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Abstract

This research addresses the flamry behavior of falling rigid bodiésspecifically
cylindrical disks and spher@ampacting a quiescent ambient fluid. With direct relevance to
natural and engineered systems. The study resolves how variations in fhediesosuch as fluid
density, viscosity, and object geometry such as diameter, thickness, and edge profile, and the solid
fluid density ratio shape the entry process. Such entry processes are including splash/crown
formation, cavity growth and pinebff, addedmass effects, penetration trajectories, and the
mixing field that develops behind the body. Framing the analysis witidimo@nsional Froude,
Reynolds, andArchimedesnumbers. The study reveals the dominant scaling laws and furnish
predictive correlations for impadriven flow motion and mixing. Different fluids and mixtures
were prepared to study the behavior of falling solid object in accordance with the vaiimtions
viscosity and yield stress. Several methods such as image analysis technigudgwan
measurement were implemented usinghanise algorithms and MATLAB software codes to
extract the required information for solid object movement, deceleration, crown geometries, and
pinch-off time. The outcomes indicate that the behavior of the gydatid object reveals valuable
information about the dependence of the criteria that play an important role in the dynamics of the
sinking objects. Additionally, the dynamics of rising bubble is investigated. The dynamics and
characteristics of bubblesyadue to the properties of both solid objects and the ambient fluid.
The influence of flow rates is investigated in a wide range, which could be nominated as a proper

representative of many of its applications.
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Chapter 1

I ntroducti on
1. Fluid entry of solid objects

Water entry is a fundament al physical phen
in recent years, focusing on the processes th
and subsequentl|l gupétandrdatesantensfletuieeh td ypmamii d:
valuable insights with broad practical rel ev

industries represent the wob$ecpr wmt eenendomaint

Beyond marine appmemcaniionsal sdhicemptheal to a wi
aerospace engineering, ci vil and coast al eng
systems, oi |l and gas operations, and offshor

i mptac penetrdstomct amel fhu@Kalcti onebeetdomlennda
Mo at ame dka p s2e006g.r g, 2011

Wi t h continued technol ogi cal advancement
complex natur al environment s, new criteria an
explored. Many naturally occurring phbkeeemena
hi storically overlooked due to I imitations i
investigation. As measurement techniques and
more detailed research effyomnutns easrod vireaqtuhyimsadhiitos

of reasredrtcdhh refine existKing &&hRankhglU2@b)ebsesttn

deformation of t he water surface when a round

enters They wianweesti gated the influence of sur
on both smooth and rough surfaces, all owing
modi fies the i mpad¢dt rauncdk us &b si eng udehnatc thiielomnisdg 1 e a n

object hadDad@maametdedi Df er eDiht=1a s @ e c 4 ,Timaphadcot8 o |
vel ociut? en¥ sofamds 4sv@mel at ed t o c o.ndluhca ttihnee ehxip



of i quikeifghltm i ndi cated that the film height
decr eas edVoarfetoevrewar diecreasing the aspect ratio

the reducti ohickekbamai thof el mbrupt for objects

Mo otf exi st shgtiBeesemcuecdhed on the entry of s
asu@phenomenon most commonly occurs in aquat:i
covering a | arge portion of the Earthos surfa
involving fluids other than wat e@mr,ptelrdrn e si 3§ nd
the entry dynamics of solid objects. Such col
sewage systems, athrdyhehe Ohek asaopiddigfafeaen ndqamlead lay
watceue to wdafrlivaitddosnsdensi ty winglc aeistdst ywriheelod ogtyr

(Akbarzadeh et al ., 2022; Akers and Bel mont e,
Several studies have probed-etnhe yr wolfe sofl ifdl
yet the problem remains far from resolved. Th

t he parameter space asnudc ht haes fdaecnts itthya t vk esyc ovsa rt

geometrido freatt uaets i ndependently but interact
interdependencies obscure causal attribution
t hat calls  , fovwwl ¢tcoovmdiaaeedcdxperi ments and sim
anal ysis and rigorous sensitivitpl hssersamenti
be deduced that a | arge numb e mdieenfmonbdtxgimii npe nt
accurate and acceptable overview of fluid ent

Akbar zadeh peetr faolr. med( 20e22)arch to investigat
propaftfiees sfl uid entry characteristics of sol |
di fferent NeNteoh ofaim .aand Boghueg f &tei densi on, 0
viscmai hyaheedame f or both flwedeheampdopbket om
Newt oni an and¢l Bodemi kturds. were formybhated t
surfacel)apdsaocomMmon dghamil@Palis.coReltgase hei
chosen to spahRhrhnmngudglme@nilidercstror Ft beds ameimeer
body descended more slowly in the Boger flu
charactewifdt itd mpivesnrd Imemaguhed for both fl uid:

earlier in the Boger fluid, and exhibited the

My


https://www.sciencedirect.com/topics/materials-science/liquid-films

Akers and Bel monte (2eM@&) yi mesddlgiad edp Hleree s\

wor mli ke micellar solutions composed of <cetyl
(NaSal). To probe viscoel astire efifzegtifalnui deye
density ratio while hol dd94BP t.h eGlaarsbsi eanntd vsitseceol s
spanningsdenE9X0 wgrm rel easad RHEDOM atbmivehtt e
free surface. Across this parameter space, th
i mpact Froude number, indicating stronger I N e
characteristic | engths.

Tabuteau enmvaelti gaoed) the falling -sotfr esspsher

fluid which ed et icaradtolty aglearicdn. TeRrexpltecedt met
compl iscetneabthieeys a mi néafdl wiod iidnt eractions for spl
Newt oni an ambient prepared froma@Gawibdpmdi tgye | &'
yield stress. SpbrerOe-0dliQdZbettvant b j&Fp AAAOTO5 kg. m
SLower i mpact velocities reduced air entrainm
he pfhckdepth. A thresR@al2dvaRe yindoel ndvsd fqituendb: le ef oor f
rater diameter remainedRess2iti att gaso@hsapmpt

—+

xponeBunal ey ianlv.es(tal iyba ¥dirsiydt emceamvwsiescous f | ul
ooatt cepf wdautee rt o densi Ttlye dd iff ffl feasi redenat dedipeh e to sne n o n

- O O

o

f entering a solid object into a fluid. Due
the fluid plays(de veaoaegda . mploheahanma @Bk, fr om n
usifimgt erofiehtr @i engoiyng to be applied.

Solideabygctan be affected bBychamrmisatdieosst g
geomaimdy sur facehydeaypdiedyidcEr(o p. hedOmiec of t he most
fact ods as taadcfacldaryt ry ohj €dtus di s & b bibg el@mester y o
commool i dgebdimetstp reesr @ h dd ipshhgwethden mdastl irzegde ar

studi Bse behavior of entering tihei fsfoéna@nto.b)Ea
these wasx@¢tos ed in case of changing some of t
releasing the object s, r eil reiatsiladg,i t g, it @ wi mg
vertiovalalimy aoBrhphedhr y epr easle.nt(e2d0 2s200me ri eacheen t I n
water entr yShif eptr cgtladti(ieddelssOhe wataenbenttyi el ¢p

M ¢



perform comprehensive research inamwdiahghtdédehs
been investigated. They proved t hatonahled wahtreere
entry characteristioffsulimgath aialvli  Lt0raatde dp itnt
geomet riocfalt hsehfadpejce st t he cavity shape and si zc¢

Despite decades of work on water entry of
because thei mérethioamenwenscosi ty, surface- tensi
di mensi onal pae apmeesesenspabepeeBkinfoiw galge t hi s
field of HFierssetar cvhe i sol idtleaitdh e eeafsfidqgt ra@ft i toh e n
splash formation, -oddvi penet owt-h oma dtedpindnizmagaog d
a consistent nondS amreatmd womd t rf imca s carshsgeostseesdt i n g
annul ar disks with sysiDEmatetaltingvporedi hygl s
wateemrt ry responses. By mapping these dependen

| aws and predictive correlations that <can be

Mo stproefvi ouss truedsicesb®n chs eonnt riyheojfect i | es and
objechewever, the entry of Odeské$ 1+ bocrecdbedd ulk e s
devotimgd ener gyi ntobagteti sd etelpe annul ar forms o
projefhod est padr.f o(r2zn@ 2al )st udy on anragceenorycoft
falling di swkass irme ctolra ewa tdairr i encgc etnhter i dces.sacnermully aor f
proved t hahi gdcficfeencttrsi ctihtey f al | Bn g &2 0 2plee cf toarme da n
research on the flow structure of falwa ng an
moni taonmrded he correl ations between initial geor

of the object were extracted

Hou and his coll eagues performed studies toc
holl ow cylinder both numerically and experi mi
t hr ehuog hearsd s ec o(nHloawr yetj edlsHpu262 2 gir@@l edped 22Ir)mi n
the patterns of the closure of the cavity tha
into a water. dwlei;n édhpapse veedr ,h otlhleowc oncentrati or
entry velocities. Their study revealsJdfhar ii mp
& AkbarzadebBeadg@O22peri ment to assess the i mpa

cylistodker parameters such aswamae slper®itunh edr ddeira



el i mi niantfel aotéhneo € her parea meetseurlst sonrand the only u
arset udised ol e Jgagem@amet r&y .Aznisnpid (2 0RRaBVYi ty dynami cs
f or matriedm tahfv e k Bodtish® kasndl adnekar with different
wer e .t eGBht eddreeanveleen annul ar di sks awed et haes siempa

as wel |

I n tthhe sias comprewansowdustedyin order to invi
related to the f ITuhied eennttrryy acofd besabtihhavicser @ jde o te g .
when they areaf seeldyuafiihd HBHegotrihret mnnul ar di sks
t he middldiedvasssessed to investi gatdbr ebedi mMpac
hol e weit®heoss elnn acdheei tefon§l ui dnvi deoentyy of sol
di sks were ehthpleer eld sks dwalsihe ddd b6 énenhherhest udy
eff exdal iod obpectadenygi f-pfmataond, epenghn transf e
t he ambi.enltn waher f olalldwitnhge paer ffogrmstde egpplr ai
Thereafter the characteristic of thteherreeauletd
and the figures are represented.

1.2 Bubble plume dynamics

The abumfdabualkbl e pl uvume naaptpulriec aasm cunrsdhedruisat br
thereforereceadudioensvge st higeahtaeo f orbu b b laemtd h B u me
ontrfoadti mgs t hat affect this phenomenon requ
ounted as one oftophwés mbst sapelriycabmMpeortant

c
c

applications bodbstihihmatuoepi ands very wide ar
subjects to make it plausi blnmostto csotnundoyn sMwubjte
c

oviegsliidqui 4l j geelldigdugiads, and ot her types of int

Bubble plume is nominateg¢l| hse ahecoei &, wiméee h
chemical, environmental, wastewater treat ment
etMor eoverp!l uruebsbeé ebeen wutilized t o teon hianmpcreo vdei
water quality, i mpede t heeeczhiane enlra e/dess a o heet d

According to recepltum® laepipabiicoanbsl,e biunb balel evi a-



that oil and gas exploitation coul dsarnd ©ierund e
| i sted i n Atbldeail shbu dtyh eb @p0r202mi nence of the bubk
overl ooked.

Bubltloéd umms caomanon system i n a ilwmhenoifc ailn daunsc
bi ochemical reactabrusb.b [len ctohl eusmen iinsd uesxkerricteesd, d u e
advant ages . abPubebplaer actolounmnofsetup iIis certainly e
ot her methodol ogi es. Contrary to its simplici
why it is the most applicable sThetrematrlkatdi ide
bet ween some of atbecbattoftbsabha in these rea
column di mensi ons, injection ratepl acnegneecntti omf

spargers, fdtucihe spr ompdretdi ed ement s have the cap
of transfer o f oxygen, mi xing ability, and o

demanded usage.

One of the wuses iapfeth wlkcthleani e a gt drns wihs ¢ h t

exerted to provoke the formation of the oil
cultivatiaoamo®imetl gapgreo duchteiromppl i cat iTdhires noft el
application requi wdée®rdemnme dgaepnpol ui scnaalye reams roant e i n
uni form bubblFer sti madsctweoet er treat ment, i ce pi
reactors, and sedi mewrstfaetri ors afhepgpnrtiioc! g®al magd s
such as flow rates, bubbl e geometry, sparger
somd raepmpl i cati ons, such as fermentation, Vi scoc
are the key parameters.

One of t he most crucdyanandgomsl waaer omsndofwadp
treafment iTthieee se are many studies that Hhawe con
bh ackening and odorization of rivers such a s
technol ogy, chemical precipitation, artificia
has been represented as a vertyapr dotri dtalghmeiily:
l ong retention time, Theghrsesordbhodoeatememwtat £0
aer atCeon et .alTher2020p, i mpirso vetmee ® mo st aiemm@d i



beneftir@iadflmerntnsot o-oHdgyrobse pbhtlktion but al so |

the other water bodi es.

One of the methods that are provided for w;
of the bubbl e whiaamh i impohéanat theea s eesmoprlady sof wat e
aer ati omahperaorcreiveyd tomtth o d e ;nfeitrhsstd cal | ed traditi c
aer aatnitdhisee c me d usdns cr o and Atamadiutbibd masl. met hod
achi evierd bblyowe r, mdaahadiuiédcala ndt iohr miwbg,c k Thaa i t i o
aeratienfi ginxgwyen toaygkear rkéeatoonarei atiregguly
|l afggaei |l ities and equi pment onMhioché davraetd dli .g,h
Chen et al ., 202BasaStrieoseeta razZlih. a, 8 gutéy2days.s ol 2 @212
oXygleemawads ut ialni zaepdpraospr i aood ol é prt eandvistnad treitvweat e
(204RP930 represented tnhaetf faempteitlidc | ah o wmled ali @ ome
t he mdthleo drod tolgeggr, t han the new micro and nanobu

secondar yangdoimeutodnt$rem require extra chemical

ReceBehyadi poua, €38 P Ritaldh € 2 0 paarcit & sddrrleectnur e
omnvar i athiuobnbsl eo fc h an d cettf df ieifcsttaii s di schar geAson but
bubble dynamissaandngi swonhigd wpdatregdreddarmany f act
affect t henoprieesnesatrectha e s shoul d rbees esatricchi ed oot t
fi ébobdendnt he ef fect s, orfo zazalned dshiszzeh,h e B e In 2 a dj ie pn@ un it
al ., 2023b, 2022b; Simiano et &Xlu. gt 2@We6 ;et¥dryg
al . ,. 2I0R”tlggr al model s havaendempmae@triovaeln by adppls
met hods to sol ve t he neagsusa{ Dhooenseanntauyna kaen de tb uaoly.a,r
Yapa et al ., 1999, MSotcwil tol stk n dvit negplrd.aiiles2, Didtg es o
be noted that there are some drawbacks that h
solve such models. Transitsowomketegdmesgunrehiale
t hdel s c obnentewceten bubbl e p(lJumek aa,n d2 OtOWdr)bul ence

As noted previously, bubbl e rsiadpea cits oonn eb uobf
pl ume charlacsédoiuzt ait Heseownditeesd have been conduct
bubble size ikhrdadae ama@ 69t6gpd wusned f 6 Bbcu thielfe si z e
app!l hairnggbd @ mul ati ocoméLESaThenetdbabdct of this s



bubble size has not beegnisteudimgd ydi2rogRcOtt)lhye. nAic

met hod and experimentally investigate T Thle i mp
foll swiudg es have been conducted in order to
relationship of the centerline velocity with
corre(lBehoadi pour et al ., 2022b; Bohne et al

Socol of sky, 2019; Lima and 200MuzNetka, e2 0 1a8 ;.
Cachaza et al. (2011)

Milgramcaf(i9@&8) out S @& weersatl tehxep ed ii fmfeenrt esn t a

di scover the variation of the centerline velo
the centerline bubble velocity experienced a 1
the rel easanpohet. study, it has been shown th
and bubble size. Bubble size di(sBahrmeatdtonali.s,

Ziegenhein and Lucas, 2017)

So far, most of the research and studies co
fluid and the bubble, could be air or other g
the application of bubbl @ ngdlusmas esontnaiwhsi cah W
sole fluid that the bubble should be released
varying properties are used. Consequently, it
to be abHehstpecteverl n some studies that are n
researchers have shown some passion for inves

fluids rather than water.

Ruzicka etnwést i(aOt0O89d t herhebbikebami o wvhsbo

col umns. TJulpe agiads atmikel wlivo wegiemet udi ed antdhathe r
|l ow viswmpmsartgyeidlbitthye of Omu kbhleescontr ar yr,anfgleui d
bet weamadOmPacsegul d ease the transition of t he
homogeneoAsdr egiomeal | vy, they proved that i ncr e
gas hold up to increments as well

Besagni and plerzZfoolrime (t2dat 6dpteu dtyh e i mpact s of

charact duibdt iec sl pamdaimi escdDhempar ameters that we

regi me, bubbl e size di st rDibfuftf rogonfideesrpd wsah e&epe s ,we

H M



with Na@onhowattdryl ene -egtlhyasreotlee s Bileed mwead elrt s i ndi

ncreasing tbedadgasheegasihgld up to rise as w

Laupsien et aasls. e s(g€0f2e2c h & 00lf7 )f | ui dés vi scosi

100 mPa. s onbuwarl icad s imznesi nogfl vy , two different ¢
generate two types of bubbles that were el l inp
that the bubble plume dynamics rely omntglee f |
the oscillatiowmsafppbebbkd phesmey and at a hi
expansi on Aadnddi tp®mmd .y f ect of spargercannl youbl
decr e ahsiegdh evihil sudsddsg ¢ evraitsee@ ! uive o B sbhuyisea €20 24llg.
provide a media to examine the i mpacts of the
variables that have been inquired were |iquid
of around 5 to 800 ,cPspaerdtBO6Il Yo ThHhOY kayvei ao
viscositlhe fluid, mi Reubeundcerpaprdi on stage a
incremented as well. Bubble rising velocity d
an increasing trend

This thesis i sbhbasgandizegdernntsatai papeonsi sting
studi es. The overall theme of the thesiis 1is
structure interact-Newtonina M aa/mlesineée a tihn & mpdma s i
of swmwldiyd geometry, fluid rheology, i mpact <cond
gdlsi guid interaction. Although each chapter a
are connectgdetssi veglhleaepopment of the same p
or gas phase interacts with a compl esuafmBicent
deformation, cavity formation, energyidinssi pa

Chapter 2 establishes the foundation of the
di sks into-Nawteniamdfhond mi xtures. This chap
aspect rati o, and ambi ent rl haesohl o gy o | aafffifeocnt,
characteristics, sinking time, and energy | os:s
entry problem and identify the main controllli
falling cybsiaddi coalmpblkexedtd ui ds. I n this stag:
without central openings, providing a referen

HP



dynamic complexities are introduced. This c¢h:

studies were mainly focused on spheres, pr oj
considered cylindNMewtadnida rs kfsl leend :rriventgh mmpmo &+ o |

Chapter 3 extends the baseline problem by i
Il n this chapter, the role of disk geometry 1is

el ative di siNedveée osiitay, roredl nlpggp mdfte,ctcrcawn tfyo
hr ehuoghe | et f eorf ma tdieoprd,hf, pitpniame h and si nking Ve

]

uilds directly on Chapter 2 by moving from ¢
entr al opening mbobdi buesonhefpuesdspassdge thr
nergy transfer bet ween the diistkr oavnidd etsh ea sduer

c ®© o T

nderstanding of how internal-egéeomeprbcemsedi f

Chapter 4 then shifts the focus from descr

guantifying the mechanical energy transfer du
cases developed in the previouyg thbhapetsrat thi
stages: i mmer sdo0bh/ calnldi si obkaisrepdi. nednlieirsg ys taangpd y s i
mechani stic explanation for the observed diff¢
di sk motion. tnfipasthow!|l dr ski denobnaty, centr al
redistribute the initial potenti al and kinet.
di ssipati on, wake formati on, and sinking moti

observations of Chapter st r2anasnfder3 nteoc htahnei summsd.e r

Chapter 5 furthentdevéramewohle by skxamini ncg
orientation. Whil e the pr eon oarst rcyh,a pQlea pt efro chl
edgae di sk entry and comparems dassen dhhaftheer caodd
how the projected collision area and | mpact
devel opmeonftf, bpeihnacvhi or , sinking velocity, and
compl etesnthg palttdofwinlyetthresin®tbwyndly the di
rheol ogy, but also the release orient-abhton an
response. This chapt eid4d ablys ousliinngk st mbea cekadtl @ £C la &

r efnecree cases for -onteepuktsng the edge



Chapter 6 extendsohbtjheectt heenstirsy ftroo mb usbobllied p |
Newt oni an ambient fluids. Although thaermtrcyhapt

chapters, It is connecté€dowothbmeodamdarceinng aden
formati on, ai rofefnt raand mewh bl @i mhehmati onl ar e i
structure interactiohigChdpiatebfadtsiobrmat aspedt
bubbl e generation,ribuibmd evenloo pihtoy ;6 g mdh i-ra@a Ineos
Newtonian fl ui ds. The controlling parameters
di scharge, and nozzle diameter, are a&mdlrygous
chapwkeese geometry, density, and fluid viscos
Therefore, Chapter 6 expands the thesis from

motion and evol uti on o fNegwatso nbiuabnb heensv.iwiotnhm n s i

Overall, the thesis progresses from simpl e t
2 introduces sol-Naewtdansika ne nftiruyi disn,t oChnaopnt er 3 a
t hr ehuoghe fl ow, Chapter 4 expl agepecdcihfei obsre vegy
Chapter 5 introduces the influence of 1 mpact
extends the investigation to bubble plume dyn
experimental ftamewogk hfoowr gemdnet sy, rheol ogy,

the dynamics of objects and b ulNewtesn imeon ifnlgu itads



Chapter 2

On the entry of cylindrical disks in non-Newtonian fluid mixtures

2. lIntroducti on

Water entry of a solid object is a complex fluid dynamics phenomenon, which has many
applications in aerospace, military, marine science, engineering, and the envirokizent.
experimental studies have been conducted in the past to investigate different aspects of water entry
such as reduction of energy, trajectory prediction, momentum transfer, splash curtain, and crown
formation. Some important parameters in the wateyefisolid objects are the cavity dimensions,
which are characterized by the pinati depth and time, crown evolution and its dimensions, and
formation of the Worthington je{Worthington, 1908; Faltinsen et al., 2004; Seddon and
Moatamedi, 2006; Aristoff and Bush, 2009; Truscott and Techet, 2009; Gekle and Gordillo, 2009,
2010; Kapsenberg, 2011; Chrust et al., 2013; Eshraghi et al., 2020; Shokri and Akbarzadeh, 2022;
Wang etal., 2022; Janati and Azimi, (2028uch dynamic characteristics have been studied in
the past and useful correlations have been developed to better understand-thedsiiidraction
phenomena such as cavity dynamics and crown formation with the related solid objects and
ambient fluidparameters. In recent years, more complex configurations of solid entry have been
studied such as the water entry of solid spheres in a tandem configuration and-thesside
release of solid objects in wat@&ooraj et al., 2019; Yun et al., 2020; Wang and Lyu, 2021; Lyu
et al., 2022, 2021a, 2021b; Du et al., 2022; and Jafari and Akbarzadeh, 2022)

Most research studies in the past have focused on théaflieg release of solid objects
(i.e., spheres, projectiles, and disks) in water and less attention has been paid to include the effects

of energy transfer in the water entry of solid objects.

A paper based on the content of this chapter is published Rhifeécs of FluidsEbrahimi, M.,
Azimi, A.H., 2024. On the entry of cylindrical disks into ANBwWtonian fluid mixtures. Physiq
of Fluids 36

HY



Aristoff and Bush (2009)nvestigated the water entry of hydrophobic spheres with a
diameter ranging from 1.2 mm to 1.8 mm and a density of 7700°kgay studied the pinebff
behavior and proposed a regime plot that classifies gffciis a function of Weber number (i.e.,
We=} qU2R/()), where} q is the density of disk) is the velocity of diskR is the radius of disk,
andl is the surface tension at the interface. Four regimes of-gtaii, shallow seal, deep seal,
and surface seal were introduced for regime classification. It was found that the Weber number,
which is highly correlated with the disk density and veloaigults in the travelingf pinch-off
depth from the quastatic regime towards the shallow seal and continuing to approach the deep
seal regime. Truscott and Techet (2008)estigated the water entry and hydrodynamics of a
spinning sphere. Spherical objects were -hgltirophilic and hathydrophobic and the cavity
formation by such spheres was studied. Their results indicated that the hydrophobic surface formed
a deeper caty and higher crown in comparison to the hydrophilic surface treatrivamsoor et
al. (2014)performed a series of experiments to investigate cavity formation by-sygherphobic
spheres entering the ambient water. The diameter of spheres ranged from 15 mm to 25 mm and
the impact velocity of spheres varied between 1.5 m/s and 8.5 m/s. Sucdlonsirad impact
velocities are translated to relatively wide range of Froude numbers (i.e 118 260). It was
found that the ratio of pinebff depth to disk diameter at the time of piraffiis equal to 0.5,
which was in agreement with the observasi@of Duclaux et al. (2007)They reported a value of
0.45 for spheres with diameters ranging between 12 mm and 40 mm, and Froude number ranging
from Fr = 10 to 330.

