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ABSTRACT

This study investigated the effects of solid particles at vargimgentrations or Article History
hydrodynam!c cavitation within a nozzle in splld particlepure water Receivea\pril 27, 2024
hydrodynamic cavitation flow system. Concentrations ranged from 5%0% RevisedAugust26, 224

and mean diameters varied from 0.0015 mm to 0.040 mm.ZWaet-Gerber AcceptedSeptembeB, 2024
Belamri cavitation model, originally developed for pure wdtgdrodynamic Available onlineDecembe#, 2024
cavitation flow, was adapted for the solid partigheire watethydrodynamic

cavitation flow scenario. Aavel algorithm integrating solid, liquid, and vap Keywords:

phases was developed to facilitate numerical simulations of this -

Comparisons were made between the vapor contents in solid pprtielevater fgyi(tjaziﬁigfx“re watethydrodynamic
hydrodynamic cayitation .floyv under different co_ncen'mag; qnd thosén pure Solid particle concentration
waterhydrodynamic cavitation flow to establish variation patterns. S Solid particlemean diameter
particles consistently promoted cavitation evolution across all concentt Nozzle

conditions. However, the range of mean diameter promoting cavitation deci ~ Numerical simulation

with increasing concentration. The study analyzed variations in solid pe
properties, flow fields, and the forces acting on solid particles to elucidat
underlying mechanisms. Solid particles induced a greater number of cavi
nuclei. In the satl particlepure watethydrodynamic cavitation flow, the
maximum and minimum slip velocities, as well as the maximum and minit
turbulent kinetic energies, were higher than those in pure sgtbodynamic
cavitation flow, establishing these factors asnarry influencers. Conversely, th
Saffman lift force was relatively small, rendering its effects as secondary
combined effects of these factors contributed to the distinctive evolutic
hydrodynamic cavitation within the nozzle.
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Cavitation, a type of multiphase flow,frequently I'n -PSWPEsol i d par tsiod lias paads

occurs invarious fluid machiney, such as pungand abrasi o@hdmBPAY;L&lu ,et2;@BH g 20 :
hydro turbines, whenthe local pressurarops below the v 2024a90. n g 2é0t,2 anlli r,al 2a0 le@&
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under standidregttbetijonnof /&E%la\armia{.CE in (8)
hydraulic machinefrsgdepernbveng. in partl cl e
where g, denotes theviscosity of waterg, denotes the
2. MATHEMATICAL METHOD viscosity of vapor, ands denotes theviscosity of solid
particles.

2.1Fundamental Equations The bulk densityy s of solid particles was defined as

ANSYS-Fluent was employed to performthe  the mass  per unit volume under natural packing
numerical simulation of SPW-HCF. It was a transient conditions:
calculation. The mixture model was used to solve the
multiphase flow.Water served as therimary phasg r S:ﬂ (9)
while vapor and solid particles wereconsidered Vs

secondary phase Cavitation occurred between water h q h f solid icl d
and vapor. Solid particles hadsignificant effects on WNe€r€ Ms enotes themass of solid particlesand vs
cavitation evolution denotes theorresponding volume.

Water and vapor werteeated a®iomogeneoufiuids, The viscosity of solid particless, was calculated as
having identical pressure and velocity fields. Solid fIOWS:
particles dueto their exceptionallysmall mean diameter, — + m o+ (10)
were treated aapseudefluid. M= Qo * s

The fundament al equati oWhaereSt° %‘f ta dl ”dntt?tQ&OI |0Irml lﬁ'”%“?l on
included the ¢ma tnenUutny,eqH OB'P”@ér'ﬁ'ona viscositiesespectively

