mentioned.

ANSYS Fluent is a universal multi-purpose
computational CFD software designed to solve
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problems of hydrodynamics and heat and mass

transfer. ANSYS Fluent makes it possible to model

processes related to the flow of gases, liquids, and
their mixes in complex physical and chemical in-

teractions [3—5].

ANSYS Fluent uses the finite volume method to
convert the general equation of motion into the
algebraic form for further numerical solution.
The software complex is widely used for:

o numerical modeling of hydraulic and gas-dy-
namic processes in engines, pumps, and other
power engineering equipment [6—12];

« simulation of mass transfer during cavitation,
turbulent or convection motion of liquid [6,
10, 13—19];

o simulation of liquid or gas motion inside noz-
zles [10, 16—22];

Hydrodynamic cavitation devices of various
types are widely used to intensify the processes of
dissolution, mixing/blending, dispersion, emulsi-
fication, and homogenization in dispersed sys-
tems of the liquid-liquid or liquid-solid type [2].
Venturi nozzle (Fig. 1) [1, 2, 17] is the basic ele-
ment of many known flow hydrodynamic cavita-
tion reactors of the static type.

The Venturi nozzle is a device that consists of
aninlet that is the convergent section (confuser),
amiddle cylindrical section (nozzle neck), and an
outlet that is the divergent section (diffuser).
The configuration of the entire cavitation appa-
ratus, as well as the profile and geometric parame-
ters of the reactor significantly influence the in-
tensity of the occurrence and development of
hydrodynamic cavitation effects and, as a result,
the quality of dispersion of complex multiphase
systems [2]. The design of the device should pro-
vide optimal conditions for the occurrence of
cavitation, criteria for the efficiency of energy use
and reduction of its losses in the course of useful
work. The complexity and multifactorial state-
ment of the problems of experimental studies of
the behavior of a two-phase gas-liquid flow in a
Venturi nozzle, depending on changes in its geo-
metric parameters, makes computer modeling an
urgent research and practical task.
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The authors have made a computer simulation
of the fluid motion in Venturi nozzle, using the
ANSYS Fluent computational CFD package and
the Eulerian model (multiphase model). This has
made it possible to simulate the occurrence of the
phenomenon of cavitation in the nozzle for the
two-phase flow of liquid-gas (water-steam) sys-
tem. For modeling the cavitation flow, the follow-
ing fundamental laws of fluid and gas mechanics
have been used: 1) the continuity equation; 2) the
momentum equation; and 3) the law of change in
turbulent viscosity as a function of speed (turbu-
lence model). To solve the problem, the simple algo-
rithm of the Patankar method has been applied,
with the involvement of a counterflow scheme of
the second order of accuracy for the convective
terms in the momentum conservation equation,
for the turbulent kinetic energy equation and the
turbulent energy dissipation equation.

The choice of the turbulence model is the most
difficultfor calculating cavitation, therefore, for
the calculation of cavitation in local hydraulic re-
sistances, the k-¢ model based on the Boussinesq
hypothesis is the most appropriate. In this re-
search, we have used the modified Realizable k-¢
model of turbulence. It differs from the standard
k-¢ model by an improved form of the presenta-
tion of turbulent viscosity and a new equation for
the transport of the turbulence kinetic energy
dissipation rate . The immediate advantage of
the Realizable k-¢ model is that it more accurately
predicts the distribution of flux dissipation. This
provides better prediction of rotating flows, bo-
undary layers that are subject to strong pressure
gradients, separation and recirculation flows [3].

The turbulent flow ofliquid-gas system has been
considered in the research. Pressure, initial tur-
bulence parameters, and volume fractions of pha-
ses are set at the flow inlet; pressure and mild tur-
bulence boundary conditions are given at the
flow outlet. The standard boundary conditions for
turbulent flow,as built into the Fluent software
complex, are set by assigning wall functions on the
lines that correspond to solid surfaces. The sym-
metry condition on the axis of the nozzle is given.
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Fig. 2. Geometric 3D model of Venturi nozzle with calcula-
tion grid
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Fig. 3. Dependence of characteristic change in pressure on
duration for the formation of cavitation effects in liquid

Fig. 2 shows a geometric 3D model of Venturi
nozzle. The standard ANSYS ICEM CFD pack-
age is used to generate the calculation grid. This
package allows us to generate structured and un-
structured block grids quite accurately. The method
of computational hydrogas dynamics and the Flu-
ent solver have been employed to build the grid.