Besides spherical geometry, projectile geometry has been recently tested by many
researchers (Truscott et al., 2084ing et al., 20200ther than spheres and projectiles, several
studies have focused on the water entry and hydrodynamics of disks with different aspect ratios,
D/H, whereH is the disk thickness ard is the disk diametéAuguste et al., 2013; Lee et al.,
2013; Zhong et al., 2013; Vincent et al., 2016; Bi et al., 2018; Xu et al., 2021; Janati and Azimi,
2022). Zhong et al. (20133tudied the entry of thin disks with a relatively wide range of aspect
ratios of H/D = 0.0125, 0.025, 0.05, 0.1, and tested the effects of release angle to observe the
motion and trajectory of thin disks in water. The initial Reynolds nunf®er( UD/g) of the
disks varied with a relatively wide range frdde= 500 to 5500, while the density ratio of disks
was fixed af o/} w = 1.2,} wis the density of water. It was found that the aspect ratio of disks plays
a key role in the motion and trajectory of thin disks in watéimarth et al., (1964¥tudied the

H ¢



impacts of disk density and aspect ratio on the motion of dditeey disk in water. Such motion

was represented by variations of two dimensionless paraméersind |I', where I” =

(" ¢U)/(64 D). The relationship between dimensionless parameters defined the boundaries of
different motion regimes initially named as tumbling, stable, and pitctitrgure 1 shows

Wi | | meegimehpldtsand the boundaries of the present study in relationship with other studies

in the literature. In this regime map, four domains of steady, tumbling, chaotic, and fluttering are
labeled. As can be seen in Fig@é, the present study is located in the chaotic region, and it
moves toward the steady regime asthe mxidirs vi scosity 1 ncreases du

concentration.
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Glasheen and McMahon, (1996ave characterized the water entry of disks with three
dimensionless numbers of: 1) the virtual mads=(m( giu)/(4/3) ) wheremis the mass of
disk, u is the velocity, jw is the density of water2) the dimensionless forceCq* =
Fa(t)/[} wSght)+ 0.5 wSLf]), whereS = " %, Fp(t) is timevariant force, which is recorded by the
force transducer, and 3) dimensionless titde, T«(g/r)?, whereTsis the period between the
impact and cavity closure. It was reported that the correlation between the mentioned
dimensionless parameters is valid when disks enter the water at a relativslyded equivalent
to Fr between 1 and 80he study on the motion and trajectory of falling disks indicated that disks
tend to undergo a helical motion and the horizontal drift pattern is associated with the length and
aspect ratio of the disk&im et al., 2018)

Most research studies in the past have focused on the entry of solid objects into water, and
less attempts have been made to study the entry of solid objects in viscoelastic fluids or non
Newtonian mixtures. Some research studies investigated the motparticfes in viscoelastic
fluids such as drilling fluids, production fluids, and swan{gsigo and McKinley, 1997,
McKinley, 2002; Gupta et al., 2005; Akbarzadeh et al., 208&)arzadeh et al. (202&udied the
entry of solid spheres in both Newtonian and -iNawtonian fluids. They used a mixture of
glycerin and water to form highly viscous Newtonian fluid mixtures with different viscosities and
added Polyacrylamide (PAA) to form ndewtonian Bogerléiid mixtures. The fluid properties
such as density and viscosity were kept approximately constant for both Newtonian and non
Newtoniam (i.e., Boger) fluid mixtures in a range between 1206 and 1242, legdth120 mPa.s.

Five different release heights rangifrom 0.05 m to 1 m were chosen to form various impact
velocities ranging between 0.31 m/s and 4.4 m/s. It was observed that the Worthington jet does not
form in Boger fluids and spheres descended at a slower rate in Boger fluid in comparison with
spheres descending in Newtonian fluid despite having the same density and viscosity. More air
volume was also drawn from the interaction of sphere with Boger fluid than that of Newtonian
fluid. It was found that the values of piroff depths in Boger fluids wersmaller than those of

Newtonian fluid mixtures.

Akers and Belmonte, (200@pnducted a series of experimental studies on the entry of
solid spheres into a viscoelastic wormlike micellar fluid that was formed by using Cetylpyridinium

Chloride and Sodium Salicylate (i.e., NaSal) with a viscosity of 430 mPa.s. The density of the



tested spheres ranged between 1400 kgimd 8000 kg/mh The effects of impact energy were

studied by selecting a wide range of release heights from 0.01 m to 1.30 m. Different features have
been spotted in the solid entry of Newtonian and-Newtonian fluids. For instance, smooth
pinch-offs were formedinNet oni an f |l ui ds, which is highly d
whereas a transition between smooth to rough surface texture was observed on entry to viscoelastic
fluids. The formation of Worthingh jet and splash patterns by the entry of spheres into
viscoelastic fluids were studied in the literatu@hény and Walters, 1999, 1996; Nigen and
Walters, 200). Tabuteau et al., (201%jated that the entry of spherical objects into a viscoelastic

fluid is different from the entry of the same object into water. The pafictiepth and the height

of the jet were significantly altered by spheres that entered into a Carbopol mixturewidth a

range of concentrations ranged between 0.3 wt.% and 2.2 wt.% and with a release height ranging
from 0.002 m to 1.8 m. At a high Reynolds number Re® 20), the cavity si
comparison to tests with loRe(i.e., Re< 20) due to sigtiicant viscous effects. It was also found

that the height of the jet increased with increasing the release height of the solid object.

De Goede et al. (2019vestigated the velocity decay of a higlheed spherical object
entering into a shedhickening fluid. Two fluid mixtures of wategornstarch and polyvinyl
alcohol borax solution were used, which both behave as-#tielaening fluid. The results denate
that the penetration depth is highly dependent on the fluid properties, and the penetration depth in
the cornstarclwater mixture was found to be lower than that of the polyvinyl alcohol borax
solution and wateiSun et al. (201%tudied the fluid entry of a sphere into a #lager fluid. The
system included water and a thin layer of dimethicone, which rested at the water surface. The
viscosity and surface tension of the dimethicone were 10 mPa.s and 19.4 mN/m, respectively. The
formation of crown changed by the presence of the second fluid and some specific shapes such as
flowerpotshape, and diamorshape were formed on the crown when the dimethicone was placed
on the water surface. In addition, the cavity wall for the wadieiethicone interface showed some

waves, while the cavity at the water layer was smooth.

The present study aims at understanding the effects of density and aspect ratio of cylindrical
objects on the interface motion and fluid dynamics as they enter water aiNenbonian fluid
mixtures. To investigate the effects of ambient fluid properties fluid mixtures with different

viscosities and yield stresses were prepared by using asadidie polymer with different weight



concentrations of the selected polymer. The solid entry of cylindrical objects with different
densities and aspect ratios in water were also tested to use as benchmark experiments. Due to the
change in the media from water to other fluid mixtures withediffit properties, a phrase
substitution is made from Awater entryo to Af
viscosities are examined in addition to the density and aspect ratio of cylinders. The impacts of
fluid viscosity and the transitn from Newtonian to neiNewtonian fluid domain on cavity size

and splash evolution are studied.

2 Materials and Met hods

2. Exberi ment al Setup
A series of | aboratory experiments was condu

(MFRL) at Lakehead UwiavérsitwnkCaviadaldiodeqnlsd 0
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2. Flaid Properties and Preparation
To investigate the effects of fluidfalscagit

di sks such as crown and cavity formation, si X
wi de rmingtturodo®d®betgondition that restricted tF
was the transparency of the final mi xtur e. Du
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solid objects such -atf ,cagrown fbomméaiban, panc
presented. Overall, 36 experiments were condu
di sks with different densitffeer amtd tappestofr at
Detailed information on the initial s o022i.d obj

To analyze the ot cadmnaseofi mayee mpirmertssi ng ¢
using the MATLAB (R2018b) software. Based on t

some preliminary processes such as picture r
subtracti emeweed bepbre converting the i mage
preparation, specific codes were prepared to

The -hisneory of some paroaamategrt f,s cao o wans gpeemett rra
di sk, and cavity vol unseerwieese oefx tirmaacgteesd, farnodm ottt
as pdfnfchdept h, di s&kf fd,e pa hd arma xihmrum i nrcchwn hei gt
particulaar wiemmdhges

Tab2 &/ar i atfilonisd oefnt ry pr nopfbfr ttiiense csauocdhn dagsp & me t ¢
maxi mum cr,ownr ohven gdhitamet er at wiheh maxei ngueno noert a\

di sk, dispotlgmertygonameatrati on.
Disk :
Disk
Test| Density| aspect Clb |t e ha | e ) e Re *
No. : o
1 1120 139 | 1078| 131.9 | 165.2| 260.1| 132.0| 122768| 0.0373
2 1480 15 143 | 632 | 149.1 | 209.0| 266.4| 134.1| 127001 0.0483
3 2500 0O |149| 334 | 179.1|301.7| 286.6| 107.9| 147321| 0.0814
4 1120 135|1815| 87.6 | 99.2 | 239.6| 91.5 | 108325| 0.0185
3
5 1480 137 | 1099| 116.5 | 154.2| 257.8| 133.1| 115095 0.0244

oy



6 2500 143 | 562 | 141.4 | 223.5| 265.7| 127.6| 141655| 0.0426
7 1120 136 | 1140| 126.4 | 163.6| 243.3| 111.7| 5481 | 0.0372
8 1480 15 142 | 644 | 146.4 | 194.2| 245.0| 102.0| 6395 | 0.0482
9 2500 149 | 360 | 169.2 | 283.9| 257.3| 99.2 | 6673 | 0.0813
0.01
10 | 1120 133 | 1861| 89.6 | 105.9| 233.3| 115.4| 3837 | 0.0184
11 | 1480 3 135 | 1059| 110.5 | 133.6| 240.7| 135.3| 5116 | 0.0244
12 | 2500 142 | 601 | 137.0 | 202.4| 250.1| 118.7| 5903 | 0.0425
13 | 1120 138 | 952 | 136.3 | 170.9| 272.4| 124.7| 2625 | 0.0371
14 | 1480 15 143 | 560 | 163.5|214.7| 279.4| 122.8| 2843 | 0.0480
15 | 2500 149 | 340 | 188.6 | 313.3| 280.1| 122.1| 3249 | 0.0810
0.05
16 | 1120 133 | 1715| 97.6 | 110.4| 252.9| 87.9 | 2275 | 0.0184
17 | 1480 3 136 | 993 | 124.4 | 152.5| 272.8| 164.7| 2437 | 0.0243
18 | 2500 141 | 519 | 154.2 | 238.0| 286.7| 163.1| 2625 | 0.0424
19 | 1120 138 | 1044| 124.7 | 162.8| 275.8| 129.8| 788 | 0.0372
20 | 1480 15 141 | 570 | 161.4 | 200.7| 284.8| 109.2| 853 | 0.0482
0.1
21 | 2500 147 | 344 | 180.8 | 297.3| 296.2| 122.8| 975 |0.0813
22 | 1120 3 133 | 1932 92.7 | 111.0| 254.5| 62.4 | 602 |0.0184




23 | 1480 134 | 976 | 125.7 | 149.0| 263.9| 89.1 | 683 | 0.0244
24 | 2500 141 | 543 | 155.3 | 202.4| 280.1| 127.7| 931 | 0.0425
25 | 1120 136 | 1362| 129.7 | 158.7| 278.4| 53.2 | 507 |0.0372
26 | 1480 15 139 | 657 | 147.0 | 180.8| 294.5| 76.9 | 568 | 0.0482
27 | 2500 146 | 348 | 181.0 | 280.6| 298.9| 92.2 | 617 |0.0812
0.2
28 | 1120 134 | 3357| 87.0 | 102.6|271.6| 155 | 394 |0.0184
29 | 1480 3 134 11108| 111.95| 131.6| 281.5| 33.7 | 444 |0.0244
30 | 2500 141 | 542 | 152.8 | 212.9| 316.2| 64.9 | 473 |0.0425
31 | 1120 138 | 1934| 126.4 | 155.4| 287.5| 31.1 | 205 |0.0372
32 | 1480 15 140 | 690 | 152.5|191.3| 284.6| 42.9 | 255 |0.0481
33 | 2500 145 | 355 | 190.8 | 291.7| 295.2| 48.6 | 290 |0.0812
0.3
34 | 1120 135 | 5565| 94.1 | 107.9|284.9| 28.7 | 168 |0.0184
35 1480 3 135 |1161| 110.4 | 131.1| 272.5| 31.1 227 |0.0244
36 | 2500 137 | 588 | 153.8 | 216.5| 294.5| 46.4 | 245 |0.0424
2. Besults and Discussion
2. Bpl ash evolution and crown formation
The effects of mixturebds rheological <charact

the crown and splash are investigated to assess the splash curtain and track the splash evolution as

each shape enucleates valuable information on the geoar&trgensity of solid objects, fluid



properties, and solid object drop condition. From the moment that a disk impacts the surface of the
fluid, the energy from the solid object is transferred to the fluid and the energy transfer causes the
fluid to move upward and form a crown shape. In aoidito the crown, a cavity is formed due to

downward motion of the solid object at the collision point. The surface closure happens based on

the magnitude of impact, fluid viscosity, and surface tension of the interface.

Figure2.4 shows the timéistory images of a frefalling disk impacting with stagnant water.
The images belong to Test No. 2 with a density ratio of 1.48 and disk aspect ratio of 1.5 (see Table
2). The first image in the timistory shows the impact time and timae interval between each
consecutive images is constant with a value of 10 milliseconds. As can be seen, a crown is formed
as the disk plunged into the water surface and it grows after 50 ms from the impact. The size of
the crown remains constia and the crown wall forms a dome as the disk continued to penetrate
the fluid. A complete sealing of the dome and a pioifloccur at approximately 100 ms and 170
ms after the impact, respectively. The cavity volume continues to grow from the impact an
reaches the maximum volume before the piaffhat approximately 100 ms. Then, the cavity
volume reduces due to pressure exerted from the boundaries of thesuridee cavity and
gravitational force to demolish the dome above the interfaceWidnthington jet is formed at 210
ms, which is 40 ms after the occurrence of the pwofth
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Figure2.5 shows the timéistory images of the same fréadling disk impacting with a
fluid mixture having the minimum polymer concentration of 0.01 wt.% of PAM. A small addition
of polymer to the ambient water shows that the splash curtain above the crown Hecormae
arranged and the splash fingers are uniformly spread around the disk. This phenomenon is evident
between 40 and 60 milliseconds after the impact. Due to the addition of polymer, the cavity wall
becomes smoother and the ripples on the wallsggnificantly reduced, indicating that a slight
increase in the mixturebés viscosity dissipate
of the ambient fluid also reduced the height of the dome by approximately 30% which occurs at

140 ms fron the impact. The slight increase in the viscosity of the ambient fluid, as a result of



increasing polymer concentration, reduced the time of pafichnd formation of th&Vorthington
jet by 20 ms and 30 ms, respectively. The timing between the -piifidind formation of the
Worthington jet was also reduced by 30 ms due

Fig2ab®&i me history-fiamdgey afi sk fwidead a density
rati o of 1.5 in a stagnant fluid mixture wit!/

bet ween each image iIis 0.01 seconds.

Figure2.6 shows the time series of images of cavity formations and crown evolution by
the impact of a thick disk in a néwewtonianfluid mixture having 0.10 wt.% PAM concentration.
A clear difference in the solid entry of a thick disk in this figure in comparison with the same disk

entry in water (see Figui24) is the crown formation. Due to energy transfer and relatively low

no



viscous resistance from the ambient water, the crown is formed, and splash fingers collide with
each other resulting in sealing the crown into a dome. High viscous resistance was observed in the
disk entry to a fluid mixture with 0.10 wt.% PAM concentrati®uch viscous resistance limits

the evolution of splash fingers and does not
pol ymer6s concentration increased te2d5aod d (i
2.6), the pinckoff and Worthingon jet times were unchanged. further increase in polymer
concentration significantly reduces the crown height, which may be due to the sudden rise of the
yield stress in the ambient mixture. Fig@€ shows the time history of a fréalling disk into a
stagnant fluid mixture with 0.30 wt.% of polymer concentration. Rheological data show that the
yield stress of the fluid mixture significantly increases as the polymer concentration goes beyond
0.10 wt% (see Figur@.3a). Although the crown diameter remains almost constant in all tests, the
curtain walls and splash fingers significantly reduced as viscosity and yield stress of fluid mixtures

increased.
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bet ween each image is 0.01 seconds.

Figure2.8 shows the images of cavity and crown formation of all tests when the crown
height was at the maximum. The top row of images in each subplot belong to thick disks with an
aspect ratio of 1.5 and the bottom row in each subplot represents thin disks asffeatratio of
3. In each subplot, the density ratio decreased from left to right as 2.5, 1.48, and 1.14, respectively.
As can be deduced from Figure 8, a reduction in the disk aspect ratio slightly increased the crown

nc



height.The maximum crown height forms earlier than the piofftime. The dome forms during

the time when therownreaches its maximum and when the piochoccurs.
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According toYang et al. (2021)the splash evolution is categorized into three forms of
splash curtain, demover, and sealing. Tabk3 s hows t he di skds featur es
and splash evolution in all tests. By assessing the photos, the splash evolutions were determined

and the results listed in Tal2e3. At the maximum crown height, the sealing formed in most cases
except for density ratios of 1.14 and 1.48 and for aspect ratio of 3. For the disks with a density of
1.14 and aspect ratio of 3, the sealing did not forallaand the curtain did not form a dome. In

this situation, the crown went up and returned without formation of curved wall towards the inside.
For the test having a disk with a density of 1.14 and aspect ratio of 1.5, the curtain went up and
formed a dora; however the curtain edges did not toaelh otheat the end. A complete dome

was formed in the rest of the tests. Therefore, except for two tests that are classified-agetemo

the rest of experiments fall in the sealing regime.



Tab23eeEffect of disk geomepliwsankkywol uéed opabbeedt

cylindrical di sk.

Polymer concentratio| Disk aspect ratiq
}dl}w | Splash evolutior
C (%) D/H
1.14 | Sealing
15 1.48 | Sealing
0 250 | Sealing
1.14 | Demoover
3 1.48 | Demoover
250 | Sealing
1.14 | Sealing
15 1.48 | Sealing
250 | Sealing
0.01 1.14 | Demoover
3 1.48 | Demoover
250 | Sealing
1.14 | Sealing
15 1.48 | Sealing
250 | Sealing
0.05 1.14 | Splash Curtain
3 1.48 | Demoover
250 | Sealing
1.14 | Splash Curtain
15 1.48 | Demaoover
0.1 250 | Sealing
' 1.14 | Splash Curtain
3 1.48 | Splash Curtain
250 | Splash Curtain
1.14 | Splash Curtain
15 1.48 | Splash Curtain
0.2 250 | Demoover
' 1.14 | Splash Curtain
3 1.48 | Splash Curtain
250 | Splash Curtain
1.14 | Splash Curtain
15 1.48 | Splash Curtain
0.3 250 | Demagover
' 1.14 | Splash Curtain
3 1.48 | Splash Curtain
250 | Splash Curtain

For the entry of disks into a fluid mixture with 0.01 wt.% of polymer concentration, sealing

formation was observed for all the disks with an aspect ratio of 1.5 and also disks with an aspect

ny



ratio of 3 and density ratio of 2.5. The disks with an aspect ratio of 3 and density ratios of 1.14 and
1.48 did not form the sealing and dewwer regime was observed. For the fluid with polymer
concentration of 0.05 wt.%, the splash evolutions for teksdivere almost the same as the tests
with the polymer concentration of 0.01 wt.% except for the disk with the aspect ratio of 3 and
density ratio of 1.14, at which a splash curtain was formed. For tests with a polymer concentration
of 0.10 wt.%, all thredisks with the aspect ratio of 3 did not form a seal and the edges of the fluid
did not even show an inward motion. Therefore, these three disks in addition to the disk with a
density and aspect ratio of 1.14 and 1.5 were categorized into splash cegteie.rThe two
remaining disks with an aspect ratio of 1.5 and density ratio of 1.48 and 2.50, showed different
behavior in splash evolution. The disk with a density ratio of 1.48 formed an incomplete crown
and it was categorized as the deaver regime. fally, the disk with a density ratio of 2.5 formed

a complete seal. For tests with a polymer concentration of 0.20 wt.%, the seal did not form for
disks with all ranges of densities. All disks with different aspect ratios, except the disks with the
densiy ratio of 2.5 and aspect ratio of 1.5 which are classified as -d&em fall into the splash

curtain regime. Similar classifications were observed for the polymer concentration of 0.3 wt.%.

Figure 2.9 shows the effect of fluid characteristics and disk density on variations of
normalized crown diameter. This figure revealed important information on the behavior of falling
disks into fluid mixtures with different fluid viscosity, disk density, and aspatio. The
normalized crown diameter was plotted for disks with aspect ratios of 3 and 1.5 in Rifares
and 2.9b, respectively. Experimental data shows a direct correlation between normalized disk
density and crown diameter regardless of ambfluid characteristicand disk aspect ratio. A
comparison between the tests with different aspect ratios indicates that disks with an aspect ratio

of 1.5 creates a larger crown than that of disks with an aspect ratio of 3.
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The rheological data and image analysis in Fig@r8d0 2.7 have shown two different
behaviors in relatively low and high polymer concentrations with a threshold valle 6f1 wt.
%. Three different trends were also observed in variations of normalized crown diameter with
polymer concentration at which f@ O 0. 01 wt . %, the crown di amet
concentration, and the crown diameter sharply increased with increasing polymer concentration
for 0.01 wt. %<C < 0.1 wt. %. For relatively thindlisks, the crown diameter slightly increases
linearly with polymer concentrationf@ © 0. 1 wt . %. However, for r

normalized crown diameter became independent of polymer concentrat®®for0 . 1 wt .  %.
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indicates that increasing fluid viscosity does not reduce the cavity size and it may reduce the depth

of the cavity and shorten the piroff time.

Another regime plot is formed based on the correlation between normalized crown diameter in
form of d/(hoD)?, whereh, is the release height, and a dimensionless number expredsed as
(" ¢U)/(64wD). Figure 2.10 shows the relationship between the two defined dimensionless
parameters for this study and other experimental studies in the literature. A comparison between
experimental studies from the literature indicates that the normalized crown diameter is below
unity for freefalling spheres, whereas the present study and the stddyafi and Azimi, (2022)
on the entry of disks show that the normalized crown diameter is larger than unity. The difference
between the present data and the ones from the atddgati and Azimi, (2022) is the rheological
characteristics of the ambient fluid as the stofiyanati and Azimi, (2022) was performed in
water. As can be seen, the normalized crown diameter is larger in disks that entédewtonian
viscous fluid mixture. More data is required to complete the regime plot for tests with relatively
larger values Pl”, which can be achieved by releasing the disks from higher distances from the

interface.

% Cylindrical Disk

d./ (hyD)*?

Sphere

I*



Kim & Park, (2019) (Sphere)
[ Aristoff et al, (2010) (Sphere)
Sun et al, (2019) (Sphere)
B Yanetal, (2021) (Sphere)
Janati & Azimi,2023 (Cylindrical Disk)
o This Study (Cylindrical Disk)
Fi g2t0eRegi me plot illustrates the valiiimttimins
study and a comparison with other studies 1in

2. Xaxvity formati on
In this section, the shapes of crown and cavity, formation of curtain wall and its demolition are

investigated. The evolution of crown and cavity formation are analyzed by studying the crown and
cavity features such as crown and cavity dimensions, fffdime and depth, and variations of

disk velocity at different stages of evolution.

231. 1 Rafnfc ht i me
The solidliquid interaction and momentum transfer in the fluid entry of-fedéng objects

are characterized by the evolution of crown, cavity formation, andqoficfihe magnitude of the
energy transfer between the moving object and the ambient dhidthe dynamics of the
mentioned parameters such as piofhdepth and time are functions of disk parameters and
ambient characteristics as:

0 Q" i H HORCHGW (2.1)

where} ¢, andj s are the densities of disk and fluid, respectivedys the viscosity of fluid mixture,

D andH are the diameter and thickness of the disk, respectiy&ythe gravitational acceleration,

anduii s the i mpact velocity of disk. The i mpact
release height and it is correlateduas ({2gho)*/?, whereUis a coefficient andh, is the release
height . Since in this study, the release hei
momentum of the disk is only correlated with the density ofitkle, and the pinckoff time can

be correlated with the following dimensional parameters as:

0 Q" H R FOHCRQ (22)



Similar dimensional consideration can be written for other dependent variables such-as pinch
off depth, crown and cavity dimensions. Based on the number of independent variables and
f undame nt a-theorem suggests the fbremation of threeeahsionless parameters. Based
on dimensional analysis, pindif time in free falling of solid disks in stagnant fluid can be

modeled as:

0 Q ———hh- (2.3)

The first nondimensional parameter in Eq. (3) is Archimedes number, the second non
di mensional parameter is the disk_o0s aspect ra
scale,T, is introduced to describe the effects of disk density, disk aspect ratio, and ambient fluid
properties on crown formation and cavity dynamics in-dionensional form. The time scalg,
is defined ag = (D/g)"/2. Figure2.11 shows the correlation between the Archimedes number and
non-dimensional pinctoff time for disks with different aspect ratios. It should be noted that the
horizontal axis in Figur@.11 is logarithmic.The solid symbol shows the pindifif times for
cylindrical disks in water and the open symbols show the fluid entry of a solid disk into non
Newtonian fluid mixtures with different polymer concentrations. Fig@rgé%a and2.11b show
the correlation between Archimedes number anddiorensional pincfoff time for disk aspect
ratios of 3 and 1.5, respectively. As can be seen, the range-dimensional pinctoff time was
between 1.5 to 1.7 regardless of Archimedes number and disk aspect ratio. The multivariable
regression analysis showed a unique comhndtetween density ratio and Archimedes number
asAr' Y8(; /1 1) 52, which such a combination can predict the pintftime in the free flow entry
of cylindrical disks.

Figure2.11c shows the correlation between normalized pofttime and the governing
parameters listed in Eq. (3). The experimental data from other studies in the literature such as
Mansoor et al. (2014), Kim and Park (2019), Janati and Azimi (2023) for sokdtslalling in
stagnant water were also included in Figure 11c for comparison. The theoretical estimation of
normalized pinckoff time from the study of Duclaux et al. (2007) was also added. Data points
with black borders represent the disks vathaspect ratio of 1.5 and data points with red borders
depict the disks with the aspect ratio of 3. As can be seen, the normalizeafbiticte in disk

insertion into norNewtonian fluid mixture is relatively larger than the solid entry of afadieng

p o



object in stagnant water. Experimental data indicate that normalizedgfirtahnes are smaller in

disks with smaller aspect ratios. Two logarithmic equations were developed to describe the
correlation between normalized pinoff time and the controllingarameters for disk aspect ratios

of 1.5 and 3 as:

— T8t T @edi T — p8 @ ForD/H=3 2448)

— Mtowedi T — p8& v ForD/H=1.5 2.46)

The differences between the outcomes of this study with other experimental data may be
due to noHinear effects of other variables that were constant in our study. For example, the release
height in present study is 0.5 m whereas it was 0.3 m in the sfuldnati & Azimi (2023). The
overlaps data belong to the experiments which dropped into the water for this study. The geometry
of solid object in the study of Kim & Park (2019), Mansoor et al, (2014), and Duclaux (2007) was
sphere and the ambient fluicas/water. A comparison between the results from the literature and
pinchoff time of disks in water indicates that the normalized pioithime of solid spheres are

smallerthan that of disks.
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dedicated to the disks with the aspect ratio

the aspect ratio of 1. 5.

23. 2. 20Pindépth
The pinchoff depth was normalized with the disk diameter and the correlation between

normalized pincfoff depth and Archimedes number are shown in Figur2. Figure2.12a shows

the variations of normalized pinaiff depth with Archimedes number for disk with an aspect ratio

of 3. As can be seen, the normalized piothdepth ranged between 1 and 2 and they were
independent of polymer concentration. FiglrE2b shows that the pinebff depth in relatively

thicker disks (i.e.P/H = 1.5) increased and normalized pirafii depth ranged between 1.5 and

2.5. The three data points in each test series indicate the variations in disk density showing that the
normalized pincoff depths are smaller in disks with smaller density ratios.