transport agdlaai one vel ociTthe eapudtiisdmngGi daispoavs idty

(Muel | e)g x p2rOoe2d00d d oavs 19 9Yvascalculateds f ol | ows:
ru vz
w W) O m=%adg.l *eslaQ 8
R
e (12)
u(ru) B(raul) o pd (2) : , : :
it X X )5?71”% The_ ki net iesgi fSvyiasntloasli t g)twaal . |,
defined as foll ows:
w, a, H(r ay) (3) ad, r,JQ.
UI + }4] :R % % ”z-in S 53 es é 3ess ]) 59055 ( 12)
qu+u(rvguj)_R (4 Wheesgdenotesstihteuti boar coef i si
ut K B Qo, rsepreseadisalt hei stri bution f
andkdenotgrsanilear temperature.
W @+“(fs a) 9 5) The optional frictional viscosityess ((Sc haef f er ,
pt K 19Bwas defined as foll ows:
_ b.sinf (13)
= - ’7Z-r—
Vog =V Vg 6) T2l
wh e men, Jv apndenot den dietti heeswhepefps denotes thesolid particle pressuren denotes
mi xture, water, v,aproes peaattheviephhdifridtionmagleant!s demctes thaleviatoric
denoteel 6biet y qé& nxrheep ratishednstresss tensor second invariant.
coordimatienadijdt ersdt €f er ent di ecti
i nh@artesian co@mdredst e2 ,sya enumerlcaﬁsmulatlonchWHCFEq$1)
3) 0,0, dinadrtehceoncentr at,i onap off de ¢ | n contehtijgy repr etsteent s

and sol i, rpeasrn@cdtbla\ealelysoclaﬂqéktureamm'ndenuthees mixture vi
pressnwdrescnotesstheity Rfa ntdh'e " nﬁw ur e.

Rrepresent amdapondeinsat,i o uérH_ceC t er ms (14)
respecwiitRidéyot hag Vpgdanot e f”he
relative vel beect g naedgtywamarr,y _ a+, 1
phas/edenot escitthye sdecloonhdea r y hgnée"

(vaporr sol i d pvaddn ctl eesl) qobfie@tpysr rpulence Model
t hper i mar gwapleads ro t teisme h e

(15)

A hybrid destiantuhleadt i emadnd g IDES)

}mwas calculateds follows (Spal ar)thas2@0Dn the shear str
r.o=rat, [ a ) k¥t ur bul enden tmord,evlals9 9edmp | oy e d
m ! s solve the tuRWHCIFemd-PSW OR.s of

Similarly, em wascalculatedas follows: During the numeryplawy siWalullat i

was maintained bel ow 1.
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2.2. ky$6Tbul ent Model set ats x 104 p, denotes theaturated vapor pressure for
. pure waterrp.dengtes thecavitation bubble radiugzvap
The&sSky deBht egrat eso fitoteh nli)d‘?:nnfz%fre' goﬁssttantswith values of50 and 0.01
t hkee modelkUmadedlts.uses bl en réspne ively umctiron's
t o detaecrtmiome modes imasgléd fement regions
turbul ent | erkgtmp d e tagplpeid ne @.8.& e Solid Particle-Pure  Water-Hydrodynamic
regions neawhikibeo dwdel li s u s @aditatiomFloar e a s
fahferom t:he wall .
In t he case ofpurse®| iwat @onra
— 63 Bk 16 hydrodynami c cavkPWHQAF)o,n tfheo\
’%*”jfﬂz’k 'Kk“% gff’gg: (16 saturated vapomfpuessedeby th
- . solid particles. This effect
/‘M+Ej—wy:%-r2b#g§e QW& (17) under various <concewbr &iingn
= 2 e Sw K tepner adf@RBAL.fitting relationsh
+2,(1_B)1K£ vapor pressur e and sol id pa
S WX K established as depicted by Eq
wherek represents the turbulent kinetic energy, ani$ P (a)=330 4 35164 ® a 3% (23)

the specific dissipation ragtguantifying the conversion

of k into thermal internal energy per unit volume and wherePs, represents theaturated vapor pressure for-SP

time. P and Py are the production terms for turbulent PW-HCF, Uk denotesthe general form of solid particle

kinetic energy and specific dissipation rate, respectivelyconcentratiowith k as asubscriptwith values 1, 2, and 3.