The use of this software complex has made it
possible to divide the domain of solving the prob-
lem into a dense system of subdomains (Fig. 2). In
each subdomain, the original distribution of pa-
rameters is replaced by the corresponding ap-
proximating functions. The quality of the grid
model affects the accuracy, convergence, and
speed of solving the problem, so the spatial exten-
sion of the grid is taken to be 1 mm. Also, at this
stage, there are giventhe axis of symmetry, the in-
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Fig. 4. Dependence of change in pressure along the axis of Venturi nozzle at different in-
ner diameters of the neck: 7 — 8 mm; 2 — 10 mm; 3 — 12 mm; 4 — 14 mm; 5 — 16 mm and

opening angle of diffuser:a — o, = 12° b —

dif1

let and outlet surfaces of the nozzle, as well as the
walls of the model. The model makes it possible
to establish regularities in the distribution of in-
dicator values along the entire length of the test
nozzle in order to determine the characteristic
zones along the axis and near the walls of the re-
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actor. Numerical solution of the gas-liquid flow
motion dependence enables obtaining the follow-
ing flow functions throughout the field volume:
axial and radial velocities for each of the phases,
volumetric fractions of the phases, pressure, spe-
cific kinetic energy of turbulence, its dissipation,
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Fig. 5. Dependence of pressure change along the axis of Venturi nozzle at different ope-
ning angles of the diffuser with the same inner diameter of the nozzle neck d = 10 mm:
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as well as other parameters that are expressed
through these quantities.

It has been known that to initiate cavitation
phenomena, it is necessary to decrease the pres-
sure in liquid in a short time to values much lower
than the pressure of saturated vapor of the liquid
at a given temperature, and then quickly increase
to values that exceed the pressure of saturated
vapor (Fig. 3) [1].

Until the conditions for the occurrence of ca-
vitation are met, in the liquid volume, there are
formed and growing many vapor bubbles that are
defined as a cavitation cluster. The duration of
the existence of a cavitation cluster is estimated
as microseconds. The duration of both stages of
the cavitation process, the decrease and the subse-
quent sharp increase in the liquid pressure, should
be as short as possible [1, 2].

On the basis of previous mathematical mode-
ling, to determine the optimal design of Venturi
nozzle, two determining geometric parameters, the
angle of the diffuser and the diameter of the noz-
zle neck, which strongly influence the pressure
and flow rate, have been established. It is accept-
ed that for technological reasons of manufacture,
the opening angle of the diffuser o, in the Ven-
turi nozzle should not be less than 12°. Therefore,
the simulation is made for a nozzle with diffuser

ISSN 2409-9066. Sci. innov. 2022. 18 (5)

=120°

opening angles a, > 12°. Other geometric para-
meters of the study areconstant confusor opening
angle that is equal to o, = 90°; the diffuser open-
ing angles vary and are equal to a,,,, = 12°, @, , =
=90° a i =120°; the inlet and the inner dlame—
ters of the main duct are D, = D_ =42 mm; the
inner diameters of the nozzle neck are equal to
d, =8mm;d, = 10 mm; d, = 12 mm; d, = 14 mm; and
d =16 mm. The nozzle neck length is /=10 mm.
The pressure at the nozzle inlet is P, = 5 - 10° Pa,
the pressure at the outlet is P, = 1 10° Pa, the
pressure of saturated vapor at aa temperature
20 °Cis P, = 2330 Pa.

To determine the critical geometric parame-
ters, we have focused our analysis on changes in
pressure in Venturi nozzle at different opening
angles of the diffuser. The pressure indicator is
important for characterizing the occurrence and
intensity of hydrodynamic cavitation, liquid con-
sumption, and specific electricity consumption.
The simulation results obtained by us (Fig. 4) il-
lustrate the pressure distribution along the axis
of the nozzle at different diameters of the neck
and opening angle of the diffuser.

For all the studied configurations of the noz-
zles (Fig. 4), the change in the pressure in differ-
ent areas has the following character: a sharp de-
crease in the initial value (P ) in the confuser due
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to a decrease in the cross-sectional area and an
increase in the flow speed (Bernoulli’s principle),
constant along the length of the neck gradual in-
crease up to a value (P,) smaller than the initial
one in the diffuser.

Turbulence energy and its dissipation reach
their maximum at the nozzle neck. In this section
of the nozzle, the greatest transformation of the
kinetic energy of the flow into the energy of de-
formation and grinding of dispersed inclusions
may occur. The change in the inner diameter of
the nozzle neck at the same opening angle of the
diffuser practically does not influence the pressure
difference, but it has a significant effect on the
change in the speed and flow rate of the liquid,
which in turn, influences the specific consump-
tion of electricity. Choosing the optimal geomet-
ric size of the diameter of the nozzle neck requires
additional estimates of these characteristics.