The effects of disk density are combined with the rheological characteristics of ambient fluid
mixture and a unique combination between density ratio and Archimedes number was found to
develop a robust correlation between phothdepth and other earolling parameters. Figure 12¢
shows the relationship between dimensionless pifictiepth and the combination of Archimedes
number and density ratio in form AR Y& 4/1 1) ¥2. As can be seen in Figu2el 2¢, the horizontal
axis of the plot is in logarithmic format. It is worth noting that Figiie?c includes data for both
aspect ratios of 1.5 and 3 and other data from the literature. The experimental data for disks with
an aspect ratio of 1.5 are shown with open black symbols and data for disks with the aspect ratio
of 3 are shown with the opendreymbols. The solid symbols show the data for the disk entering
water. The data with red border markers are all below the black border markers indicatimg that
aspect ratio has a noticeable impact on pi¢fdepth and a higher aspect ratio cause a smaller
pinchroff depth. Since the Archimedes number on the horizontal axis depends on the fluid's
viscosity and density as well as the solid object's densityaardhetry, the Archimedes number
for other experiments remains constant since the same fluid and solid object were used. The
normalized pinckoff depths in other studies except for Janati & Azimi (2023) were higher than
the current study due to existendénigher impact velocities and spherical solid objects. However,
since the density ratio and geometry of the solid object in the study of Janati & Azimi were almost
the same as the current study unlike the impact velocity (i.e., 1.73 compared to the impact
velocity of the present study (i.e., 3.2 M),sthe normalized pincbff depth of in present study

stand above the data from the study of Janati & Azimi. A series of experiments-alliregof

pc



disksfrom different impact velocities (i.e., release heights) is suggested to better understand the
correlation between impact velocity and pirafh The correlations between normalized phuth
depth and controlling parameters are 4iapar and two formulas werdeveloped to show the

correlations as:
QIO Mt T 8 r@ymnoForDH=3 (25a)

QIO T cadi T "Fr 8 p& pwyForDH=15 (25b)
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2. Di3kds kinetic
The inertia and gravitational forces play major roles on the motion of solid objects in water

and viscoplastic fluid mixtures. Other forces such as buoyancy, surface tension, and hydrodynamic
forces are also important in crown formation and penetrati@olaf objects in Newtonian and
nortNewtonian fluid mixtures. To elucidate the dependence of cylindrical objects on three main
elements of liquid viscosity, disk density, and aspect ratio offéidiag disks, the time and

velocity variations of sinking dks are studied in this section. Fig@r&3 shows the effects of disk

density and rheological characteristics of the fluid mixture on the sinking time of cylindrical disks

for both disk aspect ratios. The sinking time is measured from the time of collision to the time the
disk reaches the bottoaf the tank. Figure2.13a and.13b belong to disks with the aspect ratios

of 3 and 1.5, respectively. The overbars were also added to depict measurement uncertainties. As
can be seen from Figugel3, the effecobf polymer concentration on sinking time was found to be
negligible in disks with a relatively higthensity ratio of J/jw = 2.5; it was slightly noticeable for

}Jlw = 1.48; and it was significant fgg/yw = 1.14. The normalized sinking time increased-non

linearly with polymer concentration. The gravitational force due to the mass of cylindrical disks
overcomes the resistive viscous forcefggw O 1. 5 and the effects of
become negligible in such a range of density. On the other hand, for relatively small density ratios,
the effect o f mi xtureds viscosity on sinking
increasiy polymer concentration. FiguBel3 also shows the effect of aspect ratio on normalized
sinking time. A comparison between the two subplots in Figue shows that the sinking time

di mini shed as the diskds aspecedfor alttaste withed uc e

di fferent mixturebds viscosity.

p ¢
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Figure2.14 depicts the correlation between dimensionless sinking velocity and controlling
parameters in form ofr' Y&( J) 1) 2 for all disks with different densities and aspect ratios. The
sinking velocity was normalized wit D= (j s&/2mg)*? wheremis the mass of disi is the area
of disk, and q is the density of disklhe slope of variation in settling velocity is different for disks
with different aspect ratios and it decreases with increasing aspect ratio. Disks with an aspect ratio

of 1.5 have a steeper slope in comparison to disks with an aspect ratio of 3. iHaitesthat a



relatively thicker disk has a higher momentum and a higher rate of momentum treimsfefore,

suchdisks lose their velocity at a higher rate than that of a relatively thin diskYit¢.= 3).

According to Figure2.14, the disks with an aspect ratio of 1.5 have a higher sinking velocity in

comparison to disks with the aspect ratio of 3. Two-lear equations were proposed to predict

the sinking velocity of cylindrical disks in water and viscous mixtures as:
Ay (@ ¢grwedi Ty 8 p®o  ForDH=3

Ay (@ @@edi T 8 pd@ ForDH=15
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(2.6a)

(2.6b)

ng veloci:

concentra

The variations of energy budget during different stages of interaction such as impact, crown

formation, pinckoff, and descend provide valuable information about the hydrodynamics and

energy transfer. Such information are important in determination afjrd@gsirameters such as

impact velocity, release height, and disk geometry. The energy loss is calculated by equating the

energy budgets from the time a disk collides with the fluid surface and the time that it settles down

with a relatively constarginking velocity. The interface was selected as the datum for energy



consideration. Figur2.15 shows the correlation between the density ratio of disks and normalized
energy losses. The energy losses were normalized with the initial potential energy of disks at the
release elevation. The overbars were also added to depict measurement unseBsparenental

results indicate that the thick dense disks have less energy losses in comparison with thin and light
disks. As can be seen, three fluid mixtures having polymer concentrations of 0.10 wt.%, 0.20 wt.%,
and 0.30 wt.% i@ shown in Figur@.15. As can be seen, polymer concentration increases the

energy losses, as the potential and kinetic energies in a highly viscous fluid mixture dissipate at a

higher rate.
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Figure2.16 shows the variations of energy losses witthimedeswumber for disks with
different densities and aspect ratios. A comparison between FRjl6esand.16b indicates that
the energy loss for disks with aspect ratio of 3 (Figui®b) is higher than that of disks with
aspect ratio of 1.5. Figur2.16¢c shows the variation of the energy losses with the proposed
combination of density ratio and Archimedes number in the for@r'df®( 4y 1) ¥2. The black
markers are related to disks with aspect ratio of 1.5 and the red markers represent disks with aspect
ratio of 3. As can be seen, all disks with aspect ratio of 3 are located on top of black markers
indicating that the energy losses are higiypendent on the aspect ratio. Two equations were
proposed for prediction of energy losses for-ia@bng disks in noANewtonian fluid mixture as:
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24. Conclusion
A series of laboratory experiments was conducted to study the fluid entry of cylindrical

disks in water and neNewtonianfluid mixtures. The effects of disk mass and aspect ratio on

cavity dynamics, crown formation, and energy dissipation of solid disks in stagnant fluid mixtures

with different viscosity and yield stresses were investigated. A small increment of fluidityisco

showed that the splash curtain above the crown became well arranged, symmetrical, and the splash
fingers were uniformly spread anod the disk. In addition, the cavity wall became smoother and

the ripples on the wall were significantly re
viscosity dampened the ripples of the cavity walls. It was found that a slight incredise on
viscosity of the ambient fluid reduced the height of the dome by approximately 30%. A further
increase in viscosity and yield stress of the ambient fluid mixture significantly reduced the crown
height. Although the crown diameter remained almost eonst with wvariation
rheological characteristics, the curtain walls and splash fingers significantly reduced as viscosity

and vyield stress of fluid mixtures increased.

Dimensional analysis indicated that the phuthtime and depth are correlated with the
Archimedes number, disk aspect ratio, and relative disk density. The normalizeafbitiote
was found to be larger than that of spheres in water and normalizéelgfinicnes were found to
be smaller in disks with smaller aspect ratios. Experimental data indicated that the normalized
pinchroff times and depths were smaller in disks with larger aspect ratios. In addition, both
normalized pinckoff times and depths ameased noh i near |y with increasi
Multivariable regression analysis was performed to determine functional correlations between

pinch-off time and depth and controlling parameters.

The settling time and velocity were measured for disks with different geometries and entering
di fferent fluid mixtures. |t was observed t ha:
reduced and such reduction continued for all tests witle difie n t mi xtureds Vi :
normalized sinking velocity decreased forearly with decreasing Archimedes number and
density ratio.The slope of variation in settling velocity was found to be different for disks with
different aspect ratios and the stomf variation decreased with increasing aspect ratio.
Experimental results indicated that the thick dense disks had less normalized energy dissipation in
comparison with thin and light disks. In other words, normalized energy losses in disks with aspect
ratio of 3 was higher than that of disks with aspetd 1af 1.5.
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Chapter 3

Cavity dynamics by the entry of annular disks into noAaNewtonian
ambient

31. |l ntroducti on

The entry of rigid bodies into water has gained significant attention due to its numerous
applications, both in naturally occurring phenomena and solid entry induced by human activities.
The entry of cylindrical objects is particularly relevant torteine industry, and in other fields
such as aerospace, ocean engineering, parcel delivery, oil and gas industry, and offshore drilling
(Faltinsen et al., 2004; Sedddateré&ntnMefadtatnee d i |,
phenomenon where a solid object penetrates the surface of a water body, initiating complex
interactions between the object and the fluid. Cavity in this context is the void or hollow space
created in the fluid as the object motksough it. The complexities in formation of cavity and
splash curtain as a result of solid entry are due to correlations between many controlling factors
such as the geometry of rigid body, object density, shape of the object, rheological characteristics
of the ambient, and release conditidn8 e |l den et al ., 2023; Janat.
Akbarzadeh, 2022; Vincent et al ., 2018lLu Wang e
et al., 2024)Recent research studies explored the effects of ambient fluid characteristics and fluid
rheology on cavity dynamics and splash formation. The examples of solid entryNemdonian
fluid mixtures can be found in the analysis of swamp, sewage, anddoistries( Ak er s &
Bel monte. , 2006 ; de Goede et al ., 2019, Ebr a
Tabuteau et al., (2014hvestigated the solifluid interactions of falling spheres into a nron

Newtonian ambient.

A paper based on the content of this chapter is publishibe @ ¢ e Bngineering Ebrahimi,
M., & Azimi, A. H. (2025a). Cavity dynamics by the entry of annular disks inteN@wtonian

ambient.Ocean Engineering




The diameters of spheres ranged from 0.0127 m to 0.0254 m and their densities varied between
1340 kg/m3 and 14970 kg/ms3. The ambient fluid was prepared by the variations of Carbopol gel
concentration to develop ambient mixture with different viscositidy/aid stresses. It was found

that a reduction in impact velocity reduced the amount of air entrained by the solid object, which

in return led to a decrease in the pwathdepth. A threshold Reynolds number of 20 was identified

at which the crater diathee r r emai ned constant for Re < 20 ¢
increased exponentially. HeRe = j quiD/e, where}q, Ui, andD are the density, velocity, and

di ameter of the disk, respectively Samealg repr
(2019)investigated the crown formation and cavity dynamics by solid spheres infayered

immiscible fluids. The twdayer fluid system consists of water and a viscous layer made of
dimethicone with a viscosity of 10 mPa.s and density of 941%dhe initial Froude numbeF(¢

= ui/(gD)*2, whereu is the impact velocityg, is the gravitational acceleraticamdD is the sphere

diameter) varied between 6 and 9. The results indicated that the presence of the top viscous layer
significantly changed the crown formation and cavity dynamics, leading to waves and instabilities

in both the cavity and crown while the visisofluid rested on top of the wat@rasad et al., (2024)

also conduct a review study on the multiphase analysis of water entry.

The entry of three solid objects (i.e., spheres, disks, and projectiles) in stagnant water and
nortNewtonian fluid mixtures have been predominantly studied in the liter&uree{ al., 2019;
Kim and Park, 2019; Du et al., 202Each of these objects has been assessed by many researchers
and the effects of controlling factors such as object density, initial energy (i.e., release height),
initial impact velocity, and the angle of entry have been expl@adet al., (2019performed
comprehensive research on the effects of shape, impact velocity, and release angle on the entry of
a solid object. The impact velocity ranged between 8 m/s and 14 m/s and the release angle varied
between zero and 90 degrees. The analysis relvé@d the pincloff depth increased with the
Froude number. Such escalation was initially marked by a sharp increase, which gradually tapered
off as the impact velocities reached higheuits 10 m/s.Du et al., (2022performed a series of
experiments to study the effect of objectds g
geometries had the same diameteDof 20 mm but different geometries of circle, semicircle,
square, and trapezoidal were tested. It was found that the effect of object shape on variations of
pinch-off depth was significant. Amongst all sections, the square section had the highesifpinch
depth, and the trapezoidal section was the second.

cc



Ki m & P a rstidied the2defar@ation of water surface when a rounded cylindrical
projectile with various aspect ratios and surface roughness entered the water. The hemispherical
object had a diameter &f = 40 mm and different aspect ratiodwh =1, 2, 4, and 8 with impact
velocities ofui = 2.5 m/s and 4.2 m/s were tested. The time history of liquid film height indicated
that the film height initially increased, reached the peak, and decreased afterward. Additionally, a
decrease in the aspect ratio shortened thadard motion, and the reduction in liquid film height
became steeper in objects with smaller aspect ratlosu et al., (2021performed a series of
experiments on the falling and entry of eccentric annular disks in water. The trajectory of the
falling disks in water was measured, and it was found that the eccentricity of the disks significantly
altered the falling trajectoried the modes of falling. The studies focused on the flow structure

of the falling annular disks and the motion of the dropping annular disks was monitored.

Hou et al. (2019, 2022)onducted a series of experimental and numerical studies to
examine the entry of hollow cylinders in water. The exerted hollow cylinder had a diambBter of
= 30 mm, and the mass of cylinders ranged betweer0.128 kg and 0.328 kg while the Froude
number ranged betwedfr = 5 and 10. I't was found that the
increased the submergence distance (i.e., penetration dépthgt al. (20213tudied the patterns
of closure in cavities and used hollow cylinders with different water entry scenarios. The density
of the disk was 7.8 kg/m3, the thickness of the cylinderlwas80 mm, the hole diameter ratio
was 0.84, and the impact velocity was 4 m/s. It was found that the settling velocity of the hollow
cylinders increased ndmearly with the initial impact velocity at the water surface. Many other
studies elaborate on tlobliqgue entry of solid object into water such(ZsLi et al., 2024; H. Liu
et al., 2023) Also, the cavity dynamics of sinking solid object into a fluid was studied by many
researcherf_u et al., 2022; Wang et al., 2024; Zhang et al., 20R2@an et al., (2022); X. Wang
et al., (2022); and Zhang et al., (20Z3)udied bubble dynamics in fluid mixture using both

numerical simulation and laboratory experiments.

Akbarzadeh et al. (2023)erformed a series of experimental studies to investigate the
effects of ambient fluid properties on the fluid entry of solid spheres. Two ambient fluids of
glycerin (Newtonian), and polyacrylamide (Rbiewtonian, Boger) with different concentrations
wereutilized. Thesurface tension, density, and viscosity of the selected fluid mixtures were kept

constant with a value df20 mPa.s. The chosen released heights covered a wide range of Froude



numbersFr = 1.2 to 20.The solid object moved at a slower rate in Boger fluid in comparison to
the Newtonian fluid. The characteristic length and time of pofthwere measured in both
Newtonian and noiNewtonian (Boger) fluid mixtures. The pindff time was measured in all
experiments, and it occurred earlier in Boger fluid than those in Newtonian fluids. A similar trend

was observed in variations of piroff length.

Akers and Belmonte (2006}udied the entry of solid spheres into viscoelastic wormlike
micellar fluids that were made of Cetylpyridinium Chloride (CPCIl) and Sodium Salicylate
(NaSal). The effects of object entry into viscoelastic fluids were explored by the variation of
release kight, object size, and the relative disk density. The ambient viscosity was kept constant
with a value of 430 mPa.s and different glass and steel spheres were released from a height above
the mixtureds surface and t heandr4B0lmenma®hedersieyi ght s
of the solid objects varied between 1350 ktamd 7970 kg/m It was found that the penetration

depth of the solid object increased with increasing Froude number.

Jafari and Akbarzadeh, (202Ryestigated the impacts of opening diameter on the water
entry of hollow cylinders. To isolate the effect of opening on cavity formation, many parameters
such as the mass and the outer diameter of the cylinders were kept constant. The equivalent
cylinderdiameter was 18 mm and the Froude number in all experiments ranged from 0.74 to 10.2.
Three geometries were tested and the shape and height of the thobeigdts were measured. It
was found that the geometry of the througile jets varied with the h® geometry. A direct
correlation was found between the piradfi depth, penetration depth, and cavity diameter. In
addition, a linear relationship was observed between the-pificime and the impact velocity.

Janati and Azimi, (2023xamined the cavity dynamics and crown formation of thick solid and
annular disks falling into water. The effect of opening diameter 38 mm), outer disk diameter

(D = 78 mm), and disk aspect ratio on cavity dynamics and crown formation were investigated.
The density ratio of the disks varied between 1 and 2.3 times of the density of water. The applied
fluid was water with a density of 999 kgirand the viscosity of water was 1.02%4?/s. The

Froude number for conducting their experiments varied between 1 to 3.5. It was found that the
crown diameter formed by the solid disks was larger by 10% to 20% more than that of the annular
disks. Unanimous to the previous sag] they showed that increasing the Froude number
increased the pinebff depth as well.
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The recent study by authof&brahimi and Azimi, 2024presented the results of a
comprehensive study on the behaviour of -fiadeng disks entering in nehewtonian fluid
mixture. The density of the falling disk varied from 1000 k{2500 kg/m and the disks had
two aspect ratios dd/h = 1.5 and 3. The disks were released from a constant height&00
mm and the viscosity of the fluid mixture ranged from 15 mPa.s to 600 mPa.s. The results indicated
that the crown diameter increased with increasing the viscosity of the fluid mixture in disks with
aspect ratios of 1.5 and 3. It was found that the sinking time reduced with increasing the density
of the disks and sinking time experienced a reduction with a reduction in viscosity of the fluid
mixture. Moreover, the effect of controlling parameters oratians of energy losses was studied
and a correlation was formulated between the rheological characteristics of the fluid mixture and

energy losses at different stages of the descending disk motion.

The cavity dynamics has also been investigated numerically and theoretically. The numerical
methodology mostly consists of applying the commercial software such as Ansys(Plogret
al., 2025; Xia et al., 2023; Yang et al., 2023; C. Zhao et al., 2023; Z. X. Zhao et al., PO23)
theoretical approach has been explored in multiple studies, introducing various equations designed
to track the growth and collapse of cavities. These proposed equations are critical for
understanding the underlying physical phenomena and for vatidhe numerical simulations by
providing a theoretical framework for the observed behaybtlaux et al., 2007; Guo et al.,
2012; Zhang et al., 2021; Tavakoli et al., 2023; Khabakhpasheva et al., Bla@dgver, the

proposed correlations are only dedicated to the certain situation such as water media.

Due to the complexity of fluid properties and the impact of numerous variables on the fluid
entry phenomenon, more research study is required to provide a better understanding of the
correlation between disk dynamics such as pwithcrown formation, andhe controlling
parameters of the solid disk and the ambient fluid. Hereby, a comprehensive study is conducted to
investigate the characteristics related to the fluid entry of annular solid objects in both stagnant
Newtonian and nociNewtonian ambient. Theolid objects used in the experiments included both
solid and annular disks with various densities and opening diameters. The behavior of annular
disks with a central hole in a flat and homogeneous disk was assessed. The solid entry of annular
disks was ésted in different ambient with ndvewtonian rheological characteristics and the

results were compared with the solid entry of annular disks in water.

c o



By testing nine different disks with varying central hole diameter and density ratio across six
fluid mixtures with varying viscosities, our work reveals new insights into the interplay between
disk geometry and density, and fluid rheology. These findenggince the understanding of fluid
structure interactions in complex fluids, contributing valuable knowledge applicable to ocean
engineering and related fields. This study is highly relevant to ocean engineering that could be
addressed in plethora of exae such as: offshore drilling and subsea operations, equipment
often interacts with noiNewtonian fluids like drilling muds, making it crucial to understand the
entry dynamics of solid objects to ensure the safe design and operation of marine equipment
(Ebrahimi et al., 2020; Hemphill et al., 1993tudying how objects penetrate Adawtonian
marine sediments aids in designing foundations for offshore structures and gW¢inteswerp
and van Kesteren, 2004 environmental and spill response, knowledge of interactions between
solid particles and neNewtonian fluids enhances remediation strategies for oil spills and
pollutants (Fingas, 201Q) Additionally, insights into operations within swampy environments
involving nonNewtonian muds which can improve the design of vessels and equipment in such

challenging conditiongMitsch and Gosselink, 2015)

3.Met hodol ogy

3. Exberi mental setup
A series of laboratory experiments was carried out in the Multiphase Flow Research

Laboratory (MFRL) at Lakehead University, Canada. The experimental setup consists of a tank
with dimensions of 400 x 400 x 1000 rhrithe depth of fluid mixture was 700 mm and 300 mm

free space was allocated above the fluid surface to capture crown evolution and splash curtain
formation after the water entry of the annular disks. The disks had a diam@ter7éf mm, height

of h=50mm and they were released from a constaighh ofH = 500 mm above the fluid surface.

The disks collide with the fluid surface perpendicularly which means that the contact angle of the
disk collision is 90. Nine different disks with three opening diameterdnof 15, 25, 40 mm and

three density ratios of 1.14, 1.48, and 2.5 were tested. The flat solid disks included a rounded rim,
and the side edge had some roughness with a height of 1+0.1 mm. The collision spot of the disks
with the f 1l ui ddaesisely atthé @uter of the tatlkkavaidaahyedids from wall

effects. The disk diameteD, and heighth, were selected to minimize boundary effects in a

400 I 400 T 1000 mmj tank, ensuri ngresdutoour at e
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observations of flow phenomena like cavity dynamics using-gjpged cameras. Annular disks

with the mentioned central openings simulated engineering structures such as hollow cylinders,
affecting mass distribution and descent dynamics. Studying suchio@siarovide insights into

how geometry influences fluid flow patterns during water entry to optimize the mentioned
engineering applicationélso, the disk density ratio and fluid properties were guided by the need

to replicate and study phenomena relevant to engineering applications while ensuring experimental

feasibility and accuracy.

To investigate the behavior of fréaling disk into water and neNewtonian fluid mixtures,
two highspeed camera$fiantom, Miro Lab 110, New Jersey, Wayne, U8#th the camera
lens AF Nikkor 50 mm, f/1.4Nikon, Tokyo, Japan) were applied. The usage of the camera
demanded some source light to provide adequate brightness. Consequently, six source lights
(Woods 166 L13, 1,000V telescope work light, CAvere employed in the surroundings of the
tank. The credibility of the experiments was verified by¢hrepetitions of all experiments and
the uncertainty of the results was shown in different figures by overbars. Thepeigh cameras
were set to capture images with a frequency of 1000 fps and a resolution of 828(ixels. A
proper relaxation time of approximately 15 minutes between each experiment was given to
eliminate fluid fluctuations and have a stable fluid level. The sketch of experimental setup which
includes theposition of cameras, source light, sideldop views of the solid and annular disks,

and the coordinate system are shown in Fi@uke
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High-speed Cameras

Fi g8te Experiumpemtfalt hseetcy!l i ndri cal di sk entry

and the coordinate system.

3. Flaid properties
Six different fluid mixtures with varying viscosities were prepared to investigate the effects of

fluid properties on the entry of solid and annular disks. Preliminary research was conducted to
determine the most suitable additives to create fluid mixtures with specific propddstof the
additives suitable for increasing the viscosity of water without significantly impacting other fluid
properties may alter the color and transparency of water and are not environmentally friendly.
Additionally, nano aditives, are costly, making them impractical for realrld applications and

laboratory use. Based on the mentioned constraints, Polyacrylamide (PAM) with different



concentrations was selected and such additive has been successfully used in other research studies
Akbarzadeh et al., 2022; Ebrahimi & Sanati, 2021; Ebrahimi et al., 2020; Akers & Belmonte, 2006;

de De Goede et al., 2019; Sun, et al., 2019a; Sun, et al., 2019b; Tabuteau et alE\2H1 4)

high concentrations, the final fluid remains transparent, it isefésttive and is considered an
ecofriendly additive since it is used for water treatm@ao, 2013; Jung et al., 2013; Pei et al.,

2016; Hu et al., 2017; Kumar et al., 2020; Lu et al., 20Pi¢ Polyacrylamide (PAM) that is used

for this study was supplied by the SNF Corporation and its commercial name is FLOPAM AN 934
VHM.

To prepare fluid mixtures with varying viscosities, a known mass of PAM powder was added
to a specified volume of watefhe PAM concentrations that were exerted to prepare the fluids
wereC = 0.01% wt.%, 0.05 wt.%, 0.10 wt.%, 0.20 wt.%, and 0.30 wt.%. The viscosities of the
prepared fluid mixtures were measured using a Brookfield viscometer (DVPlus viscometer,
Massachusetts, USA). Talel provides theheological characteristics of the fluid mixture for
different polymer concentrations which includes shear stress, shear rate, and visopaitjuid
mixture with polymer concentrations of above 0.1 wt.%, the fluid beégiashibit noaNewtonian
behaviour.However, by increasing the polymer concentration from 0 to 0.1 wt.% of PAM, the
fluid experiences unstable features, indicating a transition stage to -Blemdonian flow
behaviour.Therefore, in the following, the behavior of the fluid with a polymer concentration
below 0.1% follows a different pattern than the fluid with a polymer concentration of more than

0.1 wt.%. The maximum polymer concentration in this study was 0.30 wt.%Mf P

Tabl3e.Rheol ogi cal characteristics of t he f

concentCr(&@t)i ons,

C | Shear rate Shear Stres] Viscosity
(%) | (rpm) (Pa) (Pa.s)
100 1.2 0.012
0.01 50 1.2 0.024
100 5.4 0.054
0.05 50 3.9 0.078
20 2.72 0.136
100 18 0.18
0.10 50 10.9 0.218
20 6.24 0.312




10 4.9 0.49
5 4 0.80
2 2.2 11
100 52 0.52
50 36.5 0.73
20 23.1 1.15
0.20 10 20.2 2.02
5 15.8 3.16
2 12.1 6.05
100 58 0.58
50 41.5 0.83
20 30.7 1.53
0.30 10 24.8 2.48
5 21 4.2
2 18 9

The aging time for all fluid mixtures was seven days to ensure that all polymer particles
were homogeneously placed in the water. The experiments were conducted at the atmospheric
pressure and the temperature was kept constant @@.ZbBhe experiments commence with the
water entry of all nine disks, followed by repetitions of the same disks in the fiyergpared
fluids to investigate the impacts of viscosity, as well as the influence of density and opening
diameter. In total, 72 g@eriments, excluding the repetition tests, were conducted. -Aouse
MATLAB code (Mathworks, R2018b, Natick, USA) was used for image analysis and extract the
necessary information from the images. In the following, the results of the conducted experiment
are presented through identifying features such as qaificharacteristics, crown properties, disk
position and its derivatives.