Fs is the blending functiong denotes the dynamic

viscosity, and ¢; denotes the eddy viscosity. The I'n Eq S - ( BvapsasdbGReRlue ed b
relationships beawedenonthenate

constants ar- = 0.09 andiro. = 1.168. sourcentdbemsoncentr ademinveve,r e

2.2.2 Detachd Eddy Simulation ashown in the fioll owing equat

I n DES baseldytonr btuhe nST ng ®8.1-,9) 4 [hEe1oa? -35164 104 3722)p - ¢n.)
general form Esstelme benexlpTscaska |3 2 -
as foll ows: (24)
lpessst=MIN(l gans.ss7C pesssil? (18 o _ Fmsrrv a J; p- 330 & 3.;5164 0.2 322)

b |
wherelranssst denotes thdength scale othe SST k-¥
turbulercemodel, defined afollows: (25)
kY2 where Rse and Rsc denote the evaporationand

| rans-ssT= ( = v)/ condensation source tertits SPRPW-HCF, respectively
(19) 3. NUMERICAL SIMULATI ON SETUP

w h e rrepresentghe size of the maximum cell. )
3.1PhysicalModel

The empirical constan€Cpessst can be expressed as )
The numerical HChuamRWi 8ns f

follows: . i
HCFwerce® nduct etdwadu smenngs i a ,aasl noz
Coessst=(1 “Fs)Coescey FCoesi w (20)depi dtnedFi g. 4. The nozzle

consistent with the phbhystkal
whereCpes g = 0.61 andCpes k-v) = 0.78. (19.76)
2.3 Cavitation Model
2.3.1 PureWater-Hydrodynamic Cavitation Flow :i - O Experimental results B
For t he numer i cplrvesaf eul 2 esof — ~ Fitting results P

hydrodynamic ©CavHCE at Zoheer o | (£ o
GerBet amr i (ZGB) @awair t ateito 1% eooof P
20p4 was emmplisyemodel frican de 3 7
reduced tfhoRrany|l-Bf ghset Tehqeuatgsm_ S
evapoantioondensati defsoedc & ,/D
foll ows £ 4s00 G

3r, (1- 2p, - 3 "
R=F. (- @) & 2r-P (¢ (21)  Eolg---" o

r, 3 3
3r 2n- 1% 2% 3% 4%

R: = Fcond rv 9 §M (p 2 pv) ( 22 ) Solid particle concentration

_ ’ I Fig. 3 Variation law of saturated vapor pressure in
where Uy, denotes thenucleation site volume fraction SP-PW-HCF
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L1=32mm

A

d1=23mm

g
Le=48mm il
.ttt

Fig. 4 Two-dimensional nozzle

The total lengthof the nozzlés Li= 48 mm, with an
orifice lengthof L1 = 32 mm. The inlet diameter id, =
23 mm, andthe outletdiametetis d»=8 mm.

3.2Mesh Generation

Discretization of the computational domainas
performed using ANSYS$CEM, employingquadrilateral
meshes.

Previous theoretical analysiss demonstratethat
the entire cavitation evolution procespredominantly
occurred withinthe orifice. To accuratelxapture the
characteristics of PWACF and SHPW-HCF, mesh
refinement was applieth this region as illustratedin
F i g The totalnumberof mesh elementwas 55,346

Mesh quality wasassessed using thigeterminant 3
x 3 x 3 featurein ANSYS-ICEM, with avalueexceeding
0.95,satisfying thesimulation requirements.

Mesh

meshes
categorized as Coarge CoarseB,
Medium-D, MediumE, FineF, and FineG.

The nozzle discharge coefficienty, was defined
and usedo assess mesh independence for-R@F and
SRPW-HCF.

MediumC,

..

Fig. 5 Mesh of the computational domain

Table 1 Total mesh number

Name Number
CoarseA 17,744
CoarseB 26,104
Medium-C 34,644
MediumD 46,166
MediumE 55,346

FineF 63,258

FineG 70,979

489

Because PWHCF and SHPW-HCF are different
types of multiphase flows, their expressions 04
demonstrate some differences. For PMUF, Cy was
substituted byCwq and is expressed as follows:

" Lf2r,(R- R)

For SRPPW-HCF,
expressed as follows

it was denoted as Csy and

- m @
{2 s (P~ P)

wherem denotes thenass flow ratelL denotes théength

of outlet edgeP: and P, represent thénlet and outlet

total pressures, respectively, apglw-s is the mixture
density of water and solid particlesalculatedas follows

23

S

r-w—s: (Ia+s/:;

m

Mesh independencPeWH@k sasdmen
SP-PW-HCFRver e ¢ on ddy=c t 0850 Gwm tehn d
=3%.The results are shown in Fi

The values o0,y andCsq exhibited a sharp decrease

from CoarseA to MediumC, with minimal differences
from MediumC to FineG.