The results have shown that the opening angle
of the diffuser o, has the greatest influence on
change in the pressure along the axis of the Ven-
turi nozzle. At different opening angles of the dif-
fuser, there have been established significant dif-
ferences in the nature of the flow dependence of
the pressure change along the Venturi nozzle axis.
The most significant pressure difference has been
reported at the opening angle of the diffuser o, =
= 12°, which indicates the greatest intensity of hyd-
rodynamic cavitation in this experimental nozzle
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KOMITIOTEPHE MOJIEJIOBAHHA PYXY PIINHN
B COILJTAX BEHTYPI PI3HUX KOH®ITYPAIIIN

Beryn. Tiapoarnamivna KaBiTailist sk eeKTHBHUIT CHOCi6 TOKaIbHOT KOHIIEHTpaIlii eHeprii /s CTBOPEHHST MOTYKHUX JMHA-
MiuHKX e(EeKTIB IMPOKO 3aCTOCOBYETHC U151 iHTeHcubikallil 6araThoX eHeproeMHUX TIPOLeciB 00pOOKU CKJIaIHUX FeTepo-
TeHHUX JIUCTIEPCHUX CUCTEM.

IIpoGaemaTuka. Bucoka Bapricts 06s1aHaHHsI 115t (Pi3UUHOTO €KCIIEPUMEHTY I TPYHOIL BiATBOPEHHS B 1a60PATOPHUX
YMOBAaX CKJIQJHUX TiZPOJMHAMIUHKUX POLECIB CIPUYUHSIOTH HEOOXIHICTh BUKOPUCTAHHS METO/IB IXHBOTO MOJIE/IIOBAHHSI.
OcraHHIM YacOM MaTeMaTUYHe Ta KOMIT'IOTEPHE MOJIEIOBAHHSI IIEPETBOPUIIOCS B OJIHY 3 HANOI/IbII e(heKTUBHUX TEXHIK.

Merta. [IpornosyBanus noBeIiHKN PYXY PiiMHU BcepeanHi coren BenTypi pizuux xoudiryparttiii npu 3MiHi Terjiorex-
HOJIOTIYHUX MapaMeTPiB 3a I0MOMOT0I0 00umcaioBaabaoro nakery ANSYS Fluent.

Marepiamm i MeToau. Buxopucraro anroputm Simple metomy IlaTankap i3 3agydeHHsIM TPOTUTIOTOKOBOI CXEMH IPYTOTO
HOPSIKY TOYHOCTI JIJIi KOHBEKTUBHUX YJICHIB B PIBHSHHI 30€pesKeHHsI IMITYJIbCY, /sl PIBHSIHHS KIHETUYHOI TypPOYJIEHTHOT
eHepril i piBHsHHS qucunaiii TypOyieHTHOI eHepril; 3actocoBano MmoaudikoBany k-g Mmozesb TypOysieHTHOCTI « Realizable»
ta EilsiepoBy mMozens Mixture (Mogeb 6aratodbastoi cyminii). J[jist renepaitii po3apaxyHKOBOI CiTKH BUKOPUCTAHO CTAHIAPT-
nwii naket Ansys [CEM CFD.

Pesyabratu. O6pana MojesIb U1k KOMIT I0TEPHOTO TIPOrHO3YBAHHsI TOKA3aJ1a CBOIO eheKTUBHICTD 1 I03BOJIMIIA BCTAHOBH-
TH JIesIKi 3aKOHOMIPHOCTI pyXy pifintu 1o oci cornia BenTypi. 3a pesysibrataMu Mo/ TIOBaHHS MOOYI0BAHO 3a/IE5KHOCTI 3Mi-
HU IIOKa3HUKIB TUCKY TIPK 3MiHi JiaMeTpa ropJioBUHM i KyTa po3KpuTTst Anudysopy comia Berrypi. [Tokazano, 110 Hailbisb-
112 iIHTEHCUBHICTD KaBiTalliiiHOTO BIIMBY JIOCATAETLCS B IOCIIHOMY COILI 3 KyTOM PO3KpUTTA Audysopa o, = 12° 1 seix
JliaMeTpiB TOPJIOBUHU COTLJIA.

BucHoBKH. 3acTOCYBaHHS BY3bKOCIIEIa/i30BaHIX [TPOrPAMHO-MO/IEJIOI0YMX CUCTEM JI03BOJISIOTH Kpallle 3pO3yMiTH 110-
BeJIiHKY Tedil B 3aKPUTHUX KaHaTaX pi3HUX mpodini. KoM ioTepte MoieTioBaHHSI PyXy PiZIMHU B coTiax BeHnTypi 103B0s1-
J10 320€3TMEUNTH TIPOTHO3YBAHHSI TIPOIECIB BHHUKHEHHST 1 PO3BUTKY TiIPOIMHAMIYHOT KaBiTallil Ha PI3HUX BiApi3Kax.

Kmouosi cnosa: komir'orepte mogetoBattst, ANSYS Fluent, rigpoantamivuta Kasitaiist, corio BeHtypi.
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