3. RBesults and Discussion

33. El uid viscosity
The time series images of the fitadling solid and annular disks with opening diameterd,of

=0.015, 0.025, and 0.04 m in stagnant water with various density ratios, and an aspeddfatio of

= 1.5 are shown in Figur&2 to3.5. The time interval between each image is 0.01 seconds. Four
different time histories are chosen to represent the impacts of varying opening diameters on the
entry characteristics of annular cylinders. Each time history corresponds to one of thedoemtdiff
opening size, atwing for a detailed analysis, and understanding the effect of opening size on the



entry of solid objects. The time history images are chosen for four different fluid mixtures to study
the effect of ambient fluid rheology on crown formation and pioiEiime. The fluid interface
phenomena such as crown formation, cavity dynamics, arelagenent of the throughole jets

are visible in these timseries images.

Figure 3.2 illustrates the timaeries images of a frdalling annular disk with an opening
diameter ratio ofl/D = 0.53 and a density ratio pé/jw = 2.50. The sequence begins with the
collision of the annular disk with the stagnant fluid. From the early stages of the collision, the
formation of a througinole jet is evident due to the presence of a large hole in the annular disk,
and droplets are sible on top of the splash. As time passes, the height of the rising tHrolegh
jet and droplets increases untie advancement reaches the stagnation point. At this point, a dome
on the top of the cavity reaches its maximum size and starts to fall due to gravity. Assuming the
initial collision time, as captured in the first image, as a reference tirhe 6f the entire disk
submerges into the water within 20 milliseconds. Forty millisecondsspishersion, the splash
curtain peaks in height. Subsequently, the height of the splash begins to decrease. It takes a total
of 130 milliseconds from the startrfthe pirch-off event to occur.
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Time history images of a frealling annular disk with an opening diameter raticdgD =
0.33 and density ratio @&/} w = 2.50 in a fluid mixture witlC = 0.10 wt. % PAM concentration
is shown in Figure 3. It takes more than 20 milliseconds for the disk with the same features to sink
into the fluid mixture when it enters a fluid with a higher viscosity, in comparison with the same
disk entering in watersge Figure.2). The maximum crown height is observed at 60 milliseconds
following the disk's entry into the fluid mixture. The pincfti occurs at 140 milliseconds,
indicating a delay compared to the earlier measurement. It is evident ticabwireand plash
curtain became smoother, with no further droplets or waves are being visible. By increasing the
viscosity, the droplets disappear and change into shapes that akaevetl as crown fingers due
to the similarities. With the increment in viscositye tthroughhole jet height decreases and is
suppressed more quickly (see Figusesand3.4). The diameter of the througiole jet depends
on the opening diameter and after the occurrence of the-pifiicthe throughhole jet begins to

vanish.

Throughhole Jet |
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Figure 3.4 shows the time history images of a ffaing annular disk with an opening

diameter ratio ofl/D = 0.20 and density ratio p#/} w = 2.50 in a stagnant fluid mixture wit=



0.20 wt. % of PAM concentration. The pinroff occurs at 140 milliseconds after the collision of

the disks with the fluid mixtures and the formation of the threlugjle jet is not as intense as the
tests with lower polymer concentration. The throingie et attenuates fast at approximately 90
milliseconds after the collision of the disks with the fluid mixture. Figdifeshows the time
history images of a solid frefalling disk with a density ratio afd/j w = 2.50 in a fluid mixture

with C = 0.3 wt. % PA concentration. It takes more than 140 milliseconds for the goffch
moment to occur and since no throtlghle jet forms in this test, the pincff moment is clear

and represents very well in comparison to the situation where there is a thiaggt No strings

can be seen on top of the crown and the maximum height of the crown is lower than that of previous

tests due to relatively high ambient viscosity.
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3. azit yofPfi nch
Table3.2 shows theariations of pinckoff and crown characteristics with the geometry of the

disk, density ratio, and polymer concentratiBoth thepinch-off time and pinckoff depth were
measured in all 72 experiments, each considering three different factors of disk density, opening
diameter, and fluid viscosityFigure 3.6 shows the variations of normalized piraffi time with
normalized opening diameter for a wide range of polymer concentrations. The opening diameter
was normalized with the diametef the disk,dw/D, and pinckoff time was normalized with a
characteristic time scale, which is definedas (D/g)°° whereg is the gravitational acceleration.

The subplots in Figurd.6, show the correlation between normalized piothtime and opening
diameter in fluid mixtures with different polymer concentratiohs.can be seen, increasing the
values of opening size resulted in tleduction of normalized pinebff time. However, no
significant changes were observeddgD O 0. 2 and t he r e cahofttimon o f

was linear with increasing normalized opening diameted#@ > 0.2.

Tab3d2evVar i atpiionocéhf oand crown thargedtmet sy i ¢fs twh &
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Test No.

1o W

/T

ho/D

ha/D

VlVe

Fr

(%) dn/D Re
1 1.14 159| 1.75| 2.20 | 5.95 | 2.65| 1.67E+05
2 148 ( |164] 1.98] 2.78]10.16] 3.07| 1.94E+05
3 2.50 1.70| 2.38 | 4.01 | 19.22| 3.43| 2.17E+05
4 1.14 154 1.80 | 2.65| 7.32 | 2.33| 1.47E+05
5 148 | o5 | 1.62] 2.07| 310 10.05] 2.91| 1.84E+05
6 2.50 1.68| 2.39 | 4.31 | 19.50| 3.64 | 2.30E+05
7 ° 1.14 149 1.76 | 2.62 | 4.95 | 2.77| 1.75E+05
8 148 | o 33| 1.59] 1.83] 3.01| 9.89 | 3.07| 1.94E+05
9 2.50 1.66| 2.18 | 4.42 | 18.71] 3.64| 2.30E+05
10 1.14 138] 1.61| 2.38 | 5.32 | 2.53| 6.37E+03
11 148 | o 53| 1-42] 2.05| 2.94| 9.06 | 2.43| 6.89E+03
12 2.50 150| 2.29 | 4.11 | 17.05| 3.07 | 8.08E+03
13 1.14 1.56| 1.68 | 2.18 | 5.63 | 2.65| 6.98E+03
14 148 | o |162]1.95| 258 9.97 | 2.91| 7.67E+03
15 2.50 1.70| 2.25 | 3.78 | 17.83] 3.64| 9.50E+03
16 1.14 157| 1.61 | 2.41| 550 | 2.91| 7.67E+03
17 148 | o | 1.60] 1.89| 2.89 | 9.84 | 3.24| 8.53E+03
18 2.50 1.68| 2.15 | 4.14 | 17.46| 3.64| 9.59E+03
19 001 1.14 151] 1.70 | 2.45| 5.43 | 2.91| 3.41E+03
20 148 | g.g3| 1.54| 1.83] 2.87| 9.74 | 3.07| 3.59E+03
21 2.50 161] 2.04| 3.96 | 17.18| 3.64 | 4.26E+03
22 1.14 1.40| 1.60 | 2.34 | 4.98 | 3.07| 3.59E+03
23 148 | g 5g| 1.46] 1.87 | 2.84 | 8.81 | 3.24| 3.79E+03
24 2.50 150 2.11 | 3.80 | 15.37 3.88| 4.55E+03
25 | 0.05|1.162| o |1.58| 181 2.27| 6.74 | 2.91| 3.41E+03
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26 1.498 1.64] 2.17 ] 2.86 | 11.46] 3.07| 3.59E+03
27 2.551 1.70| 2.51 | 4.17 | 18.88| 3.64| 4.26E+03
28 1.137 157| 1.84| 2.73 | 6.85 | 2.53| 8.91E+02
29 1.466| o, | 1.61] 2.20| 3.25 | 11.59] 2.77| 9.75E+02
30 2.48 1.68| 2.40 | 452 | 21.13| 3.43| 1.20E+03
31 1.122 1.46| 1.70 | 257 | 6.10 | 2.77| 9.75E+02
32 1.452| 33| 1.51| 2.11 3.07 | 10.47| 291 1.02E+03
33 2.45 1.61| 2.46 | 4.35 | 18.37| 3.43| 1.20E+03
34 1.162 136] 1.82| 2.50 | 5.33 | 2.77| 9.75E+02
35 1.498| g 53| 1.44| 2.18 | 2.90 | 8.89 | 2.91| 1.02E+03
36 2.551 1.48| 2.50 | 4.08 | 16.48] 3.64| 1.28E+03
37 1.14 158| 1.66| 2.16 | 6.15 | 2.65| 6.45E+02
38 148 o [1.61]215] 267 11.26]2.77| 6.76E+02
39 2.50 1.68| 2.40| 3.95 | 18.66| 3.07| 7.47E+02
40 1.14 157| 1.81| 2.77| 6.34 | 2.53| 6.17E+02
41 148 | o, | 159] 2.13] 312 | 1058 2.77| 6.76E+02
42 2.50 1.66| 2.44 | 4.45| 18.53| 3.07| 7.47E+02
43 o1 1.14 1.46| 1.71| 2.48| 5.45 | 2.16| 5.26E+02
44 148 | o 33| 153] 2.04| 2.94 | 9.85 | 2.65| 6.45E+02
45 2.50 1.60| 2.41 | 4.20 | 17.88| 3.43| 8.35E+02
46 1.14 1.34| 1.58 | 2.30 | 4.11 | 2.77| 3.03E+02
47 148 | o3| 1:36] 1.89| 266 | 7.48 | 2.91| 3.18E+02
48 2.50 150| 2.28 | 3.89 | 14.78| 3.43| 3.75E+02
49 1.14 156 1.73 | 2.11| 4.90 | 2.65| 2.90E+02
50 148 | o |159] 1.95] 240 9.77 | 2.91| 3.18E+02
57 7 2.50 167| 2.41| 3.73 | 18.45| 3.43| 3.75E+02
52 114 | g, | 153] 1.61] 249 | 4.16 | 2.77| 3.03E+02
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53 1.48 1.57| 1.93| 2.86| 9.71 | 3.07 | 3.35E+02
54 2.50 1.65| 2.32 | 4.09 | 18.32| 3.64 | 3.98E+02
55 1.14 151} 1.53| 2.34| 3.90 | 2.65| 1.67E+05
56 1.48 0.33 152| 1.80| 2.79| 8.55 | 3.07| 1.94E+05
57 2.50 1.57| 2.18 | 3.73| 16.48| 3.43| 2.17E+05
58 1.14 1.49| 1.26 | 1.97 | 3.00 | 2.33| 1.47E+05
59 148 | 953 1.44| 1.63| 244 | 6.14 | 2.91| 1.84E+05
60 2.50 1.48| 2.43 | 3.68 | 13.02| 3.64| 2.30E+05
61 1.14 1.58| 1.68 | 2.07| 3.32 | 2.77| 1.75E+05
62 148 | o |1.60| 203 254 9.30 |3.07 1.94E+05
63 2.50 1.66| 2.54 | 3.88 | 18.08| 3.64| 2.30E+05
64 1.14 1.54] 1.68| 2.57| 2.60 | 2.53| 6.37E+03
65 1.48 0.2 1.54| 2.00 | 257 | 8.47 | 2.43| 6.89E+03
66 2.50 1.65| 2.51 | 4.29| 17.95| 3.07| 8.08E+03
67 03 1.14 152|141 | 2.34| 2.47 | 2.65| 6.98E+03
68 148 | 933 149|1.79| 2.78| 7.70 | 2.91| 7.67E+03
69 2.50 1.57| 2.49 | 3.91| 15.59| 3.64| 9.59E+03
70 1.14 142] 1.32| 2.10| 1.04 | 2.91| 7.67E+03
71 1.48 0.53 1.36| 1.66 | 2.46 | 6.10 | 3.24| 8.53E+03
72 2.50 1.44| 2.39 | 3.58 | 11.86| 3.64| 9.59E+03

Disks with higher density experienced a longer pioffliime, indicating a direct relationship
between the density of a solid object and the pwf€time. These trends are consistent across all
fluid mixtures. As the viscosity of the ambient fluid inesed, the normalized pindif time
slightly reduced, and the effect of disk density became less effective. For the fluid with the polymer
concentratiorof 0.20 wt.% and 0.30 wt.%, (s€&gures3.6e and3.6f), the effects of disk density
and opening diameter become Amear and the pincbff time in relatively light annular disks

became longer than that of relatively dense annular disks. Such contradicting behaviour became
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more evident in disks with larger hole diameters (dg€D = 0.53). The dependency of piroff

time on the three understudy factors of density ratio, relative opening diameter, and Reynolds
number is illustrated in Figui@7. As can be seen, the effect of density ratio is more announced
in variations of pinckoff time and the Reynolds number and opening diameter ratio are the
secondary and tertiary important parameters. The relationships between thefpiimé and the

understudy parameters are exgged as:
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The proposed equation for prediction of normalized pithime is applicable for 1.4 <

R&%5(y oy w)°¥(dn/D)*0%< 3. The two dashed lines show the domain of the variation of the-pinch

off time based on the standard deviation of data. Most of the data points seem to be clustered

relatively close to the regression line, indicating a reasonably good fit. Most d@tthpaints fall

between the dashed lines, indicating that the majority of the data lies within one standard deviation

from the mean. This suggests that the data is relatively well clustered around the regression line.

The pinchoff moment is govered by the dynamics of cavity formed behind the disk as it enters

the fluid. In nonaNewtonian fluids, high viscosity reduces the closure of cavity process. The disk's

density and impact velocity contribute to the initial cavity size and depth. A densandikigher

impact velocity leads to a deeper cavity leads to delaying the-pihchhe equation relates the

pinchoff time to the Froude number and the fluid's rheological properties, capturing how

momentum transfer and fluid resistance interact duwawty collapse.



3.Xa4ity and Crown Evolution
Based on the observation from the time series and snapshot images, the effects of polymer

concentration on crowformation and cavity evolution, three different regimes can be identified.
From experimental results, it can be deduced that from a polymeertdoation range of = 0

(i.e., water) to 0.01 wt.%, there is a discernible decrease on crown dimensions. This indicates that
the addition of small concentration of polymer changes the viscosity and yield stress of the fluid
mixture, which can reduce tleeown dimension due to excess energy losses and fluid resistance
as a result of higher viscosity and yield stress. As polymer concentration increas€s=@ail

wt.% to 0.05 wt.%, the crown dimensions expand and achieve their maximum value. It is important
to note that the experimental results demonstrate variability across different disk types, indicating
that the observed trends are not universally cbasi for all applied disks. The energy transferred

to the fluid upon collision affects crown form@t and energy loss due to viscous dissipation.
Higher viscosity leads to greater energy absorption by the fluid and diminishing splash intensity.

For dense disks characterized by a density raja/pf = 2.50, across all three varied opening
diameters, the maximum crown height is consistently observed at a polymer concenti@ton of
0.1 wt.%. This finding suggests a specific interaction between disk density, opening diameter, and
polymer concentration that maximizes the crown height under these conditions. Due to the
noticeable increase in the viscosity of the fluid mixture@O 0. 1 wt . %, the ©cr
decreases with polymer concentratiohs it was mentioned, the trend for the polymer
concentration ranging from 0 to 0.01 wt.% caused a reduction in crown size, however such trend
is not valid for disks withdy / D = 0.53. It appears that with an increase in the diameter of the
opening, the previously mentioned behavior does not follow a linear trend, and the intensity of all
measured features diminishes. Such deviation suggests that the opening size significantly
influences the dynamics of flow around solid cylinders, resulting in a reduction on the crown
height. The cavity formation is primarily driven by the inertial force of the disk overcoming the
gravitational force and viscous resistance of the fluid. In-Mewtonian fluids, the viscous
behavior facilitates deeper penetration and smaller cavity formation compared to Newtonian
fluids. The annular geometry introduces additional complexities, as the central opening allows
fluid to flow through the disk, alterinipe pressure distribution at the cavity. The produced vortex
ring affects the stability of the cavity walls and accelerates the jofighrocesqSarpkaya et al.,

1982) The nonNewtonian fluid's elastic properties store part of the kinetic energy, leading to
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delayed and dampened crown evolution compared to water. Also, the opening diameter

significantly affects the flow through the disk.

Figure3.8 shows the snapshot images of the water entry of solid and annular disks at the
pinch-off moment. The horizontal row (e.g., Figu®8a,3.8b, and3.8c) shows the effect of disk
density for a constant opening diameter ratio and the vertical column (e.g. B@a,&8d, and
3.8g) shows the effect of opening diameter for a constant density Tagginch-off depth,hp,
and the depth of the disk at the piraffy hq, are shown in Figurg.8. As can be seen, the piAch
off depth and the size of tleown are directly correlated with the density of the disks.
Observations indicate that the pinati depth increased with increasing disk density and the crown
height slightly decreased with inagng disk density. In addition, increasing density ratio
increased the cavity size, which is representative of both qoifi¢ime and depth. Figure 8 shows
that the opening size did not change the pioéhdepth, and it mostly controls the height of the
throughhole jet.
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Figure3.9 shows the effects of disk density and opening diameter on the entry of annular

disks into a nofNewtonian fluid mixture with @olymer concentration of = 0.30 wt.%. The
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pinchoff depth,h,, and the depth of the disk at the pirafh hg, are labeled in one of the images

in Figure3.9. As can be seen, increasing the viscosity of fluid mixture reduced the height of the
curtain wall. The size of the formed curtain and the height of the thiloolghjets became smaller

in the solid entry into a fluid mixture with a polymer concentratib@ = 0.30 wt.%. The through

hole jet did not formfod/D O 0. 3 3  eetativelplight disk (sez Figur@9d). The height

of the through hole jet was found to be proportional to the disk density ratio and it increased with

increasing df} w.
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The dimensions of througole jets vary with changes in the rheological characteristics of
fluid mixture, disk opening diameter, and disk relative density. As the disk density increases, the
height of the througimole jet increases as well, indicating iaedt relationship between disk
density and jet vertical extension (see FigB@g-3.9i). Additionally, the disk opening plays a
critical role; a reduction on disk opening diameter leads to a decrease in the diameter of the
throughhole jet. This suggests that the geometrical configuration of the disk significantly
influences the fluid dyamics, particularly affecting the spatial characteristics of the jet ejecting
from the diskds opening. The polymer concentr
throughhole jet, exhibiting a variety of trends. The impact of a disk with an ogey@nerates an
unstable througimole jet with several droplets indicating a high level of turbulence and energy
losses (Figure 8). As the viscosity of the mixture slightly increases, the height of the thabeigh
jet increases and the surrounding surfade t he |j et and the crownds s
and smoother. It is expected that a slight increase in the viscosity of the fluid mixture reduces the
instability and turbulence level hence decreases the energy losses and therefore, a higher through
hole jet may result in. A further increase on polymer concentration (i.e., larger than 0.20 wt.%),
showed a discernible decrease in the height of the throoighjets. At higher range of polymer
concentration, the addition of viscosity and yield stressoowvees the fluid stability and the height
of the througkhole jet decreases with increasing polymer concentration. A complex relationship
exists between the addition of viscosity due to polymer concentration and the dynamics of the
thoughhole jet and crow formations which requires further attention.

Cavity bubble dynamics has been studied comprehensively (theoretically, numerically, and
experimentally) in a variety of conditions such as liquid compressibility, phase transition,
migration, ambient flow fieldYu et al., 2022, 2021; Bokman et al., 2022; Choi et al., 2023; Wang
et al., 2023; Han et al., 2024; Zhang et al., 2024 transient dynamics model is fundamental to
investigate the physics of a single cavitation bubble. However, the introduced models cannot be
employed to investigate the cavity bubble dynamics that is formed due to the entry of solid objects
into a fluid since the bubble generation is different to the ones that have already known.

The formation of the bubble is not concurrent with the initial collision of the solid object with
the fluid surface. Instead, the bubble forms as the solid object continues to sink into the fluid,
indicating a delayed onset of cavitation. Based onabsgervations through this study, the

y ®



formation of the bubble is highly dependant on the fluid properties, disk density, and the disk hole
size ratio. While the density of the disk increase, the number of the formed bubble increments as
well because the denser disk entraining more air intdltig mixture. Also, rising the fluid
viscosity cause the bubble formation to lesson since the higher viscosity cease the bubble to be
detached from the disk. The bubble detached from the disk in later time than then ones with lower
viscosity. Also, Whilehe fluid viscosity is low (water and C < 0.10 wt.%), bubbles are formed in

a shedding formation where they appear densely packed at the top of the disk. Conversely, this
phenomenon is scarcely observed in fluids with higher viscosity, where the dedaennmibits

such extensive bubble formation. An increase in the viscosity of the fluid mixture causes the
formed bubbles to be larger in its size in comparison to the ones that are formed in the fluid with

lower viscosity.

3. DimBk deptohf fatt iFmench
The dependency of the normalized pirathdepth with the understudy factors and for the

disk entry into a fluid mixture witlC = 0.3 wt.% PAMis shown inFigure3.10. The vertical axis

shows the variations of normalized pinati depth, hy/D, and the horizontal axis shows the
variations of normalized disk opening diametéyD. Each subplot in Figure 10 shows the
correlation between the pindiff depth and normalized opening diameter for different values of
disk density ratio. The overbars in Figl840a show the range of experimental uncertainty for
measuring the pinebff depth. As can be seen, normalized piothdepth remained almost
invariant with the variations of normalized opening diametedf® O 0. 20 and it dr o
increasg the opening diameter ratio. For the transition of the opening size ratio from 0.20 to 0.33,
while the density ratios are equal to 1.14, and 1.48, the joifictepth experiences a sharp drop

in its magnitudes. For the disks with a density ratio of 250 pinchoff depth decreased with a
smaller rate than that of relatively lighter disks. Regardless of the variations of normalized opening
diameter, the normalized pindif depths were higher due to the entry of denser disks. The ranges
of pinch-off depth were between 2.3 and 2.55, 1.6 and 2, and 1.3 and 1.7 times of the disk diameter
for Jo/ W = 2.50, 1.48, and 1.14, respectively. However, the intensity of reduction in values of
normalized pinckoff depth was found to be correlated with other factors such as fluid viscosity
and disk density. The reduction in the magnitude of pof€lepth fordisks with a density ratio
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of 1.14 was found to be higher than that of relatively denser disks. The disks with a density ratio

of 2.50 was found to be less variant on the pioffldepth in comparison to relatively lighter disks.
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The values of the disk depth at the praghmoment were extracted from the images and the
results were listed in Tab®2. The trend and variations of the disk depth at the pafictime
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were almost the same as the variations of the pafictlepth. This can be seen in correlation of
normalized pinckoff depth with disk density ratio in Figulla where the pinebff depth,hp,

and disk depth at the pindif, hg, were normalized with the disk diamet®r, Dimensionless
pinch-off depthshy/D, are shown by solid circles, and dimensionless disk ddpibs,are shown

by open circles in Figurg.1la. The trendlines are plotted for both dimensionless fuffatepth

and disk depth at the pindif. The besffitted equations for both trends were exponential models,
and the curves are plotted in Fig@rg&la as well. As can be seen, increasing the disk density ratio
has a greater impact on variations of the disk depth at the-pfhamoment than the pinebff
depth since the slope of correlation regarding the disk depth at thegfinstigher than that of

the pinchoff depth. Two equations were proposed for prediction of normalized -pifictepth

and disk depth at the pindif moment which are expressest a
QIO pd ROAK 7 (3.2)
QY0 p®d @wf 7 (3.3)

The relationship between the disk depth at the pofttime and the pincloff depth was
plotted and the results are shown in Figure 11b. The proposed equations for prediction-of pinch
off depth by Duclaux et al. (2007) and Mansoor et al. (2014) areadided for comparison.
Experimental data indicated an exponential correlation betiye@mdhy and the correlation can

be expressed by an exponential model as:
QIO ™Rl 7 (34)

The ratio of the pincloff depth over the disk depth at the piraffiwas modeled bivansoor
et al. (2014)who illustrates that the ratio of pindif depth over the disk depth at the pirafii
time ishy/hg = 0.5.Duclaux et al., (2007laimed that this ratio is equal bg/hq= 0.45.As can be
seen, the values bf/hq in this study vary between 0.49 and 0.78 where the influence of the fluid
properties and opening size can be seen by comparing the range values of the current study and
the presented models.
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Variations of the pincloff depth, disk depth at th@nch-off moment, and their ratio with the
combined nofdimensional parameters including the relative disk density, normalized disk
opening diameter, and Reynolds number are shown in F3gl2eAs can be seen, a combination
of the mentioned parameters with different powers indicates the relative importance of the
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controlling parameters. The sold line in FigB8re2 representing the best fit of data and the dashed
lines shows the +1 standard deviation from the average. As can be seen fron8HBgayréoth
normalized pinckoff depth and disk depth at the pircfi increases linearly with the disk
Reynolds number, density ratio, and normalized opening diameter and considering the powers of
variables in horizontal axis indicates that the effect laftivee disk density is more pronounced.
Figure3.12b shows the correlation between the ratio of pwif€llepth to disk depth at the pinch

off (see Figure&.9c) with the controlling parameters. As can be seen, the correlation béifeen

is linear with & adverse slope. The boundaries of +1 standard deviation from the average indicate
the spread of data around the regression line. Most data points are located within the two dashed
lines, indicating a moderate variability in the dataset. The quite naapwe&fween these bounds
suggests that the data is tightly clustered around the regression line, with minimal deviation. This
implies that the model effectively captures the underlying linear trend as:

QY0 ™M YYP "1 8 QF0 8  pdrot (35a)
QIO pd WP " P 8QF0O 2 1oy (35b)
QTQ mTYFE "r 8Qjyo @ T (3.5¢)
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3. Bikmking Velocity
The effect of controlling parameters and disk geometry on the surface impact and dynamics of

cylindrical disks are studied by focusing on variations of the sinking velocity of disks. Figure 13
shows the variation of sinking velocity with polymer concerdrafor cylindrical disk with

different density ratio and opening diameters. The sinking velocity was normalized with the

characteristic disk velocity (i,ew'Q " 0¥qa "Qwherem s the mass of the diskgq is the disk
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density,A, andg are the area of the disk and gravitational acceleration, respectively). Figure 13
consists of four plots, each showing the variations of dimensionless sinking velocity versus
polymer concentration as a representative of fluid viscosity. The impactsrohgmiameter and

disk density are also investigated in Fig8rE3. The variations of sinking velocity with polymer
concentration indicate the existence of two different dynamic regimes. As polymer concentration
increases from O (i.e., water) to 0.01 wt.% of PAM, normalized sinking velocity decreases in all
experiments Such reduction in normalized sinking velocity reaches to a local minimum at the
polymer concentration of 0.01 wt.%. Subsequently, as polymer concentration increases from 0.01
wt.% to 0.05 wt.%, an intense growth of sinking velocity is observed, contyagth the previous
reduction. Upon reaching a concentration of 0.05 wt.% and higher, the sinking velocity begins to
decrease again, but at nearly a constant rate. However, by comparing Bit8&8.13b, and

3.13c, it can be deduced that the intensity of variations in normalized sinking velocity is affected

by other parameters, such as opening size and disk density.