For PWHCF, the maximum relative error was less

than 0.07%, and for SPPW-HCF, the error was less
than 0.018%.

independence was evaluated using seven
differentmesh sets, as detailed in Table 1. The number of
ranged from 17,744 to 70,979 and was

0.660

= [O= Discharge coefficient of PW-HCF (Cwa)

\ Coarse-A
0.659 - \

0.658 \ Coarse-B

\ Medium-C

E Medium-D . g
b Medium-E Fine-G

e

0.657

Discharge coefficient of PW-HCF (Cwa)

0.656

10 20 30 40 50 60 70 80

Total mesh number (x10°%)
(@) PWHCF
0.660 - O O— Dis i f SP-PW-HC ”
,‘\ Discharge coefficient of SP-PW-HCF (Csa)

\
\ Coarse-A

0.659 |- \\ Coarse-B
\ /
\,

0.658 f

\  Medium-C
' Medium-D Fine-F

\\ Medium-E Fine-G
\ / /
b --b5-3 4

0.657

Discharge coefficient of SP-PW-HCF (Csa)

0.656 -

10 20 30 40 50 60 70 80
Total mesh number (XlO")
(b) SRPW-HCF (ds = 0.0055mm andik = 3%)
Fig. 6 Mesh independence assessment
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Based on these results, Mediin with 55,346
meshes was selected for the numerical simulations o
PW-HCF and SFPW-HCF.

4. VALIDATION AND VERIFICATION OF
THE NUMERICAL ALGORITHM

4.1 Pure Water-Hydrodynamic Cavitation Flow

|\ I A
Vi

The numeri cal SiHGkE Wwatsi
conduwcitPgdd 1B ank= 91%Pan
the nozzl e. reJulisewera compgared with |
d a tfram t h ANSYS Fluid Dynamics Verification

Notes: 1. Motor; 2. Torque and speed sensor; 3.
Model centrifugal pump; 4. Inlet pressure transducer;
5. Water brake valve; 6. Outlet pressure transducer;

Manual ANSY'S, lpe. 2013 7. Flow meter; 8. Control valve; 9. Water tank; 10.

The water volume fract i on Entrameerofsdlidpartices; 11f\Viacuen pprppundar y
was |l ow, wher eas it was signifi ant | hi.gher in othe
regions. The numeri cal resul ts I'—Cl%.?%&gtcexlof)}herl atched t he

I i t erdatt arseh cavenF i ign This7 agreement
indicates that the algorithm used for simulgtPW-HCF

was validated effectively. 4.2 Solid Particle-Pure  Water-Hydrodynamic

Cavitation Flow

Experimentsnvolving SRPW-HCF were previously
Water volume fraction conductedn a centrifugal pumpNumerical simulations
werealso performed andompared witithe experimental
resultsto evaluate the suitability ahe algorithm.

Thel osed expdepmemedivgs i §,
used PPOWHCEBxperimeernsrifugal p
wi tdtF 0. 5 mmi=8®dinder various p
conditions at high flow rates

The centrifugal pump was the primary equipment in
the rig. Its performance parameters were: designed flow
rateQq= 25 n¥/h, designed heads= 32 m, efficiencyq
= 52%, and specific speed= 34.

The main device parameters include the motor,
which is oftype Y2132M-4 with a rated power of 7.5
kW, rated voltage of 380 V, rated current of 15.6 A, rated
rotational speed of 1440 rpm, and rated efficiency of
87%. The pressure transducer used is of type AXY
110/C, with a measurement range e0.0 MPa and an
Water volume fraction accuracy grade of 0.5 FS. The flow meter, type AQM
1, has a measurement range €fMm3/h and an accuracy
grade of 0.5 FS. The torque and speed sensor, type JC1,
is rated for a torque of 50 N-m, operates within a
rotational speed range of-8D00 rpm, ad has an
accuracy grade of 0.5 FS.