As it was mentioned on the dynamics of throingie jets, a slight addition of polymer
concentration increases the height of the threugle jet and such high displacement of fluid
causes higher rate of energy losses. As a result, the remaining energgty/, crown formation
and the motion of throughole jet becomes smaller which results in slightly smaller sinking
velocity. As polymer concentration increases, the viscosity effect overcomes the surface
instability, and less energy is dissipated tgh impact and crown formation. Therefore, the
remaining energy becomes higher at the sinking stage and the sinking velocity of the disk
increases. Further increase in polymer concentration increases the viscosity of the fluid mixture
and increases enerdggsses not only during impact and crown formation, but also during the
descending phase. As a result, further increasing polymer concentration directly reduces the

normalized sinking velocity.

As can be seen in Figu213, the magnitude of normalized sinking velocity is directly
correlated with the disk density and an adverse correlation was observed with the opening diameter
of the disks. Figur8.13a shows that the domain of normalized sinking velocity for the light disks
varies between 1 and 7, with three graphs representing different disk opening diameters. For the
mediumdensity disks, normalized sinking velocity varies between 6 and 12 (RdiBke), and
for the dense disks, it varies veien 12 and 21 (Figu®13c). Figure3.13d shows the effect of
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disk density on variations of normalized sinking velocity with variations of polymer concentration
for dv/D = 0.53. The rate of reduction of normalized sinking velocity with increasing polymer
concentration is similar for disks with different densities and the magnitude of sinking velocity is
affected by the density of disks. For a polymer concentration @ft0%, by increasing the density

of disks by 1.7 and 2.2 times the normalized sinking velocity increased by 2 and 3.3 times,
respectively. The sameelationships can be extracted from Fig@d.&3d for higher polymer

concentrations.
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Figure3.14 shows the effect of opening diameter on variations of normalized sinking velocity
with different polymer concentratiog for o/ ¢ = 2.50.The three fluid mixtures illustrated are
water (i.e., 0 wt.% polymer concentration), a fluid mixture with a medium polymer concentration
of 0.10 wt.%, and a fluid mixture with the highest polymer concentrati@~00.3 wt.%. As can
be seen, the opening diameter is ineffectiveifd O 0. 2 and once the nor mal
the threshold, normalized sinking velocity decreased with increasing normalized opening
diameter. In other words, an increase in opening diameter ratio results in a deaneasalized
sinking velocity, and such observation is valid across all disks relative densities. However, the
magnitude and intensity of such reduction vary with polymer concentration. Among the three
different disk opening diameters, the variation in sigkrelocity shows that the smallest hole size
ratio [dn/D = 0.2) exhibits the lowest reduction. On the other hand, the reduction in sinking velocity
becomes more significant as the hole size diameter ratio increases from 0.2 to 0.53. The formation
of relaively large througkhole jet and flow disturbance at the wake of the disk cause additional

turbulence and hence higher rate of energy dissipation. The higher energy dissipation due to fluid
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instability and vortex formation at the rear of the disk may results in higher energy losses and the
remaining energy results in smaller sinking velocity. It can also be deduced that increasing fluid
mixture viscosity due to higher polymer concentrationses a further reduction in sinking

velocity compared to an ambient with lower fluid viscosity. While the disk opening size ratio
increases from 0 to 0.53, the sinking velocity diminishes by approximately 33%, 19%, and 10.5%

for fluid mixtures with a polyrar concentration of 0.30, 0.10, and 0 wt.% of PAM, respectively.
Figure3.15 represents the variations of the normalized sinking velocity with variations of all the
understudy parameteiSimilar to pinchoff depth, variation of sinking velocity is mostly affected

by the diskds density ratio and | ess affectec
obtained from multregression analysis to predict sinking velocity of cylindridedks with

different density and opening diameters as:

Wl pRBOWNGE "1 Q710 8 ) (3.6)
't is important to predict the I mpact veloci
such as diskods diameter, densi ty, opening di

ambient fluid. The | mpa etepresentedhbyithé Froudemumbet ats k 6 s
the impact asr = u/(gD)Y2. Figure 16 shows the variations of Froude nunmvbiéin combined
nortdimensional parameters including relative disk density, normalized disk opening, and
Reynolds numberThe relationship between the variables appears to be positive, o tige

number increases with the combined parameter on the horizonal axis of Figure 16. The data points
are scattered but generally follow the fitted trend line. Most of the data poéntentained within

a standard deviation from the average indicating that the variability of the data is moderate. A
linear equation waproposed for prediction of impact velocity and the standard deviation domain

suggests that the fitted model captures the data trend effectively.

O T eYFE "1 8 Qro @ pB U (37)

The sinking velocity results from the balance between gravitational forces and resistive forces
from the fluid (i.e., viscous drag and elastic stresses irNewtonian fluids). The hole size in
annular disks affects the flow of fluid through thskg altering pressure distribution and reducing
drag forces compared to solid disks. The equation connects sinking velocity with disk density, hole

size, and fluid viscosity, reflecting how such parameters influence the net force acting on the disk.
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The throughkhole jet dimensions are illustrated in Fig@t&7 where three plots regarding the

dimensionless throughole jet diameter@rny/D) and normalized heightHHy/D), which are
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normalized with diameter of the disk concerning the disk density ratio, disk hole size ratio, and
fluid properties in figure8.17a,3.17b, and3.17c, respectively. Figurgd.1l7a represents the disk

hole size ratio and fluid mixture kept constant and equal to 0.53 and water while the disk density
ratio varies with the three undstudy available densities. as can be seen in Figdi&a, both
diameter and height of the througble jet vary with the density ratio of the disks and both
parameters increase wiincrements on the disk density ratio. FigBrErb presents the through

hole jet diameter and height with respect to the disk hole size ratio for water and disk density ratio
of 1.14. The graph belongs to the disk hole size ratio of 0.53 stands on top of the other followed
by the density ratios of 0.3nd 0.20. The variations of througble jet diameter and height in
different fluid properties are complicated. As the concentration increases, the jet diameter ratio
decreases more rapidly. This impliesttthigher concentrations of the polymer in the fluid
contribute to a faster reduction in jet diameter with height in the beginning, which could be due to
increased viscosity or other rheological changes affecting the fluid flow dynamics through the
hole. Such variation changes after a certain height of the jet, which indicates that the jet diameter
formed in a higher threshold fluid viscosity, the tendency of the jet to maintain its shape and size
due to higher cohesion between the fluid. It was obsenadtia increment in the height of the
throughhole jet leads the througiole jet diameter to decrease unanimously, which starts with a
diameter equal to the disk hole diameter and zero thrbotghjet height. It was observed that
annular disks entering on-Newtonian fluids produce unique throubble jets whose
characteristics depend on the hole size and fluid viscosity. The jets-Mavaonian fluids exhibit
different shapes and velocities compared to those in Newtonian fluids, due to the fluid's

visceelastic properties.
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33.7 Time variations of zZ, V, a
Many researchers have used the time variati

indicators of solid entry and energy balance. FigRiie8 tracks the time history of the disk
displacement, z, along the depth (i.eaxts), the downward velocity of the disks, and time

variations of decel eration are obtained from
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Figure3.18a details the timaistory displacement of disks along thexs for disks with different

disk density ratios and opening diameters. The polymer concentration of the liquid mixtures is
constant with a value of C = 0.30 wt.% PAM. As depicted in Fi@.t8a, the timehistory of
position of solid objects with different ambient fluid conditions and disk geometry from the studies
of (Akbarzadeh et al., 2022; Jafari and Akbarzadeh, 2022; Shokri and Akbarzadeha202?2)
included In comparison, the experimental curves generally follow similar trends, showing
increasing displacement over time. As can be seen in RBdi8a, sincéAkbarzadeh et al., (2022)
conducted their experiments in Boger fluid with the specific features which are already explained
in the introduction section, it takes more time for the solid object to travel a specific distance
compare to the ones conductedJayari et al. (2022), and Shokri et al, (2022)ere the media

was water.

Figure 3.18b shows the timbistory of disk velocity for the same disks and ambient flow
conditions as presented in FiguBel8a. The graph illustrates that while the disk descends
downward, its velocity decreases Harearly with time due to constant energy losses. The
reduction in velocity exhibits significant fluctuations; however, after a certain duration following
the pind-off moment, it stabilizes at a constant value. Initially, the velocity experiences a sharp
decline upon the disk's collision withe liquid. Notably, the trend of velocity reduction ceases,
and between approximately 50 to 75 milliseconds, the rate of velocity decrease markedly
diminishes due to the drag force exerted by the cavity prior to the-pfhelwent, which occurs
around BO to 140 milliseconds. At around 75 milliseconds, the trend of sinking velocity begins to
decrease again, and following the pirafh moment at approximately 150 milliseconds, the
velocity becomes constant. Also, dropping in the velocity of the descetidikag the fluid with
the polymer concentration of 0.10 wt.% is lower than the ones in the liquid with the polymer
concentration of 0.20 wt.%. This represents the importance of fluid viscosity on the solid object
entry in fluid. The research conducted Jafari et al. (2022) stands out among others due to its
findings that the solid object used a hollow cylinder and the medium introduced water resulted in
the least velocity reduction compared to other studies. The experimental Aatmofadeh et al.
(2022)locates below the rests due to the used of the Boger fluid as an ambient medium. The energy
losses due to impact, crown formation and viscous fluid motion are relatively higher in the motion
of disk in Boger fluid which resulted is significantly smalleskd velocity in the study of
Akbarzadeh et al. (2022)



Thetimevari ations of diskoés deceleration for di
diameter ratios of 0.20 and 0.33, and constant polymer concentration @f3 wt.% is shown in
Figure 18c. The graph reveals that the disk initially experiences a sharp deceleration due to impact,
reaching a minimum val?gé. et)., Thepegpernentahdata feomy 1 45
Shokri et al. (2022) indicates a nemmstant deceleration close to zero throughout the entire time
indicating a mmor energy loss due to impact, crown formation, and cavity formation. Following
the initial impact, the deceleration reduces after the cavity and-pfhgihenomena and finally
reaching near zero acceleration (i.e., constant sinking velocity) at apptelyis@ milliseconds
after the impact. Beyond this point, the rate of change in acceleration becomes much less stated,
exhibiting minor fluctuations between 50 ms and 150 ms. Eventually, the acceleration stabilizes
at a value close to zero, maintainingststeady state until the end of the observed period (300
milliseconds). This trend suggests that the disk undergoes a significant deceleration shortly after
entering the fluid, likely due to impact at the early stages of descent. As time progresses, tbedl s
resistance diminishes, allowing the disk to approach a state of constant velocity, where the net
force acting on the disk approaches to a constant equilibrium value. The disk imparts momentum
to the fluid and initiates cavity formation. The rate aimentum transfer depends on disk mass,
impact velocity, and fluid resistance. Nblewtonian fluids exhibit sheatependent viscosity and
elasticity, affecting how the fluid deforms and flows around the disk. Such properties influence
drag forces and cavitpehavior. Fluid flow through the disk's hole alters pressure distribution,
reducing the pressure difference across the disk and affecting sinking velocity and cavity collapse.
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The following items are suggested for future works on this topic. Extending the study to

include other objects with different geometries such as cones, pyramids, or irregular shapes that

could provide a broader understanding on fsiidicture interactiongn fluids with different

properties. The solid entry can be investigated on fluids with different rheological behaviors,

Mp



including sheathickening and viscoelastic properties. The primary conditions of experiments and
surrounding factors can be altered such as temperature variations, fluid turbulence, etc. In addition,
developing validated computational models can enhdreedpabilities and facilitate the design
process in engineering applications. Last but not least, the behavior of bubbles that form due to

cavity interaction can help better understanding the solid entry phenomenon.

3.5Concl usi on

A series of detailed laboratory experiments was carried out to investigate the cavity dynamics,
crown formation, and energy balance by the entry of solid and annular cylindrical disks into non
Newtonian fluid mixtures. NotNewtonian fluid mixtures were fored by mixing a wide range of
PAM polymer concentrations ranging from 0.01 wt.% to 0.3 wt.% corresponding to apparent
viscosity range between 0.013 Pa.s and 0.58 Pa.s which are equivalent to 13 and 580 times of the
viscosity of water. Besides the efts of ambient rheology, the impacts of disk relative density
and opening diameter of annular disks on cavity formation, crown development, anafbinch
phenomena were investigated. The effect of ambient apparent viscosity was represented with the
Reynobts number, the density of disks was normalized with the density of water, and the opening

diameter in annular disks was normalized with the disk diameter.

Data analysis indicated that the relative density of disks had the highest impact in variations of
pinch-off depth, disk depth at the pincff moment, sinking velocity, and impact velocity. The
ambient rheology represented by Reynolds number had secangzagt on variations of the
mentioned controlling parameters and normalized disk opening had the least effect. Experimental
data showed that increasing the opening diameter in annulareédkiced the normalized pinch
off time. A threshold on norniaed opening diameter of annular disks was found with a value of
dvD =0.2. fordyDO 0. 2, the effect of opening diamete
becomes important when opening diameter is larger than 20% of the disk diametdvi.2.,
0.2).

The size of the curtain wall and height of the thretiglte jet had strong correlation with the
ambient viscosity and opening diameter. The heights of crown and thholghet slightly
increased with a small addition of PAM polymer in water. High speading showed that a slight
increase in the viscosity of the fluid mixture reduces the instability and turbulence level hence

decreases the energy losses. Such phenomena increased the heights of crown arloterough
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jets. However, at higher range of polymer concentration, the addition of viscosity and yield stress
overcomes the stability of ambient mixture and the heights of crown and tHnolegjet decreases

with increasing polymer concentration. The imbalance eéetwturbulence reduction due to
surface instability and energy dissipation due to viscosity may explain the variations of normalized
sinking velocity with polymer concentration. As polymer concentration increases from 0 (i.e.,
water) to 0.01 wt.% of PAM, armalized sinking velocity decreases in all experiments. Such
reduction in normalized sinking velocity reaches to a local minimum at the polymer concentration
of 0.01 wt.%. Subsequently, as polymer concentration increases from 0.01 wt.% to 0.05 wt.%, an
intense growth of sinking velocity is observed, contrasting with the previous reduntiaiher

words, augmentation in mixtureds vioftme.si ty | e

The analysis of timdracking data for disk displacement, velocity, and acceleration further
underscores the role of fluid viscosity in controlling the descent dynamics. In mixtures with higher
apparent viscosity, the time required for disks to traversgeaific displacement increases and
velocity reduction occurs more gradually. Acceleration profiles demonstrate an initial sharp
deceleration due to impact, crown formation and pioiHollowed by stabilization as the disk
reaches a constant veltcifter the pinckoff moment. Empirical equations were proposed for
prediction of pinckoff location and time, sinking velocity, and impact velocity of disks with

different densities and opening diameters.

The sloid disk entry in neNewtonian fluids created narrower cavities and piafftoccurred
later compared to the disk entry into water. The higher viscosity and elasticity resist the cavity
collapse. The crown formed upon impact is less pronouncedhiiawtonian fluids, resulting in
reduced splash and lower crown height due to dampened upward momentum. Disks deaccelerate
more quickly in norNewtonian fluids because of higher viscous resistance, leading to longer

sinking times.



Chapter 4

Energy losses due to entry of disks into water andscousfluid
mixture s

4 IIntroducti on

The collision of a solid object with water surface and its immersion, crown formation, and
splash have been extensively studied due to the wide applications of the topic in nature and
engineering design. Falling of droplets into water surface and falfifgva due to volcanic
eruption are some examples that occur in nature. Many applications of object entry exist in industry
such as civil engineering, oil and gas, marine, and many @hepkaya et al., 1982; Kapsenberg,
2011; Bodily et al., 2014; Sharker et al., 2019; Feng et al., 2020; Guillet et al., T202oli,
Khojasteh, et al., 2023The collision of solid objects with water is a complex phenomenon that
needs attention in order to be able to understand the entry of solid object into water and other fluid
mixtures. Several phenomena occur in the entry of solid objects in stagnaenhaauiof which
cavity dynamics, crown formation, and pirefi have been studied thoroughly. The cavity
dynamics is characterized by the piraff time, tp, pinchoff depth,h,, andthe position of the
object at the pincloff momenthq. It should be n&d that cavity generation and air entrapment do
not emerge in all water entry problems. Such phenomenon often occurs when the rigid body is flat

or when the water entry occurs in relatively hggeed.

The effects of controlling parameters such as solid object features (i.e., disk geometry,
mass, etc.), fluid properties, release condition on the key indicators of cavity dynamics are
important. Some research studies identified the impacts of differesttasuch as the shape and
the relative density of the object on the entry phenomenon of rigid bodies into stagnant ambient.
Most research studies in this field focused on the effects of geometry of the rigid bodies such as

sphere, disk, and projectile atitir aspect ratio on the key dynamic parameters.

A paper based on the content of this chapter is published.imtBmational Journal of Hea
and Fluid Flow Ebrahimi, M., & Azimi, A. H. (2025c). Energy losses due to entry of disks

water and viscous fluid mixturelternational Journal of Heat and Fluid Flow
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Other controlling parameters are the release height, impact velocity, and the impact angle
which control the cavity dynamics and crown formation (M. Wang et al., 2022; Belden et al., 2024;
S. B. Lietal,, 2024; X. J. Liu et al., 2024; J. J. Wang et @52 Other researchers studied the
effects of ambient fluid characteristics such as viscosity and surface tension on cavity dynamics
and crown formatiorfNigen & Walters, 2001; Akers & Belmonte, 2006; de Goede et al., 2019;
Sun et al., 2019)

Ebrahimi and Azimi (2024%tudied the effects of aspect ratio and disk density ratio on
cavity dynamics of cylindrical disks in water and viscous fluid mixtures. The effects of density
ratio, J o/} w, Where} q4 is the disk density anfy is the water density were examined for a density
ratio ranging between 1.10 and 2.50. Two aspect ratiddlof 1.5 and 3, wherB is the disk
diameter andh is the disk height were tested. The disks were released at rest and from a specific
height on top of the f|impadBreaudennumbdFg glaysamijor was f
role in cavity formation and crown development which is calculatéat adJ/(gD)Y?, whereU is
the impact velocityy = (2gh)*?), g is the gravitational acceleration, ands the release height.

The viscous fluid mixturesefers to the dynamic viscosity of the polyaveaiter solutions prepared

at varying polymer concentrations and the range of viscosity is bebvedr? and 580 mPa.s. It

was found that increasing disk den-efftimegandand mi
depth. The effect of disk aspect ratio on phothfeatures showed an adverse correlation at which

the pinchoff time and depth reded with increasing the disk aspect ratio. A series of exyasrtial

tests was conducted to explore the effects of ambient fluid properties on the entry characteristics
of solid sphere¢Akbarzadeh et al., 202Zywo Newtonian and neNewtonian fluids were used:
glycerin (a Newtonian fluid) and polyacrylamide (a #dewtonian, Boger fluid). The surface
tension, density, and viscosity of the fluids were maintained constantl#t0 mPa.s and densities

of } = 1206 and 1242 kg/inThe experiments covered a wide range of Froude numbergFirom

= U/(gD)¥? = 1.2 to 20 wher® is the diameter of the spheres. The variations of characteristic
length and pinctoff time in both mixtures showed that the piraif occurred earlier in Boger

fluid and a similar trend was observed in variations of pwithength. Their main finding wa

that the rheological properties of the fluid affect the fluid entry relevant phenomena such as pinch
off features in a way that Boger fluids enhance the dagnporce of fluid which leads to

consequent features.



Besides spheres and projectiles, the entry of thin and thick cylinders in stagnant ambient
have been predominantly used to study the motion and cavity dynamics during water entry and
pinch-off (Willmarth et al., 1964; Gaudet, 1998; Bergmann et al., 2009; Auguste et al., 2013; Lee
et al., 2013; Xu et al., 2021 he entry of cylindrical objects in stagnant ambient was advanced by
testing the impact and falling of hollow cylinders in stagnant Newtonian andNeatonian
ambient fluid mixtures (Hou et al., 2022; Liu et al., 2023; Bi et al., 2018, 2021; Zhouz2a2il;

Janati & Azimi, 2023)Li et al. (2024)conducted a series of experiments to investigate cavity
dynamics and its evolution due to the entry of a projectile with a canard wing. It was shown that

the canard wing is able to deflect the trajectory of the moving projectile. They proved that any
increments in the impact velocity caused the piofftdepth and cavity to ris&Vang et al. (2024)

conducted laboratory experiments on the entry of solid objects in moving ambient with the ambient
velocity ranging between 0.50 m/s and 2.85 m/s. A rigid sphere made of carbon chromium steel
with a density of = 7778 kg/ni and a diameter dd = 14.7 mm was used. It was found that the
angle of the tilted cavity (inclination of th
which is perpendicular to the fluid surfacgries with the ambient flow velocity and increasing

the ambient velocitynicreased the angle of the cavity. Experimental results showed that increasing

the impact velocity reduced the angle of the cavity.

Many researchers have developed theoretical and-empirical models to predict the
unsteady variations of cavity size during the penetration of rigid objects in \Ratela(x et al.,
(2007); Guo et al., (2012); Liu et al., 2012; Wang et al., (202 collision, pinckoff, and
sinking of rigid bodies in stagnant ambient fluid have been modeled by employing momentum and
energy equations. The momentum and energy of the rigid bodies at different stages of entry were
calculated for better estimatior cavity and crown formation, pinebff, and sinking. Different
semitheoretical and practical correlations have been proposed to evaluate the effects of fluid
properties and objectds geometry on vaon ati on
(Reseghetti, 2014; Turton and Levenspiel, 1986; Vayig and Rosenberg, 38a6j and Azimi,
(2020, 2021)

The entry of rigid bodies into fluids involves the conversion of various forms of energy at
different stages of evolution. The focus of this study is to investigate the energy transfer at different

stages of evolution known as the collision/immersion, Ipwit, and sinking. This process begins



with the presence of primary kinetic energy, which originates from the initial velocity of the solid
object. Such initial velocity is typically acquired by dropping or releasing a rigid body from a
distance from the surface of the fluid. At the collisitage, the kinetic energy at the impact is
transferred to the ambient and the transferred energy is used for crown formation and splashing. A
few studies have directly elaborated on the energy conversions and losses associated with a rigid
body entering aldiid (Cointe et al., 2004; Guo et al., 2012; Korkmaz & Guzel, 2017; Lee, 2000;

Liu et al., 2020; Wang et al., 2024; Sun, et al., 20RlJlifferent fluid mixture with varying fluid
properties and flow condition, different sorts of factors such as the viscous dissipation, turbulence
flow condition, and many other elements affect the energy bdtetrbi et al., 2024; Apareee
Scutariu and Shin, 2022; Barozzi et al., 1984; Islam et al., 2024; M. Wang et al., 2022)

Guleria et al. (2021performed a series of experiments to study the effect of density on the
entry of spheres into water. The density of spheres ranged bexd@@mand 7780 kg/frand the
diameter of spheres ranged from 3 mm to 5 mm. It was found that more than 80% of the steel
spherebés energy is dissipated within 100 mi/l
dissipation of glass spheres was around 50%. The energy congess® imparted with the
variations of surface and potential energy of the cavity and kinetrgyeé the impact. It was
found that the surface energy (i.e., impact kinetic energy) increases with the release height and is
abruptly reduced by the collision with the water surface. The reduction continues due to cavity
development and as the objectksininto the water cavity. Through a series of numerical
simulations,Yang et al. (20203howed that the kinetic energy of spheres, having the same density
as water (988 kg/f), reduced by more than 80% in the first 100 milliseconds from the collision.

Liu et al. (2023¥ound that the energy dissipation at the impact is due to formation of wave motion

at the water surface and the evolution of the calignciroli et al. (2015Yerified that the impact

energy losses vary between 60% to 80% for a rigid body mass of 0.2 kg when the release height
ranged from 25 mm to 100 mm. The velocity of the wedges decreased almost linearly while the
penetration length advanced in water. Ondbetrary, the entry angle of 28id not change the
penetration depth. The current gap based on the literature involves limited comprehensive
experimental data and understanding of the energy dissipation processes during the entry of solid

and annular dkss into norNewtonian fluid mixtures with varied viscosities and densities.



The current study presents a comprehensive insight into the effects of controlling parameters
on variations of energy losses in the entry of solid and annular disks into water and viscous fluid
mixtures. The variations of energy losses at different k@estaf solid entry are investigated, and
such variations are correlated with the rheological characteristics of the fluid mixture and the
release conditions of annular disks. In addition, clarifying how energy is transferred to the
surrounding fluid helpslucidate the progression and formation of crown, offering valuable
insights into splash dynamics. The intricate nature of fluid dynamics and the influence of various
factors on the phenomenon of rigid body entry into fluids necessitate further investitmti
deepen our understanding of how energy loss relates to the characteristics of the disk and the
surrounding fluid. Therefore, an extensive experimental study was carried out to explore the effects
of fluid viscosity, density ratio, and normalized digkening on the energy transfer between the
solid and annular disks and the surrounding fluid mixture. The dimensions of the solid to annular
disks, the range of density ratio, and normalized disk opening are based on the recent study by the
authors Ebrahimi and Azimi, 2025)where the importance and applications of the entry of the
annular disks into water and viscous fluid mixtures have been examined comprehensively. The
outcomes of the present study on water are used as a benchmark and the energy transfer in viscous
fluid mixtures are applicable in ambient like a swamp or mudflow. A summary of the findings and
a discussion of the characteristics of the fluid mixtures and the motion of solid and annular disks

were explained in detail in Ebrahimi and Azimi (2024, 2025).

This study depicts valuable insights for readrld challenges in ocean engineering, especially
in offshore and subsea operations. The surrounding environment can extend beyond the ocean to
include fluids with different properties which can be fdun swamps, marine sediments, and
drilling muds. The mentioned media required to be investigated, so understanding how solid
objects interact with these materials is essential for designing safe systems. The current outcomes
enable us to support the opiwa of the related applications such as oil spills or other pollutants,

ship slamming, boat launching in local area, etc.

The current research is followed by our future research where other geometries of the solid
objects (e.g., spheres) are experimented to provide a broader understanding-sifuitiigte
interactions while the applied fluid has different rheological befrayincluding sheathickening

and viscoelastic properties. The goal of our extended studies also includes studying the influence



of primary surrounding factors of fluid turbulence, and solid object impact condition. It should be
noted that other measurement techniques such as Particle Image Velocimetry (PIV) and

Computational Fluid Dynamics (CFD) can be utilized for further anatfdise phenomenon.

The present paper is organized as follow. In Section 2, a detailed description of the
experimental procedures and methodology is explained, and Section 3 presents the results
regarding energy losses at three stages of collision, qaificand sinking momats which occur
during the entry process. The section 4 is the conclusion remarks and recommendations for future

studies.

4 . Bxperiment al Procedure
A series of laboratory experiments was carried out in the Multiphase Flow Research

Laboratory (MFRL) at Lakehead University, Canada, to study the energy transfer from solid and
annular cylindrical disks into water and viscous fluid mixtures. Experiments eomducted by
employing a square tank of 400 mm x 400 mm x 1000 mm and the tank was filled to a depth of
700 mm with water and viscous fluid mixtures with different viscosities which were prepared by
mixing a polymer with different concentrations (se®l€4.1). For consistency and to negate any
variability on the initial energy, the release height of the disks was kept constant, and they were
released from a fixed height of 500 sketbthaibove
the experimental setup including the location of the {sigbbed cameras, source lights, disk
geometry, and the coordinate system. In addition, the acting and resistive forces exerting the disk

while it is sinking through the ambient are showikigure4.1.
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Solid rubber disks with a diameter@f= 75 mm, and height d¢f= 25 mm were used in this

study. Using two disks of the same diameter gave an aspect refizhof 1.5. Twelve disks with

three densities gfs = 1,140, 1,480, 2,500 kgAand three openings with diametersipf 15, 25,

and 40 mm were examined. To study the dynamics of disks entering into water and viscous fluid

mixtures, highspeed cameras (Phantom, Miro Lab 110, New Jersey, Wayne, USA) equipped with

AF Nikkor 50 mm, f/1.4D lenses (Nikon, Tokyo, Japan) weikzatl. The cameras were set to

record ata rate of 1000 frames per second, with a resolution of 1280 x 800 pixels. Adequate

lighting was crucial for capturing clear images, so telescope work lights with a power of 1000

Watts (Woods, 166 L13, CA, USA) were positioned around the tank to ensumabptiage

quality. The reliability of the experimental results was ensured through three repetitions for each

experiment. The average, minimum, and maximum values were shown with data points and

overbars, respectively.



Viscous fluid mixtures were made by mixing Polyacrylamide (PAM) polymer with water at
different polymer concentrations. The PAM polymer was supplied by the SNF Corporation
(RhoneAlpes, France) under the commercial name of FLOPAM AN 934 VHM. This poly@er w
chosen because of its safety, availability, transparency, and its effectiveness in enhancing the
viscosity of liquid mixtures in a controlled manner. The selected polymer has been widely used in
many research studiédlishra et al., 2011; Wong et al., 2006; Yan et al., 20IB¢ PAM depicts
high potential among many other additives as a role model for augmentation of the viscosity of the
liquid that has been tested in some industries such as in oil and gas indGstoie013; Jung et
al.,, 2013; Yan et al., 2013; Hu et al., 2017; Ebrahimi et al., 2020; Lu et al., 2021; Ebrahimi &
Sanati, 2021Ebrahimi et al., 2021)

To make the selected liquid mixtures with relatively wide range of viscosities, a fixed amount
of PAM polymer was first dissolved in a small and known volume of water. The concentrated
polymer mixture was then diluted with different volumes of water tonfdhe required
concentrations. The concentrations of PAM polymer in this study are 0.01%, 0.05%, 0.10%,
0.20%, and 0.30% by weight. An appropriate aging period of 100 hours was allowed for each
mixture to ensure complete dispersion and homogeneous distnilod the polymer in the water.

The experimental conditions were maintained at an atmospheric pressure with a constant
temperature of 25°C. The experimental protocol involved the water entry of twelve different disks
into water and viscous fluid mixturéeso assess the effects of f1l ui
disk opening diameter on energy losses at different stages of evolution. In total, more than seventy
distinct experiments were conducted excluding the repetitions of each experiment. Detailed
information on the physical parameters and the relativedimansional parameters such as
Reynolds number are listed in Tadl@. An inrrthouse MATLAB algorithm (Mathworks, R2018b,
Natick, USA) was employed to analyze the images captured during the experiments and to extract
data. Detailed information on the extraction of data and the related analysis can be found in
Ebrahimi and Aini (2024, 2025). The experiments were conducted on a laboratory scale, which
may not fully replicate the complexities in fdtale or industrial scenarios. The study focused
specifically on solid cylindrical disks while the results regarding the entry of flexible structures in
water is explained byravakoli et al. (2023)Experiments were performed at relatively low
velocities (i.e., less than 5 m/s), which limits direct applicability of findings to-sjged water

entry scenarios (i.e., more than 100 m/s) common in certain engineering contexts.
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Tabd4leCorrel ati ohyimet we e nC(p¥p nralgptpiag esigo 9ift wat er

and -Neownt oni an fluid mixtures.

C
o0 0 0.010 0.050 0.10 0.20 0.30
Viscosity 1 12 54 180 520 580
(mPa.s)
4. 3Experi ment al Resul ts

The time series of images on the free falling of an annular disk into stagnant water with a
density ratio of s/jw=1.48andar mal i z e ddv/b 020 is shown m Figure 2. The time
interval between each image is 0.01 seconds. The time history of images starts with the time at
which the disk collides with the water surface. This event is considered as the initial time of the
experiments and alltber events such as crown formation, phiath and sinking are referenced
to this initial time. Thirty milliseconds after the collision of the disk with the water surface, the
complete immersion of the disk occurs. At this event, part of the kinetigyenérthe disk is
transferred to the ambient fluid causing water splash and crown formation. As can be seen in Figure
2, droplets are formed at the peak of the crown and such structure was only found in solid entry in
water. The crown reached to its maximbeight after 40 milliseconds from the impact while the

disk was slightly immersed in water.

Figure4.3 shows the time history images of a ffaking annular disk into a stagnant viscous
fluid mixture with the maximum polymer concentration in this study ©.30 wt. % PAM). The
opening diameter ratio and the relative density of the disk were similar to the disk presented in
Figure4.2 with the values odl/D = 0.20 and ¢/} w =1.48. Due to faster development of crown and
pinchoff, the time interval between each image was selected as 0.005 seconds, which is half of
the time step in Figuré.2. Ascan be seen in Figure 3, it is evident that the crown height and the
size of the Worthington jet are much smaller in the solid entry of disks in a viscous fluid mixture
with relatively higher apparent viscosity. This indicates that more energy is retuifedn a
crown in high in viscous fluid mixture and the volume of displaced fluid is much smaller in the
presence of a highly viscous fluid mixture. Therefore, the amount of work done by the annular
disk to the stagnant ambient fluid was smaller thahdhevater. This indicates that more energy
was dissipated when the disk collides with a fluid with higher viscosity.
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43 . Tli me variations of disko6s position, velocit
The effects of mixture viscosity on the motion of annular disks were studied by measuring the

time history of the disko6s pdaldlistraiestme variatienlinoc i t y
the downward travel displacement, velocity, and acceleration of annular disks over time. The
density ratio and disk opening size were fixegdlpw = 2.50 andd/D = 0.33, respectively. Two

polymer concentrations & = 0.10 wt.% and 0.20 wt.% corresponding to apparent viscosities of

180 mPa.s and 520 mPa.s were selected. The experimental data on similar recent studies that were
conducted byAkbarzadeh et al. (2022); Jafari & Akbarzadeh, (2022) and Shokri & Akbarzadeh
(2022)are added for comparison. The density and viscosity of the fluids were maintained constant
ate = 120 mPa.s and densitiesjof 1206 and 1242 kg/fin the study conducted by Akbarzadeh

et al. (2022). The experiments covered a wide range of Froude numbef fradi(gD)Y? = 1.2

to 20. The data generated by Jafari & Akbarzadeh (2022) were on the entry of hollow cylinders
with a density of 7700 kg/frand a diameter dd = 25 mm and the ambient fluid was water. The

data from Shokri & Akbarzadeh (2022) were on the entry of spheres with a density of 7780 kg/m

and a diameter dd = 20 mm entering water.

Figure4.4a depicts the time variations of disk position for the selected tests and data from other
researchers. Increments in the viscosity of the fluid lead the sphere to travel a specific interval in
the shorter period around 20 milliseconds. The results ofrdngwelocity from Akbarzadeh et
al. (2022) were the lowest among all studies due to two key factors of significantly lower density
of the rigid body and the properties of the Boger fluid used in their studies. Both solid objects in
the study of Sokri & Akbarzadeh (2022) and Jafari & Akbarzadeh, (2022) descended at a faster
rate in comparison to our measurements for two reasons of using water and solid objects with
relatively higher densities than that of the present study. By comparing the emeests by
Shokri & Akbarzadeh (2022) and Jafari & Akbarzadeh, (2022) and our measurements in water, it
can be concluded that the differences in velocity and displacement data can be attributed to
variations in geometry (sphere, cylinder (hollow and soady disk) with different dimensions

and the presence of central opening in the cylindrical disks.
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Figure 4b shows the effect of ambient viscosity on the time variations of disk velocity and a
comparison with the data from the literature. The graph corresponds to the disk with a polymer
concentration of 0.20 wt. % PAM. As can be seen, the effect ofemmbiscosity on time
variations of diskds velocity is noticeable
viscosity (i.e., polymer concentration from 0.10 wt.% PAM to 0.20 wt.% PAM). The time variation
of velocity in presented data from theeidy of Akbarzadeh et al. (2022) decreased dramatically
due to relatively small density of the rigid body and rheological properties of the ambient fluid. In
contrast, the velocity of the hollow cylinders from the study by Jafari & Akbarzadeh, (2022)
decreased at a much smaller rate due to the lower surface area of the rigid object. Figure 4c
illustrates the effect of ambient viscosity on the tidependent variations in disk deceleration for
liquid mixtures containing 0.10 wt.% and 0.20 wt.% PAM polymée @nalysis is conducted for
a disk with a density ratio afd¢/jw = 2.50 anddy/D = 0.33. It is evident that acceleration
significantly changed in the first 50 milliseconds of the entry. After this initial phase, the variations
in acceleration decreased, and approach azerarconstant value indicating a constant sinking
velocity. In Figure4 .4c, the disks exhibit a significant reduction in acceleration, reaching a peak
value of approximatela = £Dum/ s 0 presence of a Boger

deceleration with time was significant in the study by Akbarzadeh et al. (2022).
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43. 2 Energy | osses
The energy transfer occurs at different stages of evolution upon releasing the disk from a

specified distance and colliding with the f1.1
losses with time, four distinct stages of evolution were identiffext represent substantial
phenomena during the entry of the solid cylindrical disk in the fluid mixture. These stages, which
have significant impacts on the energy transfer, are defined as the impact, immersieoffpinch

and sinking stages. The energyations between each of the above stages are written and three
energy losses were calculated knowing the position and velocity of the disks at those stages. Figure
5 shows themages of a fredalling disk entry into a fluid mixture and the associated energy level

at different stages of impact, immersion, piutf) and sinking. The total energy losses are
calculated by considering the energy balance between the potential eh#rgydisk at the rest
position and the variations of kinetic energy after tollision and during the sinking of a disk.

The surface of the fluid mixture is considered as the reference for calculation of potential energy.
Figure 5 shows the snaghot images of a falling disk in four different stages of 1) reaching the
disk to the surface of the fluid mixture, this stage is named as the impact/collision stage; 2)
immersing the entire disk into the fluid mixture, this stag@amed as the immersion stage; 3)
position of the disk at the pinatff, this stage is named as the pirafhstage; and 4) when the

disk reaches at a point where the sinking velocity of the disk is constant, this stage is named as the
sinking stage. The potential and kinetic energies at different stages and the reference line are
illustrated in Figure 5. The tw images in Figure 5 represent the position of the disk and the
associated potential and kinetic energies at the defined four stages of evolution. Since the disk was
at rest and it was released from a specific height, the kinetic energy at the releasepaet
equal to zero. When the disk reached the surf.
of the disk was transferred to the impact kinetic endegywhich can be directly determined by
measuring the velocity of the disk right before the collislenThe impact energy can be also
equated with the potential energy of the disk at rest by assuming that the energy losses due to air

resistance is negligible. The impact energy at the collision can be expressed as:
O am -davu (4.1)

wheremis the mass of the disg,is the gravitational acceleratiom, is the release height, and

is the impact velocity, which is approximatedvas (2gh,)*2. Figure4.5b shows the moment at



which the disk is fully immersed in the fluid mixture. At this stage, the velocity of the disk
significantly reduced due to the energy transfer between the disk and the stagnant ambient fluid.
The energy transfer is converted to the work done by the aistove the surrounding water and

to form the crown, water splash, and the cavitye velocity of the disk at the complete immersion,

Ve, was measured from the images taken by the highspeed camera and such velocity was used to
calculate the remaining kinetenergy after the impadgc.. The energy losses due to the impact

and immersion of cylindrical disk and formation of cavity and crown are expressed as:
0O O a4 YOO YO a4a'QQ "M -av (4.2)

whereh is the thickness of one diskigure 5¢c shows the image of a disk at the pioiftstage.

The kinetic energy at the pindif was calculated by measuring the velocity of the disk at the
pinch-off, v, and the position of the disk at the pirmffi stage,yp. The second stage of energy
transfer pertains to the pindif stage, where the energy losses occur due to completion of cavity

and crown formation. The energy equation at the poftitage is expressed as:
0O a4 O dQw YOOYO a™Qw Q -a0 U (43)

Figure4.5d shows the snaghot image of a disk after the pinoff and at a position at
which the disk descending with a constant sinking velogityAs it was shown in Figure 4b, the
velocity of the disk becomes constant once a balance is reached between the gravitational,
buoyancy, and drag forces. The constant velocity of the disk at this stage is called the sinking
velocity, vs, and the position at which the sinking velocity is reachge iBhe energy equation at
this stage is calculated as:

0O a@ O @ YOO YO 4w w -a0 0 (4.4)

The tot al eEm, ean geycaldulated Hyetlse, sumgpation of the energy losses at

all three stages of evolution as:

YO YO YO YO 4Qn Q ©O (45)
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43. 2.1 Energy | osses at the collision and i mme
The energy losses due to the collision between the disk and the fluid mixture were

calculated for cylindrical disks with different densities and fluid mixtures with different apparent
viscosities. The transferred energy from the cylindrical disk causeidnraitthe surface of the

fluid and formed a cavity and a crown. The size and properties of the cavity and crown were highly



dependent on the amount of primary energy imparted to the fluid mixture. The extent and shape
of the crown and cavity were directly influenced by the initial impact energy and the magnitude of
the transferred energy to the mixture, dictating the dynanfiflsiid displacement and surface
deformation. Figure 6 shows the effects of disk shape and density on variations of energy losses
due to collision in mixtures with different apparent viscosities. The horizontal axis in Figure 6 is
the disk opening ratio anthe vertical axis is the energy losses due to collision normalized with
the potential energy at the position of disk immersion. The subplots in Figure 6 shows the
variations of energy losses due to collision for fluid mixtures with different polymeentations

of C = 0.05%, 0.10%, and 0.20% and each subplot contains three curves corresponding to three
different disk density ratios gf/jw = 1.14, 1.48, and 2.50. The overbars in FigBa shows the

range of measurement uncertainties in calculati@mergy losses due to collision. Energy is used

to deform the water surface, creating cavities, crowns, and associated waves. Such deformation

dissipates the kinetic energy, transitioning it into surface fluctuations and heat.

As can be seen from Figu#eb, the normalized energy losses decreased with increasing
disk density and normalized disk opening diameter. Figgaeshows the variations of normalized
energy losses due to collision for disks immersing into a fluid mixture with relatively low polymer
concentration. As can be seen, the energy losses significantly dropped for disks with a central
opening and the effedf opening diameter was found to be negligible on variations of energy
losses due to collision. The minimwnergy losses due to impact was founddféd = 0.33 and
the impact energy losses slightly increased with increasing the opening diameter. A slight increase
on the impact energy losses may be due to formation of boundary layer at the inside wall of the
opening that causes disturbance and frictiothdlgh the contact area at the bottom of the disk
decreases with increasing the opening diameter, the area of the inner side of the disk increases.
Such increase on the overall contact surface leads to a Higiien and consequently greater
energy losses he energy losses due to immersion for the lightest solid disk was approximately
68% of the potential energy and it reduced to approximately 40% due to presence of a central
opening in a diskAs the viscosity of the ambient fluid mixture increased, the effect of normalized
opening diameter became more evident and the energy losses due to collision reduced with
increasing the central opening diameter. This indicated that the energy lossésdalksions are
mainly due to the work done by the fluid to move around the cylindrical object.



Increasing disk density elevates its initial kinetic energy, reducing the relative contribution
of buoyant force to overall energy losses. While the buoyancy acts as a resistive force during entry,
heavier disks possess greater inertia, thus diminishagethtive significance of the buoyancy
induced energy losses. At first, the larger central openings decrease the frontal area exposed to
fluid resistance, significantly reducing drag and hence the work done against fluid resistance.
However, as the opergrsize further increases, the wetted surface area along the inner diameter
expands as well. Such opening enlargement enhances the interaction between the disk surface and
the surrounding fluid, resulting in an increased to drag contribution from the sonfces.
Consequently, such interplay leads to elevated energy losses despite the initial gains from reduced
frontal resistance. Taken together, these factors reduce the fraction of the initial mechanical energy
dissipated through pressure work and tuebhak, so the normalized energy losses decline as the
relative densityjdjw, 1 NCr eases. The work done by the di ¢
pressure and viscous drag) is included in drag force. So, the variation of drag with increasing

opening size ratio is automatically captured.

Figure4.6¢ shows the effect of disk density and opening diameter on the energy losses due
to collision and immersion into a more viscous ambient. As can be seen, the energy losses reduced
by the existence of a central opening on the cylindrical disk and minimargyelosses due to
impact and immersion occurreddwD= 0. 2. The results indicate t
contact surface can significantly reduce the impact energy losses, and such reduction is
independent of disk relative density and mixture viscosity. The energy losses due to impact of
hollow disks with relatively large opening diameter ratiodafD = 0.53 with relatively viscous
ambient fluid was highly dependent on the relative density of the disk. The energy losses due to
collision and immersion in relatively light disk with large opening ditanwas approximately
70% of the potential energy and for heavy disks with the same geometry it was 20%. The
significant difference on energy losses due to collision and immersion between the light and heavy
disks was due to the impact velocity as theantpelocity in light disk with large opening diameter
significantly dropped due to low inertia while the heavy disk penetrates into the ambient fluid
mi xture with relatively smaller disturbance o1

through crossirag forces exerted on the disk during its entry and sinking stages.

MHY



100

a)
—{—d/jw=1.14, C=0.05
—~~ —0—djw=1.48, C=0.05
§ 80 —Oo—jdyw=2 . 50C=p5
g
N
+ 60
(o]
&
: 40
Re]
-~
Ig' 20
0
b 100
) —{—,djjw=1.14, C=0.10|
—_ —0—dpw=1.48, C=0.10|
X 80 —O—d/jw=2.50, C=0.10|
p—
~—~
N
+ 60
(o]
=
S 40
Re)
d o
0
100
C) —O—, dljw=1.14, C=0.20
— —O—ydyw=1l . ,48C~20
S 80 —O—} d/jw=2.50, C=0.20
N—r
)
N
+
(o]
=
g
ke
4

0 0.1 0.2 0.3 0.4 0.5 0.6
d./D

FigdeEffects of poldimek ,deansdetnotpreandimnnogn ad ii aame toenrs
energeys ldoses to collision i n mixtur s Wi tOb d4 f
PAM,CH)0. 10 %W=PAM,20c )% PAM.

MH



43. 2.2 Energy dob6é$§sesage the pinch
Figured7 shows the effects of diskbés opening d

losses at the pinebff stage. The horizontal axis in Figld s hows t he variati or
opening size and the vertical axis is the energy losses at the-gffncbrmalized with the

summation of total potential energy and kinetic energy prior to the jofickigure4.7a, shows

the effect of disk density ratio on variation of energy losses at the-pffiathile keeping polymer
concentration constant & = 0.05% PAM. Figure4.7b depicts the effects of polymer
concentration while the disk density ratio is constant with a valygjaf= 1.48. As can be seen

in Figure4.7a,disk density significantly affected the variations of energy losses at the-gfinch

and it increased with the reduction in disk¢c
experienced greater relative resistance and turbulence as they interabewitid, resulting in

higher dissipation of kinetic energy during the piuth

The opening diameter had a relatively small impact on variations of energy losses and such
variations pronounced in disks with higher density. For example, the energy losses due to the
pinchoff for a solid disk with a density of 1.48 times of the densftyater was 80% and such
energy losses increased by 10%, reaching to 88% for a disk with the same density and opening
diameter ratio ofl/D = 0.53. The effect of ambient viscosity on variations of energy losses at the
pinch-off indicated that the energlpsses increased with increasing ambient viscosity. The
normalized energy losses due to the pinffiby a solid disk in water was 78% and it increased
by 9% when the same disk experienced piotfhn a fluid mixture with a polymer concentration
of C = 0.3% PAM. The relative opening diameter increased the energy losses due tofpinch
al most Il inearly. Overall, an id/bx®x8ewmtedin t he
approximately 10% increase in the energy losses due to-pfhclihis sugests that larger
opening in the disk enhances fluid flow through the disk, increasing the turbulence level which is
translated to higher energy dissipation. Increasing polymer concentration leads to higher energy
loss for the disks until they reach thagtoff stage. This is due to the increased viscosity of the
fluid, which enhances the resistance to the disk's motion and amplifies viscous dissipation. As a
result, more kinetic energy is transferred to the ambient through fluid friction and dragngelayi

the pinchoff moment and intensifying the overall energy losses.
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The pressure distribution varies as the disk opening size fluctuates the flow through the
disk. The produced vortex impacts the stability of the cavity walls and alters the energy dissipation.
The nonNewtonian fluid's elastic properties impart the kinetiergy and cause dampening of the
primary energyFigure 8 shows the effects of disk density ratio, polymer concentration, and disk

opening on variations aformalized energy losses at the phath The horizontal axis in Figure
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4.8 is the polymer concentration and the vertical axis is the energy loss due tofbimatmalized

with the summation of potential energy akidetic energy prior to the pinebff. The effect of
opening diameter ratio is isolated and the effects of disk density ratio with variations of polymer
concentration are shown in Figut@a. As can be seen, energy losses due to jafichcreased

with increasing polymer concentration and reduced with increasing disk density ratio. However,
the effect of densityratio on variations of energy losses reduced with increasing polymer
concentration. The normalized energy losses due to-afidi a hollow cylindrical disk in water
(i.e.,C = 0%) increased from 65% to 95% as the density ratio dropped from 2.5 to 1.14. Whereas
the energy losses due to pincth of the same hollow disk in a mixture with polymer concentration

of C = 0.3% PAM increased from 84% to nearly 100% as the density ratio dropped from 2.5 to
1.14.

Figure4.8b shows the effects of polymer concentration and disk opening ratio on variations
of normalized energy losses due to piadhfor a constant disk density ratio of 1.48dding a
small amount of polymer (i.e., 0.01 wt.% PAM) to water slightly increased the energy losses due
to pinchoff. As the polymer concentration increased from 0.01 to 0.05 wt.% of PAM leading to a
slight reduction in energy loss of hollow disk witHatesely large opening diameter ratio. For
polymer concentrations in the rangf 0.01 to 0.05 wt.%, the trend of energy losses deviated from
the expected correlation with polymer concentration, showing a reduction instead. A comparison
between the controlling parameters in Figdi&b indicated that both polymer concentration and
opening size ratio have the same impact on variations of normalized energy losses at the pinch
off. In addition, larger density ratios amplified the contribution of the gravitational force in
comparison tolte total energy requirement, while larger opemiiagneter ratios modified the flow

patterns and stress distribution around the disk.
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To depict the |1 mpact of di skbdés ebHrnthei ty r
correlation between disk density ratio and normalized energy losses due tofbiwels plotted
in Figure4.9. This graph provides a quantitative visualization on how disk density correlates with

the energy dissipation due to pircfi. The disks with the same opening diameter ratid® =
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0.2 were selected and variations on viscosity of the ambient fluid mixture were shown in family

of curves. As can be seen, the normalized energy losses due toflidebreased almost linearly

with density ratio and i rsuiscasity.sTeislcomiguration shows r e a s
t hat i ncreasing the mixtureds vVviscosity | eads
ascending viscosity levels. A comparison between the disk density increments from 1.14 to 1.48,

and 1.48 to 2.5 (i.e., 30 and 70% increase on density), the energy losses of an annular disk in

water due to pincloff reduced by approximately 10% and 40%, respectively.
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Higher disk density increases the gravitational force, ending to greater impact momentum
and deeper cavities. In ndtewtonian fluids, the interplay between the increased momentum and
the fluid's resistance delays in pirafi moment. The density also afts the rate of energy
transfer from the disk to the fluid, influencing deceleration and sinking behavior. It was observed
that annular disks entering ndrewtonian fluid mixtures produce througlole jets whose

characteristics depend on the opening smefluid viscosity, and consequently the amount of the



energy that transfers to the fluid form the solid obj&be above figures showed the effects of
controlling parameters such as ambient viscosity, disk density ratio, and opening diameter ratio on
variations of normalized energy losses at the pof€hirhe mentioned controlling parameters have
different impactson variations of the energy losses and a nuatiable regression correlation

model was used to determine the impact of each controlling parameters. The effect of ambient
viscosity, varied by theolymer concentration, was shown with the Reynolds number. As it was
shown in Figured.9, the effect of disk density ratio on energy losses due to jofickias more
pronounced and the mubltariable regression correlation model found a power of 0.5 for this
parameter. The effects of ambient viscosity and normalized opening diameter wertofba the

second and third importance level and the powers of 0.05 and 0.005 were chosen by the regression

model.

Figure4.10 shows the variations of normalized energy dissipation due to-pfhehth
the combined controlling parameters having the optimized powers of 0.5, 0.05, and 0.005 for disk
density ratio, ambient viscosity, and disk opening size ratio, respectively:TH3¢ variations
from the average are shown with dashed lines in Figure 10. For better visualization of data, the
correlation of all data was sorted for different disk density ratio and ambient viscosities. Figure
4.10a shows the correlation between corelicontrolling parameters haviogtimizedpowers
with normalizedenergy losses due to pinofff. The results were sorted out based on the three disk
density ratios of 1.14, 1.48, and 2.50. As can be seen, the effects of other parameters on variations
of energy losses due to piroff increases with increasing densigtio as data scattered less in
disks with small density ratio and more in disks with large density rajigjaf = 2.5. The effect
of ambient viscosity on correlation between combined ctimgoparameters and normalized
energy losses due to pinoff is shown inFigure 10b. Same scatter levels are observed in Figure
10b indicating a consistent influence of ambient viscosity (i.e., polymer concentration) on
variations of normalized energy losses due to pwofth suggesting that while polymer
concentration affectshe system's behavior, its impact may scale uniformly across different

conditions.
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43. 2.3 Energy |l osses at the sinking stage
To compare the magnitude of energy losses at different stages of evolution, the energy

|l osses due to the collision of -aff aodysinkingwerei cal ¢
combined, and the combined energy losses were compared withiahertergy of the disk. The
total energy of a disk is calculated by the summation of the potential energy, using a distance

between the release position and the settling position at the end of the Region of Interest (ROI),



and the kinetic energy based on the sinking velocity. The effects of controlling parameters on
energy losses for solid cylindrical disks, without an opening at the cerfer<0), are shown in
Figure4.11. This figure comprises of six subplots for different polymer concentrations and each
subplot displaying three energy loss graphs corresponding to different disk density ratios. Within
each subplot, the column graphs illustrate three types of energy less@grcentage of the total
energy Er. Each bar plot represents three sections. First, the energy losses during the collision and
immersion as a fraction of the total ener¢gypE)/Er. The second section in each column bar
represents the energy losses tlu@inchoff as a percentage of the total ener@p,k)/Er. The

third section in each column bar illustrates the energy losses associated with the sinking phase,
(pB)/Er.