(a) Literature result

An innovative water tank, featuring an inverted
conical bottom, was employed to ensure effective mixing
of water and solid particles. This design significantly
reduces automatic settling of solid particles and performs
similarly to a virtual stirring device.

For the SPPW-HCF experiments, solid particles
with specificdiameteravere requiredTo obtain particles
with the appropriatediameters,a top hammer type
standard oscillating screen waslized for separation.
The reen's maimperformance parameters a® follows:
type XSB8 8 /=200mm, screen frambeight 400 mm
Fig. 7 Comparison of water volume fraction radius of gyration 1% mm, gyration frequency 221

distribution times/min and oscillatiorfrequency 147 times/min

(b) Numerical result
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The flow rate through the model centrifugal pump is 28

measured using Flow Meter 7. The centrifugal pump
inlet velocity v is calculated using the following 2l i = G prne 2
equation. c>‘fq:ﬁ'EDj' R e e e o
. r
Vi =2 29 E 2%t .;'
A S 7
=
whereQ denotes the&olume flow rate andA; denotes the E 25+ ,'
inlet crosssection of the centrifugal pump. I 4y
Cavitavobot assesissed nuesti 1| ,'
positive sNR9H onflheiad hac e
f or nivoNkR SiHs giyw.r8.0) " =0~ Experimental results
23 - < -Numerical simulation results
- Pa\bsl vl2 I:)v 1 L 1 L 1 1 1 H 1 i
NPSH=—2% +° — 30) 1 2 3 4 5 6 7
rng 29 (9

Net Positive Suction Head (VPSH / m)

whePgsdenot dsml ehe absodfut eherliggsswr &xperi ment-RWHG@RMd nume
centrifugal pump. cavitation performance c

I nlasmtdut | et t etPadnByie sveuree
measured using tr®@WdRcehs 4 _and
head is caEgullated using .‘,/” :
H = By Byr /

r.g ¥

To caltcheeéfat posi ti vaenhswadty
f oOSP-PWHCFE Q.4 3 @n d 3 Wére modified.,
wasubsthymwmtsedccount efffoectty
solid ,ppanrBt wasebsdwi tPh.e Thé
revif ®oe dnadagss f ol | ows (a) Experimental result

P V4 P Fig. 10 Distribution of wvapo
NPSH,=—sasl 451 v (32) NPSHsp= 2.693 m
r m»w»sg 2 g ,r‘n-w-sg

2
NPSH, = P 4v;sl 33 10a’ -3.5164 3lbg 3722

(b) Numerical simulation
result

Thmaxi mum rel ative e%,rowi twhas

musd 29 w9 numerresblltigni ngwi ¢ hoseexlpyer i me
33) data
H = Fou P (33 Notably, the expelroiweernttahanr
F rwd the numerical simulations bec
ring clearance | eakage.
wheNBSH epresemrts poolséti ve sucti

on head
f or-PBHPCFanidser e pr etsheen t Bea d d Additionally, the distribution of vapor in the
Psouartehteot all et and ofuosAPew  PMPRIY with NRSHy= 2.693 m was compared between
HCF r espBsgitderedtpedsol ut e SPinenigland numerical results, as shawhi g. 10
andidenoties| &t ewfe ldeost tr y f u g BE NUFEigapsimulation results were consistent with the

f oSSP-PWHCE. experimental observations.
Using these met hods, egﬁtgdeﬁm,@Drmsé\dssm\yalues for
NP SHanHspwer e cal cul ated, and the performance

curve was generated. 5.1Distribution of Pressure, Vapor, Water, andSolid

ThePPWHCFin the centrif Pytgles pump was
Ssi muluastiemdd t he efgwradf armemst Sael c t
2,1 along wit hmotdied omu rSkeich ¢
and heavitati bno3maead2Ilo®h. 2T h

iI'h% Bistribution of pressure, water, vapor, and solid
dRUEs was analyzed using a case ofPSRPHCF with
=_0.0055 mm andk = 2%. The distributions were
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