Figure4.11a shows the energy balance of a solid cylindrical disk in water. As can be seen,
the normalized energy |l osses due to collision
energy losses in pinebif stage adversely correlated with the density rdin@ most impact of the
density ratio was in the sinking stage at which the sinking energy losses in relatively dense disks
was found to be much smaller than that of relatively lighter disks. This can be due to the stability
of heavy disks in sinking stagehich can reduce the energy losses significantly. As can be seen,
the sinking energy losses in solid disks with a density ratio of 1.14 was equal to 21.85% of the
total energy whereas such energy losses in relatively heavier disk was only 2.32% ddlthe tot
energy. This indicated that relatively dense disks can preserve the total energy much better than
that of lighter disks. Such observations were found to be consistent regardless of ambient viscosity
and the sinking energy losses in heavy and solid desksd between 3% to 6% of the total energy.
Based on the findings @uleria et al., (2021}t was shown that approximately 90% of the primary
kinetic energy is lost for a sphere with a density of 2500 kg/m3, whereas around 50% is lost for a
sphere with a density of 7780 kg/m3. These results align with the current study, confirming that
the dendy of a rigid body significantly influences the energy losses. Specifically, an increase in
the rigid bodyds density reduces the primary

A slight increase on the ambient viscosity altered the composition of energy losses at the
three mentioned stages and such transfer of energy losses was more pronounced in relatively
heavier disks. For example, for a disk with a density ratio of 2.5ghtsthange on polymer
concentration from water (i.eC = 0% PAM) toC = 0.01% PAM (comparing Figureslla and



4.11b) reduced the energy losses due to collision from 31.47% to 28.18% indicating that the slight
increase in the ambient viscosity reduced the water movement and formation of large crown and
fluidds spl ash. Th eoffslightlyirgrgaset with theeaslditidnuokambiemt pi nc
viscosity from 12.78% to 17.51%, which can be due to formation of cavity and additional work
done by the disk to create and hold the cavity. The small addition of ambient viscosity continuously
reduced the sinking veldgiof the disk due to formation of larger skin friction drag force resulted

in almost doubling the energy losses due to sinking, a change from 2.7% to 5.92%. As it was
expected, the addition in ambient viscosity increased the total energy losses. Tkadaggl

losses by a solid disk entry in water and in a fluid mixture with 0.01% PAM were 47%, and 51.6%
of the total energy, respectivelyhe drag force promotes the total energy dissipation. In addition,
increasing the disk opening reduces the frontd arhich reduces the drag force and consequently
the energy dissipation related to crosag flows. The viscosity of the fluid further enhances the

draginduced energy losses through viscous dissipation and turbulence modulation.
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Figure4.12 presents the effects of disk opening diameter on variations of collision and
immersion, pinckoff, and sinking energy losses for a constant polymer concentration and density
ratio of C = 0.30 wt.% and 4/} w = 1.14, respectively. The disk opening diameter ratio varies from
zero to 0.53 which are presented in columns I, Il, 1ll, and 1V, respectively. As can be seen, the
energy losses due to collision significantly dropped from 31.47% of the total energlydalisks
to approximately 20% by annular diskehe sudden drop in reduction of energy losses due to
collision is due to reduction of contact surface of the disks. Further reduction of the disk's contact
surface reduced the energy losses due to collision from 21% to approximately 18% of the total
enegy of the disk. The reduction on the energy losses due to collision was compensated by the

energy losses due to pinofff.

As can be seen from Figutel 2, the percentage of energy losses due to foffdhcreased
from 23.71% in solid disk to 36.3% in an annular disk wi#d = 0.53. Such growth in energy
losses due to pinebff may be due to formation of Worthington jet in annular disks (see Figure
42). The energy that is required to develop t
energy and such phenomenon increases the energy losses dueffpiRaure4.12 shows the
steady growth of energy losses due to skinning with the central opening on the disk. This indicated
a steady growth on the percentage of sinking energy losses from 18.42% in solid disk to 22.45%
in an annular disk witll/D = 0.53. The steady growth of energy losses due to sinking may be
correlated with the increase on the contact surface in annular disks. The higher opening diameter
increases the contact surface area which increases the friction between the disk andetite amb
fluid. The totd energy losses in solid and annular disks with different opening diameter ratios of
0.2, 0.33, 0.53 were 73.6%, 74.79%, 75.54%, and 76.66%, respectively. This indicates that the
total energy losses increased with the existence of the central openingcasased with
increasing the opening diamet&he kinetic energy variation results from the balance between

gravitational forces and resistive forces from the fluid (i.e., viscous drag and elastic stresses in

MO



nortNewtonian fluid mixtures). The disk imparts momentum to the fluid and initiate cavity
formation. The rate of momentum transfer depends on disk mass, impact velocity, and fluid
properties. The present ndrewtonian fluid mixtures exhibit shedependentviscosity and
elasticity, affecting how the fluid alter the behavior of the sinking disk which influence drag forces
(Ebrahimi and Azimi, 2024, 2025).
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4 . &oncl usions
The present study elucidates the dominant mechanisms governing energy dissipation during

the entry of solid and annular disks into water and viscous fluid mixtures and the subsequent cavity
formation processes. Our results demonstrate that collision lwathquid surface is the critical

stage where most of the initial kinetic energy is lost, establishing a strong link between disk
density, ambient viscosity, and geometric configuration. Four distinct stages of evolution, named
as collision, immersion, pah-off, and sinking, were identified that represent substantial
phenomena during the entry of the solid cylindrical disk in the fluid mixture. The energy losses

due to collision and immersion significantly dropped for disks with a central opening while the
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effect of opening diameter was found to be negligible on variations of energy losses due to
collision. The energy losses due to immersion of the disk in fluids mixture was approximately 68%
of the potential energy for the lightest solid disk and it reduoeabproximately 40% due to
presence of a central opening in a disk.

The relative density of solid and annular disks significantly affected the variations of energy
losses at the pinebff and an adverse correlation was found between disk density and energy losses
at the pinckoff. The effect of ambient viscosity on vari@ts of energy losses at the piruaft
indicated that the energy losses increased with increasing ambient viscosity while opening
diameter had a relatively small impact on variations of energy lossesultievariable regression
analysis determined the partance of the controlling parameters and found that the density has
the highest impact on energy losses due to paftfollowed by the ambient viscosity and opening

diameter.

The percentages of energy losses at different stages of evolution with respect to the total energy
of the disk were calculated for all testhie most impact of the density ratio was found to be in
the sinking stage. The normalized sinking energy losses in relatively dense disks was found to be
much smaller than that of relatively lighter disks. It can be concluded that relatively dense disks
can preserve the total energy much better than that of lighter disks. Experimental data indicated
that the ambientiscosity altered the composition of energy losses at the three mentioned stages
and such transfer of energy losses was more pronounced in relatively heavieDdéeskd, the
total energy losses increased with the existence of opening and a direct correlation was found

between total energy losses and opening diameter

A significant portion of the diskoés kinetic
in splash formation. Pressure at the flaalid interface induce abrupt fluid acceleration in outward
direction, overcoming surface tension and gravity, andsequently generating droplets and
splash. The splash is influenced by elements such as impact velocity, fluid viscosity, and the
geometry of the disk. Overall, the present experimental data indicated that higher impact velocities

and lower viscositiegesulted in more splash generation.



Chapter 5

Effects of impact geometry and orientation on water entry of
cylindrical disks
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dJ/D

h/D | dJD hs/D _

TestNo, D/h | ydyw| g/p | /T | ho/D | ha/D | VoVe | frontal | frontal | .. . Side
view | view Side view view

1 1.14 1.42]1.37|1.84[0.75] 160 | 243 | 081 508
2 148| o |1.44[148[211[2.20| 141 | 249 | 087 212
3 2.50 1.48]1.65/2.80(3.80| 145 | 251 | 0.87 215
4 1.14 1.41(1.35/1.79(145) 109 | 244 | 095 209
5 1.48| gy |1.43]1.41[2.07|241| 135 | 251 | 0.96 513
6 | |25 1.46]1.61|2.76[4.72] 157 | 251 | 105 515
7 1.14 1.37(1.33[1.76[1.04] 197 | 243 | 1.00 207
8 148 533|1.42]/1.38[1.85/2.01| 139 | 249 | 1.01 211
9 2.50 1.46/1.60(263|4.17| 157 | 255 | 1.07 515
10 1.14 1.34/1.15[/150[ 0.68] 110 | 242 | 097 509
11 148 53| 141 1.35(1.59[1.29] 159 | 257 | 1.00 512
12 2.50 1.451.59| 253268 179 | 259 | 110 216
13 1.14 1.18[1.30| 1.54| 0.78] 550 | 160 | 0.40 150
14 148| 5 [1.20]1.41[2.00(240| goo | 166 | 0.49 157
15 2.50 1.25/1.48|2.40[3.80| go5 | 171 | 055 1.80
16 1.14 114 1.27|151[152] 509 | 183 | 065 1.45
17 1489y |1.18/1.371.80(253| g5 | 185 | 0.67 146
18 | |250 1.24]1.45(2.34[4.00] ogo | 193 | 069 155
19 1.14 1.14/1.06| 1.48[1.17| o509 | 184 | 0.70 1.46
20 148|033/ 1.17[1.29] 1.72] 224 gg9 | 185 | 073 154
21 2.50 1.21]1.38(2.31[3.80] gg2 | 196 | 0-80 156
22 1.14 1.12[1.02]1.23[0.77| g9 | 183 | 023 151
23 148 y53|1.17|1.15[1.55[1.57| go3 | 188 | 0.30 155
24 2.50 1.20[1.35]2.16(3.52] 9409 | 197 | 045 157
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5.RBesults and Discussion
Fi gbr eshows the experimental setup of the ¢

water, disk geometry, coordinate system, and

with the two mentioned aspect t &dni oTso ipnr easdednitt
three understudy perspectives, °thbleiequenpgean i
Vi ews. Figure la shows -bhedsnskpehodfyfi ara@neineto.p
Fi gbhlrbe shows t hecemadeskoenthyg from the experi
and Azi mi (2024, 2025a). As eoann rbeel esaeseen ,o0 rti heen |

asymmetric -avinirl el ¢ daee f@rcieent at i-oma g eod nsp laa Sy ma

Fi g2 epresents the probesshofdimageamadhabygs
al gori tTthres or i gi nal i mages were converted to ¢
background subtraction algorithm was perfor me
background noi ses wer &Garuesnsoivaend fbiyl tiempilnegme nwhiinc
the precision of subse@eeftohremdegdeg ed ed eetce d toino o r

i mages were transformed to binary format wusi ni

the Sobel and Canny operator edge det(elcytnnon w
et al., 2021; .Shihab Ahmed, 2018)
Original photo Grayscale Bakcground noise
suppression
ABackground Gaussian
subtration filtering
Exctracting Edge Detection Binary Format
information
Sobel and Canny Automatic
algorithmes Threshholding

Figb2€hgr ocesmagef anahyesbol di ng, and boundary
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1 Splash and cavity evolution
Fi gbBe®50 show the timefaétiaeag dmagessi ot of t de
three different views of frontal ,Dheblli ue,
ile the opening size and density ratios var
i gurgess sl | i seconéds stBagh segqmence | inks to e
ading to a comprehensive 360A visualization
rspectsipviearsahn ottttheedr prheelnao me n a .

Fi gb3 eprestinime hihet ory i mages -bal thegfsohitad
d®=0) i n stagnant wetnerordcelnltiadiimgn i(nlreistts Ned ¢
t hejdjd+1s.kd 8.s The chronophotographic photos

unts as the th=f@®).enicte ttaknes (aperoxi mately 3
come fully submerged in water a-oaflf wot ht hetd
curs.eUmndexkieoutdrh studies i mftfiha eltiatcenreadt wart e omH
e pfhchs not confined to a single point in

stinct points, one at t hedicseknt eSucdhh dai trpd onccaht
spatially distributed pinehfi ngeommmethayn, smher
mmetrical gaps beffiwepni ntheamceéntthheall ptiedrcdl or
rved cont adts ks wrntf &@ hee a fmptalce dnoment .

The splash ewopnl dtsknenhredgse not symmetric
stinctly depending on the orientation of th

ight on the sides is higdrtr d4mhlamsh hpe alod drh
e sides while the two central peaks of si mi
ter al splash heights. Positioned between th
rmi ng conecaatv es esrevcet iaosn st rtahnsi ti onal connect.
|l ash regions. I n addition, many droplets ar.
the splash, which may I mpact ohé.energy di

MP M



Fiuge3 Ti me hi st ofrryonitnaalg evbifreeWes ®é dipd k i n st agnant
density ratio andjdpnsfied@h=1tabi oTbé thmedisker 8:
i magp=0.s81

To provivdbesuaal3i6z0ati on of the disk entry pher
are presenbéedadbd Fn§&i @fext No: 7), the disk
and aspect rati osdi/D£0 .t3wdpw=1 e Bhd/lmawrle 5e q ueels ptec t i
Similar 530 ttFhgutrieme i nter giael MDdtl weseerc oemadcsh il ma
than 40 milliseconds for t heofdfi shka ptpoe niendmearts ea
milliseconds after the i mpact mo me nt a’nd t he
orientathbb5o n(.TeFsitg uNoe: °Yi)des hoiweswt hfest®i®eans ame Fdis
54. A comparison between the time series i mag
di sk dengdjd=1 .8t i o nids cates a | onger i mmersi or
attributed to thejdilwetvel 4)di 64 Habripde r Egr tr laeé i mmo r( e
opening diamet erd/D=8t. 138 acfomplaeedi s tHhe solid
exi stence of a hol ei ndudedck fddrske sg etnleatat®ct fads
causing the disk to sink more slowly. 53he spl
foll ows the same pattern as the solid disk in
mi ddl e section of the splash where the middle

MPp H



side splash in the frontal view, indicating a
orientation. Al l di sks included a rounded ri

1NO.mMm. Therefore, across atb peespettsmest hf hi

a wavke cavity regi me.

Fi gbd4&i me hiinsatgoensy | a4dcpu ecoovfa  f-fraelea h nglliassrk i n st agrt
wat elrh e hol e di,ameeasi tryatrati o, ofanttheesatspec
ardgD=03 3jdjw=1. Dh=1.,5respElte itvielmg i ntervalgbet we e
=0. 81
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Fiuge5 Ti me hi st osrivdieemia gfdreelafn ma@li sk i n sfTadagnant
hole diamedensirtay i oat ioof, tahmedddsOBBe/fwv=T.at4d o
Dh=1.,5r espElte itviethgg . i nt er valgaOetbween each | mage

Fightrei |l |l ustrates the snapshot i mages of f 1l u
aspect ratios, and di sk kdlfe moineed .i rnlthce rvea taare
where each includes three phot @k brleiPpgruees, e nan dn g
views of the same disk. Twelve distinct exper

as a sample to depict the difference between
bet ween the water enptmwytpheéememsmpomrasheswyodiudl lo
splash formation by a disk with adid=elnsDA,y r at.
= 1. 9%/D=n@3 (Test No: 7). For different perspg
frdmeft to right, thef kevegpaphmsthe rdd asoeftfpr nal

mo mead,t ,and sphsaswerheigthttai ned by i mage anal ysi

I n Fi5¢bre the di sk density rati o, di sk as
arjéiw=2. Dhx 1. B/D=8nd Test No: 3). A Gémapathhdson b
indicates that incrgpsinddthe Q@eboi oNcEr aempe df
and splash bieei gihtowsFitdhpher e diDFO3 e h t)ggFandstod,i s k
anh= 3.0 (Test No: 15). The disk aspect ratio

Mp n



of f evolution properties, wb/ex e3 .fMm,r tthhe dpls&ks'
and height besdiodéd flRratmuweleast edcpi meld dr amati ca
of pafnfchand splash curt pfiwrlf @Oh=-a B . GWiDh=®nN&r3 di s
(Test No: 22). A cooyfiplamthaglonnbiet weesn Fhaguresduc
exi stence of a hole introduces air into the

movement . pT meefhfe f bept, h, splash height, and spl:
signifi Ot By 0O, Fdrme middle splash height is |
contrasts with the same oboDkhrvdadt 5on with a sm

Fiug 861 magewateefrt ry of ddi § ks enti tatbegpresinhiopreastii nog
di amatet -of pi hieHwel . Bh= lansyD=033 jbnw=2. Dhx

1. and/D=0, jdogw=2.,5/ & 3a0dy/D=000 diw=1.,1Dth= 3.0,
and/D=053. The | eft image in each subp?oobtl iigsuet,he
and right i mage is the side views, respective

Mpp



To study the effects of release orientatio
object at the collision, the splash -doramadi on
edge orientations were comparsediwlki ldenslilt ygt o
and aspect ratio were kept coeonnstiampta.ctT hoer ite nnea
taken from the present study, and the result
Ebr ahi mi and Az2i0n2i5 b()2-6fBodrj npaBceeb a pr B ns howent hé&
ti me history -fianalgiersg ofoltihee direlke coll i sion and
150 milliseconds after the juippaktld Thored darmrs kas
ofblh= 1.5, i-on banhthnédgege ease orientations. The
consecuti vegi=i mm&geaend | wWaseconds and t hoen cionmplaicsti o
orientatb7oan) ((FTiegsur eédo: i Imp axcrtd ofrd@&)t .atAsonc arFilbga
i n then erdgleease orooéntaccanpedhd@a0pmnbhndeconds

fa-om rel ease oriodrit avtaisorextteme epi rrafhft hté =maep porfo x

145 milliseconds.

The fundamental appearance alteration can b
splash f-onm ithmpadtaceri entation establishes the
after presenting the inwaald movemensplwasikc hevas
On the contrary, the splash evolved asymmetr.i
evolution of the splash. The splash evolved i

occurred.

\ S
i S

i [+ L i . i i i i i

EREEE S kEERE

Fiug 87 A comparison boent werethn ft dnee re]d gefmpsaaciltni @ g di
stagnamtodwaltkear . densi fdyn=t al 4 0and anDlie=<dp®&he rati
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time interval b et weaiss0 . @d nas)eocaudigmvpea ct or + ent at i

one i mpact orientation.

53. 2 Pifdch i me
Fi gb& eshows the effects of controll oidbg par a

di sk densgiwt yamdatdioskbDhaspectaraat opnsofoff tniomema
The miffcl,i mea,s normali zed with=BlgcRkegaest ¢ hiest i
gravitationalg=acx.ePlerdmids ohh¢i desk di ameter. F
variation of eifrhe t/§ immnltehs st hpei ndcihs k hol e si ze r
The presented results are | Dim¥t®2.d5toBasheddors kt
presented in Figure 8a, amermdtvlee scki clorhellatdioz
of f time. Such a redd@c¢titomeofwi hdr maliezesd zei ma
when the density ratio is small erof fTot ianded rfecsrs
conducted ethpemnivmemtas,s are plotted as a samg
experiments with tdye= dd.sk0 demdidiysdi/lat o e 0Fj ze

respectivel y.

Overall, the difnie /& inognalrei sesgdTphlentdvibe emd 1. 4 8.
di sk with thgwdle.nlsd,t yiolrdat i iiomehf dd<xl i a2 dt é r D.m3 2
the disk opening rdtdFo0iL B8re&sett 7ro-meEderbimnmeao
represents the effects of the disk opening ra
pi nocfhf ti me for the disk with a higher densit)
ofdiw=114, where theohbrdaanbppedl p4oamtho 1. 41 for
the densidy=1r d8its/nadl. 47 to 1.45 for the disk
Jdiw=2.50. As can be seen, IididrFre@sbBg Bhegtisl
nor mal i zofd piinmeeh for di sksjdwmi=th48hprden@i by r
2. 1% and 1. 3%, respectivel y.

Figb8kr depicts the vari-atf ow/s meafl omgrsmallei ztehc
densi tyyjwr aadnido,wi th respectddD,o ftohre tdhies kd i ospkesn iwni(
rat iDm=of. 5. The overall trend shads trheastulitmsc ri

rise inoftthetp/ipmé&uobh variations are due to a hi
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di sk into the watev,ffwhiiate dxtrencse tamenugiamc d
density. Moreover, the increments eonf ft hte ndei.s kA
hi gher disk openingfirfatinvess, brolwe dperloanyo uinnc epd nccot
observed for solid disksd/D=Fo0. 5d3,s kisn owi & ahs iamg oty
rati ogdijh¥+ oin. 14 to 2. 500f fl etaidnse tthoe ipnicnrcehase by a
intensitymeht sanhafhfactpiermec hvari es with the dis
rise in the inner diameter of the holfd Iteanks

For instance, t he-oifnfcrted meentfs rovshee itshodtipde ndd ihsskk

ratijdjw=of1. 14 to 2.50 are around 3.5%, which i

pi nocfhf ti me for the dd/dk @i BB.a hole size rat.i

Figbh&ce il lustrates the effects of aldofé€ontr
ti me in-olmotamefnechege ent ati ons. The expesinment al
solid and annul ar disks were aRzomiaddedO024pm2
Al | data belong to the current study are sorf

openi ng/Dr adi 9k ded)wi tayndr atiiskbP/has gectahr mt i and
(2024) conducted their experimentsjdwrFrlhl4he s
1.48, and 2.50 while the disks are cablleegori ze
1.5 and 3.0. On the other hand, Ebrahi mi and
same disk density ratios Dbhert 1t be dhrestdarmstk dios
bet wh@sn 0. 20 and OaB8i sThe FKkFoguren®B8c is the ¢
di sk density ratio and the area ratio betwee
repres gdatt) &dAs asl( Whdkeappi cts the area of t-he fl a
on)Asa’'sDy & / 4 Aanidixs the area of tAMewigsiDde. of the

The result of the current study is categori z

$dlyw, and di skhaslprecteasitng ,t he combined di sk d

of the disk i-oifcfreasmd whieclpiinghal so valid fo
Ebrahimi and Azimi, (2024, 2025a). The ooutcom
ofblh= 3.0 have -af fshormer wpeneht he results cons:c

aspect nmrawirs vVal o 1. 25. On the conbh=ary, f
1.5, the noofnfaltiizred tparnitend8 3f t@oml. 48, whi ch sh

MpYy



due to the effect of aspect rat i ojdjwl ni nacdrdei atsieoc
the -pffhchi me. By comparing the results of th
Ebr ahi mi and Azimion(2@24as20»5apnbatfiangeg it
density yroat ioa iiemtfadd e@mng heaelrodfindaadgie t(lo. 4a&. ht o 1.
which is to theoneseleastromieheaebdd. tThe ma
t he studhasamibyanBbrAzi mi |, (2024)1. 3035whi Wasi ar t
study, theyTwel el ®fualh.d40o5 for di slODh=wBt O ansgde
Dh= 1.5, respectively. Acf fa triemanl itrne |ftedacseen @ ma
increased by 34% andn 1@ ¢t 4 thihgn dif Dpded.eSdagre
respectively. The mentioned behavior is sourc
ratio and higher nteoisthg a@ambirampt molr @i i and c a

directly afoffdctts mehe pinch
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53. 3 Pifrcklepth
Effects of controlling-ofdr ametter sveare \saruidad tei

were pl ot th&dd IIFByYEor®musiests of four subplots tF

effects of two parameters whil e t hoef fotdept hp awa
normali zed by h/lhe Fd 8k e@8ibd neentoew ,t he r el ati ons
nor mal i zoodd pdiepath and di sk opening ratio acr o:
di sk aspelh= rlath oasndar3e O, respectively. The wur

pi nocfhf dept hs ar e59anclAu dceodmpiarr i Bioquurbeet ween t he
some information on the effects oDbDfaspdepthrat
overall trend based on the -diskdepehidegcmnaé&es o
di sk opening ratio increasebhsF or. 8 heend i 3I.kG&G. wlir
the higher disk dermdift depathsed a higher pinch

The nor maboftedOptalgltes from 1.1 to 1.7 in te
obh= 1.5 and it varies from 1. ®hto31045Asncase
seen, for the di sfle= wi.tbh -othhee dpsipnechtht r edtucedoby
14%, 9.3%, and 4. R/e=Lolddehsd8y amtli s506fwhi l e

dw/D, increased from 0O @OiIh=e3, 0s odfhféd dla pptkhh d ec r0e
appraxelmy 23 %, 17 %, and 8 w381% 1f4o,r 1d ednBs,i tayn dr azt.i
di sk opedwbD,ngi mcarteaos,es from 0 (i .e., solid disl

figures indicates the effect of -abtedeptzk &nNnd
and annul ar di sks. Such behavi orveirnsdei craetleast itoh
wi t h -opfifnccdhept h which is contrary to the effect



—O—}d/jw=1.14,D/h=1.5
—{—}d/jw=1.48,D/h=1.5

—— dw=2.50,D/h=1.4

b)

1.6

14

12

—O—}d/yw=1.14,D/h=3.4
—— d/yw=1.48,D/h=3.
—— d/y w=2.50,D/h=3.

1 1
0 0.1 0.2 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
d,/D
.8 1.6
c) d)
1.6
o)
14
:Q
—0—dh/D=0.00,b/h=1.5 1.2 o dhiD=0.00.0/h=3.0
1.2 —0—dh/D=0.20,D/h=1.5 —0— dh/D=0.20,D/h=3.0
—4—dh/D=0.33,D/h=1.5 ——dh/D=0.33,D/h=3.0
—o—dh/D=0.53,D/h=1.5 —0—dh/D=0.53,D/h=3.0
1.0
1.0 1.5 2.0 2.5 3.0 2.0 2.5 3.0
J‘d/:l'W Jd/Jw
Fiug=®9Ef f ectosntaofol | i ogv praarrd mdati eornss o fo ftfh ed erpd rhma |
di sk entrywanto :aagtaeagdgmatt dd/Bmel/iowal|li. 5ed b) ef
of normal ¢ zéd/®dmeb/ewr 3, c )d eenfsfietgyliw, roal/bi¥o 1. 5, d)

ef f edcen soiftyyyw r abioiwo 3 .

Fi gbr® shows the vari atoifdn shdpft hmenrendagleill zead e
orientation versus the combi ngdjwdi/As Kdilke nNSh d y
variations of the presented combi nedofnfordmagti ez e
in baceelease orientation were also added fr
2025a). As can be seen, owscreae arse caigc ttihen diims kt
pi nocfhf dept h. Such observawwinonsel arsesoppent ad
prews ostudi esonanrde |tehaes ee dogrei ent ati on from the p
the combi nedjdppA/mmelker scoéag¢ed t hoef fn adrenpatlhi zae dn
linearly. FigureofilD dbéaptwbst hatesm haerdipamtsatsi avn t (h
and Azimi, 2024) amth=wBtB bhaveaspeme owerbapt
the current -osnt urdeyl evaisteh oedgent-ahi orl eblosweVv er, s
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with the &atpedt 5r dEboabdi mi and Azihgibhe t2WLel) s
1.75 and 2.51 whiioe tleé emseulotf s aommutl meD/hida c & s
= 1.5 (Ebrahimi and Azihghb,e t2n0e2e5na )1 .s6t0a nadn di N2 . t5h0e
t hat the dis-kni mpaent atni ofneac¢ha sd elpitdisert hpinn cthh
correspoadi meleage orientation. S-o€tEh deptéar ema
be due t o tfhaeo af acnip atchtatortiheent ati on drags mor e

edge I mpact orientation, which-olfdadeptd.a | ar

The r at i-of fo fdpepp tnlec,ht he sol i d odfjfe crhdypdeeipd,h a

call ed -dafhfe ¢emtchh rati o and it has been utiliz
entry -foafl | fimege objects with diffeNewt ongieaormeft Ir u
mi xXtubDesl aux et al ., 2007; Mansoor et RBiligur o
510 shows the correlatodoh bHDepwbewi har malkei ded k
of f mdyne mto,r mal i zed by. the dos#udt ametempari s
geometry of the solid spherical object, the r
et al. (2014) 5ate TBlealt ey Xbghuerl@dngq 210 79 pher

di ameters r®rgil2g mmetawded 0O mm, and Fro@k@etoum
330. The reswMathsopnre danltadod by @b 4g) t o sol i d sp
di ameters ranging from 15 mm to 25 mm and dif
and 8.5 m/s. Moreovers thegappbie¢tdeshhe®86 aed

To enabl e conducting a compari son bet wee
configurations (solid versus annular disks),
(2024, 2025a) were included as wel-bffTHept Bsal
di sk dept hofaft ftohre spoilncdh an do nanrneu leaars ed iosrki se nwiattt
mentioned in the experimental setup section,
falling of solid aon mrahedae diisdmst avti it dn .e dAlet
i's a di skon nanbdonehd giéaecaees e ordoe@entati osspnt peoddg
resembling a hybrid between a hemisphere and

thei d lwpon entry.

The pifdfchdemhyhhy fatri s, pheres (from the studie
Mansoor et al ., 2 0 bpyhg= vOa rdi5e dt oi nO .t5h0e wha nl gee soufc
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annul ar ddmkrselienmasfeaceri entation (i.e., from t|
2025a) was hi glnthy= &On #A 8v aroi 0d 7f8roofnfio weayt e v, ftolme t
on release orilkhtatdi. &8 v ar i0e O 0f-o ffrh er avtadliou eisn od
release orientation are significantly higher
and 68% higher than predictions by Ducl aux et
Suhc di fferwenctes taree gleometry of the solid obj
versus the sphere in the studies by Ducl aux e
the disk geometry ohfrhhpceohbama hhgheof psphéari
the other hoanfd, midh ewseprienclthet ween 7% -eamdr 21086 4 e
orientation than those-onf redrrassep @mrdiemdg att @ ©tns
t hat the centr al hobethki gins eper panadif curdoariloyn

resistance during descent. Such a configurat:.i
the formed cavity, sponsoring the observed va
3.0
25 T
X X X
X
X F X
X X
1.5 . @. °
o 83 g
ce
1.0 o ¢
0.5
0.0 0.5 1.0 1.5 2.0 25 3.0
(4 o/ $ W) Pgisi/ A soiid disid

O current study, th=1.5
® current study, th= 3.0
4+ Ebrahimi & Azimi,(2024),Solid Disk, Dh=1.5
A Ebrahimi & Azimi,(2024),Solid Disk,D/h= 3.0

+* Ebrahimi & Azimj (2025a) Annular Disk,D/h= 1.5
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53.4 Sinking velocity
The velocity of a sinking cylindrical di sk

elucidate the behavior of solid objects and t
of solid obj exftfs vadst emetahseweroepdj eucrht irleached t he
and the results were averaged to calcul ate t he
normalized with a character ivestjdd2mgtiBrke vefl foed tt s
of cbnhgoparameters suesh deskHi aDihpdendr diys b ad p e
ratdiDp, on variations of sinking veloci &2 were

Figwbdls 5d@2d show the variations of normali zec
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rati o and di sk openinBh= alt.is damnd 3,i srke sapsepcetcitv e
normali zed sinking velocity increased with i nc¢
was found between disk opening and normalized
can be BAywatgmpepari ng the reSula HdrpdbesAntempanmni
bet ween Figures 1l1la and 11b indicated that t
increasing disk aspectD/h=atli.o5., Faonrd b3& tOld e a snpcér get:
rati gdadjf*omm 14 to 2.50, i ncreas edvdw hebydianemossito
ti mes. The maxi mum norbiad i Z.eflk=isdnk®Ri ngvheekasi t
val ub/h=f olr ve=i & . 7.

Figwnlnes 56dmd show the effects of di sk hol

variations of nor mabhi=z eld 5s iamkdi n3g. Ov, e | roecsi pteyc tfi ovr

normalized sinking velocity with disk hole si:
fadyD= 0.2, indicating that normalized sinking
small opening but further increasing the hole

vortices at the wake of veheccylyi mdeasr.s Iwmhitliea l
i ncreasgbs= fOr otm 0. 20, suggesting that the 1int
hydrodynamic resistance during descedD= As th
0.20, t he sdenckliinnge svewiotch td/i sk hol e di ameter a
di sks with the hioddpre Ot 5801 mosimae i zatdi sioking
or less than that of the sinkingvwenl=6e®ty of
(VdVe)so1 i .dislkt can be concluded that the disk asp

the sinking vel oxn tryeli ema glae skrsi avn tt ant ieamn.e
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aspect ratio has a notabh= 1 .mp,actthe nsisn kikn ghgoc
twice the velocity obhs2 h3.s eT hwiist hi nachi caastpeesc tt hrea"
velocity to the mass of the solid disk where
l ess sensitivity wasonobrselrevaeesde i or iteensttast i wint hd ee

reducthensinking velocity as the disk aspect
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+ Ebrahimi & Azimi,(2024),Solid Disk

* Ebrahimi & Azimj (2025a),Annular Disk

Fiug®I3 Ef f edtiskofori ent-ani ver $n3j eabacagmdagremadfi z e d
di sk sinking vembicnéyg dieslkbudensniety and side al

53. 5 Splash evolution
The splash evoluti-om ol iidnserd i @amn wlfare ddyie:

measuring s pd asahn dd isapneatseldnh € k @ h tmo st previous
|l iterature where the applied solid emnh ecectl efacrer
orientation was not symmetrical. Therefor e, t
i nvestigaghreddi méresispnsa were affected by the di
di ffered in different perspectives.
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The effects of disk opening and density rat
d/D, D/oxr 1. Bb/h=an3ll are shéwhaSad®h| guespectively.

axis is the combination of rel eadeAbNoiieindgiat i o
Each shows the frontal and side views to indi
each perspective. The splash diameter in the -

the side vibedw) (sAedFigaoanelly, the data in eac!l
pening ratio, revealing that s pilzaes.h Sidgaunmeet e r
hows data for thhe dli.s5k arshpee cstp | rasthi ddDi-tafrie t4er
nd 2.6 while the side view sha/ws 2h@ smpd azh2.

plash diameter di minishes in abDh=I13ati&Xxel gami

w o © » O

een 1 %14b,gutrhree normali zed splash di amé&bers fo
1.8 d/b=21ashvdto 1.6, respectively. On aver agé¢
i s higher than that of tDbDbl=sl1d®e aneéw3awdr suté
respectivel y. I n addition, Dihy LinBreasd3ngthaef

di ameter diminishes by around 24% and such a 1
the side perspective.

The splash diameter variation considering
di sk opening size | eads the splash diameter t
Dh= 1.5, increasing tdWe= dd stko h(®.l %3 siirker gastdd t
in the front and side views by approxi mately
the variation of splashDihrafet &€ori $ hmmoide s&sns
rat iDh=0 8, by i mposing the d/®rtOal ahdl eni argha
di mensd/Dxn Q.o53, the frontal and side splash d

and 4.5%, respectively.

The effects of |Impact orientation on the fo
514c. I n this fi guroe, rcdteaa sree gari ckinnttilhopen edbqd
study), which are categorized into the two pe

faoma release orientatiaon afnrdomMzt me ,st(2di2els R 2
Fi gbr3®c vividly shows that an increase in the

splash.dilamatden ti on, it can be-oinnfienpraed foromn

MC



of the disk with the fluid surface | eadms to a

rel ease orientation. The maxi mum nor malni zed
orientatidb=13F. &@8Hufadr ttohe hi ghest di sk density
normali zed spl ash diedmatser oirndddtdgei 60, | svyhiac o

approximately 69% of the maxi mum inmpanatl i areide rs

While the coll i siskn widurhf achee awada ro fe ntrhiiea cceid g b a
on release orientations, the disk's opening
Therefore, it can be concluded that the spl ast
arefh the solid object and the fluid surface.

The effects of rel ease orientation and ot he

height were assessed. The analysis was condu«
splash and the two side sploagneds ent itchres swedrees
formation can be seen at 180 - in the current
the splash, excluding the concave regions, de
variations ohl ewch csewgsi ®nemt proportional re
region is typically accompanied by subsequent

section of the splash height reflects the ove
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Fiug 214Ef fects of di sk opening and despliaghrat
di ama/Derg)omthgel. 5,-o0h=edgeen ffraecm t he experi m
of Ebrahi mi & Azi mi |, (2024, 2025a) .

Figbt® shows the variationsh/Dof wintoh mahezedm
understudy el ements of disk holjelwsti/l@)e d&ndudies
l14a shows theDBplhsh. hedgdhndifrogly, the side s|



mi ddl e splash by around 1.5 times. As <can be
splash height as well. MhDbe 4i Oetsospllashwheieght
the normalized splash hei ddDt= iOn 9t e nrhi.ddl e se

Fi gbr®b shows the correlation between norm
function of di sk debBBFt¥y. 3ndi he.l eD/sko |&B3maddt e(irir.deo
open circles). Il n agreement with the finding
(ldftw) WD) sl ightly reduced the normalized spl ast
bet ween the formed splashesD/by 1.hee and k3, wad h
hei ghD/hs= flor5 werheanhitbihcesre3. 0fSuch behavior may b

surface area of the disks colliding with the
Dh= 1. 5, have higher interface area and i mpar
| eads to the formation of a higher splash. As
Dh= 1.5 v dadDi=€d 9ftoml DBz @Hhitewit/Bbx b@t2eamd 0. 8.
best Ilinear fit through each group of data fa
di sk aspect ratio, disk density, and hole dia
— ™ ny—F— p&mnt For Dh= 1.5 51a)

— P puL¥T— Thqo For D/h= 3.0 51b)
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53. 6 Energy | osses
The properties of the formed splash such a

dependent on the magnitude of the energy tran

water. The energy transfer boet wegant hen di & s
features and the rheological characteristics
di fferent energy | osses by altering the disk
affects theecalrleiasi amds urhfea centr al hole incr e
solid object and the ambient fluid. To study
energy transfer, the energy | osses rduaecet avel lee
cal cul ated f oan drielkesaswei tohr ieedngteat i on. The dat a

|l osses of the esmameeldes&es woiitent acieon from t he
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(2024, 2025b). The energy transmissions betwe
with the collision of the disk with the water
of the Hankl | UIBbreaaediathk odhsngit ydirsakt ioop,eni ng s
dv/D,di sk aspbat tatriee, i dentified staodds &fi nkolIn
and the remaining energy |l eft at the time cl o:
EJE ( %EJE( %EJE( %) , qEdEN %) , respectively.

Tab32eTabl e of experi ment,s @irek edhg/innigtdit hlea tvime n ic
Si ze diDadii 9k as pé,datoldatsion/ i omér siammd, spintka mg
ratkdB6 PEJE( WEIE( WHE/E( %)

EJE | BJ/E: | EJE: | qEVEL

TestNo| D/h | ydyw | gD o0 | o9 | 0 |
1 1.14 34.22| 18.66] 18.04] 70.93
2 148| o [33.23] 9.89 | 16.33] 59.45
3 2.50 26.82| 3.43 | 8.73 | 38.98
4 1.14 35.14| 13.70] 19.14| 67.97
5 1.48] o o | 34.22] 869 | 17.77| 60.69
6 2.50 31.00| 2.47 | 13.18] 46.64
7 b 1.14 35.98| 15.01] 20.23| 71.23
8 1.48] 33| 35.14] 10.27] 18.91| 64.32
9 2.50 31.00| 2.00 | 13.27| 45.02
10 1.14 36.77| 14.99| 22.09| 73.84
11 1.48] o 53| 33.23] 16.62] 17.23] 67.09
12 2.50 29.73| 11.44] 12.09] 53.26
13 1.14 35.14| 17.51] 19.46] 72.11
14 148|  |3323| 844 16.80| 58.48
15 >0 2.50 31.00| 3.13 | 14.09] 48.21
16 1.14] o o | 34.22| 13.25] 18.77| 66.24




17 1.48 32.16| 8.00 | 16.03| 56.18

18 2.50 31.00| 0.71 | 14.27| 45.97

19 1.14 35.14| 13.47| 21.09| 69.70

20 1.48 0.33 33.23| 0.67 | 17.60| 51.50

21 2.50 29.73| 0.77 | 13.50| 44.00

22 1.14 35.98| 14.48| 22.21| 72.67

23 1.48 0.53 33.23| 13.30| 18.60| 65.13

24 2.50 28.34| 3.80 | 12.34| 44.48

To investigate the energy transfer, the thr

signatures were idenbifieadandssth&inongl btapgen,
energy | osses were cal culeen dt hheo ipmpoavc tdse oaf ct
par ameters. Mor eover, a compawoinsomplhetweemnenh
e., the currendn sitmpgplaggt amrdi drhteatfiacre from t he
(2024, 2025b) ewasnemgdel oAbkestiwere converted f
represented as a percentage of the total pot e
the tank. The potenti al and kinetic energies
detiemen t he energy |l osses at each stage. The di
t hat can be evaluated either as a potenti al e
just before the i mpact as:
O am -av 52)

whemes the masgs$ soft hethgraivs k ki sohak aetebhseathi
is the impact vel oowi=t glP'Bnhiahsumi cal caid lait gidb la

due to air friction above water surface. The
the primary energy considerably; therefore, t
i mmer sion thedenhergynéosses due to i mpact. Tt
stage i s Esmsmrdeddntiesd caad cul ated as:

O -avu 53)
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YO 4QQ O ©O (54)

whewies the velocity of the disk at the collis
The energy |l osses due to collision can be cal
from the available kinetic energy.

Most of i mpact energy was imparted to wat el
and cavity formation. The energy dissipated d
not only in reducing the dits ksbusb sptrainntairayl |kyi nceot!
overall energy | osses throughout the entry pr
stage was <calculated based on the avail abl e
Notabl vy, t hdhecadalilIlsiksiworn hoft he water surface cal
energy to thegqeAmdhi+tOnt >wad®r 8sch normalized e
the potenti al energy to the depth of the cor

depending on the di sk g&wenrealrly, aidmdcsrkeealseinnsge ttghoe

and the side surface area ratio of the di sk r

To investigate the variations of ewnfefr,gyadds
sinking as a fraction of the total energy, t he
densities and released adamdenhatin @ess!| wer &r € ad ta
column in Figure 16 shows t-oe waleaseoonosi et a

right column shows the energy -dnosrseelse aosfe tohrei ec

whi chexwtracted from experimental studies by EE&
of opening diametdld=o0h, ehe2@y 0033 esanrnadr0. 53
to 16d, respectively. The total energy 1is int

referenced from the release height to the bot
O a'm (55)

Each bar p31c6t sihm wki guree energy | osses i n t|
col or ,f fpi(nonh green col or), and sinking (in gr
by the total ogEdE,(gEyHr ndgEMHEr, Mmrefspecti vely. Over
t he di sk d&nsirteyd urcaetsi otsh,e t ot al-0ne nreerlgeya sl eo sosreise.

most of the energy | osses occurred in the col
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i nocfhf moment, respectiovneliymp aHotweovreire n tf aotri a rh,e
alid for the solid disk. For annul ar di sks,

he -pf hcmoment .

Under-orpdgel ease orientation, approxi mately

water for the solidDbfsk. Wi ahdaa jdie=p elc.tlydr.a altnc

c

a

e

® 6O S5 Qo O T D

ontrast, for the di gdw=wi2t.h5 0a htihgeh eern edregnys iltoys s

round 40%, which represents the inverse rela
nergy dissipated to the surrounding fluid. A
mpact encecargryedpesmskesto the collision stage, w
i fferent opening ratios. Remar kabl vy, it was
| uid sur foanc eoriine nittast ifoanc,e mor e ehangiyniosnhée mpdorc
el ease orientation. However, such a trend re
o collision woenr er ehliegahseer oirni eendgd i on. Such be

esistive force tharesevmace ioft rbdece@nbyaxit bhaslp
rientation, which i mpedes the -dhskésedoewnwéah
educes the frontal ar ea tohnatr ewaesa seex. p olsheedr etf
esifsdriocvee reduce®nicaaprpulbad Bhtews for more
bject into water. For i nstnamced,khe atstee otf o tsaoll i ean
ensitydiw=atli.oydpsffana. 50 were al most 80% and 45%
osses of the cororne spedredisreg odii ekng aitn ofnacveer e a

espectively.

The average energfyf |l 9sages for thetpi schi d an

nd dmmcreel ease orientations were approxi mat el
and, the average energy bkossaeordagtednhliaecetelalsie:
rientations were 33% and 22%, respectivel y.

isks won hardigéaeé ease orientations were 16%
oticeabl e diffferreemlceass a nortiherdtedtfieamy eaotmatyh é ep |
ohesion between water -odrid sd4d amlgied so mjcec tas | atr gt
ngages in the pinching proces®snwhmpacbhher des



The engaged area of t hoef fd ipsoki nw4o trfhorrw &t theers i amcrei le
was al most 5 times -bargmpathaartbatabiobhe ed
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Fi gblr7e s hoewsf etchbemt obl | i ng parameters such a:
pect ratio on variations of total -efnfer ggnd o

nking stages foonr idmpsakcst woirtihe ntthaet ieodng enhe ef f

ening are combdhnmdnpiaofmememeof Asnoaman be see
mbi ned di sk density ratio and opening | eads
ages of eod Ifl,i sainodn , s ipniknicnhg . However, | esseni
tens@parnsemmmt o individual st afgietst.e dE nfpriorm cdd
ergy | osses at di fferent stages of evol uti
scribing the energy | osses at dngf ehentt os @a
I I i si-oofnf, a@nidhcshi nking energy | osses are pres
creagindgidAdohiey afsskom 0.5 to 2.5, leads the to
erage value of 20%.
pBAI” T 06 TO V@ w (56 a)
o l”rT o 7 ol < Iej (56 b)
&YIi”r o 1 yd p (56 c)
ovp 1”1 0o ¥ p @Bro (56 d)
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variations ofo&zaki gy i-dofofs,s gasnndc g iomk it hge <stdaygee 0D n
orientation.
5.8oncl usi ons

A series of | aboratory experiments were car .
release orientation in solid and asomulral edisek
orientation were tested tahned-ofhahceeet eas et sr benta
t hat were reported by Ebrahimi and Azi mi (202.
due to release orientation were investigated
|l ateraltoiewe dokRerent asymmetry introduced by
indicated thatifiocdedensgtyheatiekraises botl
splash di ameter, whil e i ncreasi ngavtihtey dsiiszke . a s
maxi mum nor malized sphash| éaametwars famprpr edgeec
correspondingncasbtewstehof moefaft attiinoen .p rTohl €d npgi endc hv
fluid density ratio but nped easd rl oys sd et e resaisteide s ,b
rati o grows. I't was found that the -pmoijregdc¢ton
took | onger to pminnatlel cefafs et mannd tshuec hedgd f er enc e
Dh= 3.0 and apprbhei mathel y 12% f or
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The pmpiffchoccurred at ébene piemp alcacsatiim nc a mp afra
correspondingncasngawitt h Feadgeannuloanr odriiseknst arteiloer
centr al hole remained per pemdiacdudliatri othn@al t he drt
resi stance; ionn coorniternatsatt,iictahvee tffraacoeo b d-stiba @ ePphh
grew with the density ratio but decreased wi
pinchi mlhagweas iop(edbFdomai ghen releadage orientatio
wi t h tohne ifnapcaec t .

The splash diameters were found to be highe
average valueonfr ell8e% sien oerdgeent ati on i ndicatin
splash curtain. However, t he-o maXiemsm 2pli @nh ad
approximately 70% of thencompaspontboamdi sigas &,
increasing the opening ratio oaduampdhcthetdhpl &
opening ratio waasmenot mbhti RBa% soong3 theal so r e

di ameter by approximately 26% in both views.

The i mpact stage dominated the energy budge
was transferred from t ge/nighstiD) t o HO&®. wHt ghent
ratio and | arger projoed¢teeadaced ahetlheacmpaat
collision stage. Averaged by stagefandtageewe
11% f or -otnhe mphhgée whs | 28 % f oirmg eheet .f akte t he col
aver aged ewaesr g3y3 %-oasns ieesthgpect veqosnus mdpawtin Fi aae
sinking stage, the enroenr grye lleoasssee so rweernet alt®i %0 ni nv e
i mpact. The higher v adfufesstodgenaemdipiax dfsestekec tne
the stricmget ydicokhesi on, as more solid area en
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Chapter 6

Bubble plume dynamics in noaNewtonian ambient fluid mixture

6.l Int roducti on

Bubbl e pl umes have been empl oyed i n man
environmental engineering projects, and they :
treat ment , gas mi xi ng, and biochemivecal wat ec e s
gual ity in | akes and natural water s-tndamsedby
damage, and mitigating pollution f{Abdtulofmésthio;/
2022)Arti ficial aeration has proven to be a Ve
achieve high oxygen transfer rates, to extend
gas exchange. Consequent hps bdrlanoinreg ode rt dhtei m
advancements in water tr(eGatomeentt aan.d, t2h0e2 Or;e | Caht e
et al ., M2Og2xperi ment al studies on bubble p
bubble columns due to their ease of constr u
experi ment al met hodol ogi es. Bubble col umns h
factors such as injection conditions, ( Cloil futmn
et al ., 2013; Sato et al ., 2015; Niida and Wa
et al ., 202 2; Feng and Zhang, 2023)

Beside hydrodynamic parameters, recent | ak
devices such as diffusers, grid screens, nat u
i mprove oXx)Begedrr atdri proufretreutd iaeld. t(h2e0 2e2f)f ect of gr i
bubbl e characteristics for oxygen transfer i m
Q= 4 to 8 L/ min, on variations of bubble size

ranged dd=tlwererm and @§r mch, sandehberanged bet ween

A paper based on the conte@hemifcdlhieE
Sci ellcreg hi mi | M. , & Bublnmie Al urme &HNEZWRME

ambient fluid mixture. Chemical Engi nee

MY H



The results demonstrated that the presence
increasing its effectiveness in modifying bub
tot al numbley a@apphbabbhatsel v 20 %. Experi ment al r
decreased while bubbles moved upward, and the
30% due to momentum exchange with the grid s
Baédzadi pour et al.c(e@&&2iB3ngiaidi cdatedhahagé awmgme
and bubble Ikioneéntartatnida(r2t0O€d ) a series of | abc
investigate the impacts of diffusers on bubbl

of 0.8 mm and two air discharges of 0.25 L/ mi

was guarmtyi fiimage processing techniques, and th
di scharge, bubble diameter and slip velocity

The gas phase such as air, ®archbegiredlde aage d
bubbl e plume characteristics. Sever al experin

i mpact of nozzle size on variations of center/|l

and -lnionne ar cwerrree |oabisieomesed t he (tBeosmbeadr dvealrliia belte sc

Lima Neto et al., 2008; Lima and Lima Neto, 2
Behzadi pour.Metgradamgca@DR2d3 ®uites of | aboratory
di fferent air discharges to investigate the \
reveal ed that the centerline velocity decreas
poiziitegenhein andeduditf é®@d)nokbz!| @. 52 zmrm t o
mm while the air discharge varied between 0.5

tested parameters were-kmewor R&Kgnlmyhde k@It ovyisn g ut
EoThe resultbyrementadi hpalBohef rEm v®P.s2 ntuanbS,r ,t h
ratio declined from 0.95 to 0.5. Such a reduc
(i Q&. 0.6 L/ min).

Many experiment al studies have been <condu
viscosity on bubble char acRwreziicskd catnaadd. t b(udadides
the effects of ambient -upsaowdidiysohavgei aé g iom¢
study demonst rvaitsecdo sti t aye <f tlrARadIsso)w if .aec.i,] i t at ed s

conditions, enhanced flow uniformity, and re
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contrast, fluids with heiCyh2e®a.vsi)s cfoasditliietsat(ed e
bet ween discharge regimes by destabilizing th
water (i .e.., Gl ycerol ), with different gl ycet
mi xtures tot stfudgmhbihentefviescosity on bubble d
results indicated a direct corrwed.atAddi thiea nweelel
data reveal edstihygt rreidghueptia it thaed mgiacskenomd ndiah e d ( L 1O €
i mpacts of ambient viscosity on. bTuhe |vei sdcyosaintiy
fluid mixture was in the range of 1.4 to 120

concentration. It wasi hocuedselkdatwwi theigas ehasl d

Besagni andstlndiodd t(hRe lerf)f ects of fluid prc

parameters such as di scharge regi me, bubbl e
concentration. The type of fluids used in the
ad watemonwat byl ene gdtyltaonqgl amidx twarteesr. Sparg
di ameter s, rda=n g2 ngmban dve 4 nmm, were utilized.

increasing salt concentration sppmoXi manel y &
which compl ement edathhadmwmibekirwtad atornesl 409 0H bet v
Vi scosity -uapnd Agdadsi th winded d yi, n d rheea sgeads whiotlhd hi g h «
vel ocOltiiveaseri wdgedlsodi2u0m 3ghl ori de and sodi um
additives to change the viscosity in the ambi
confirmed that the trend of superficihobd dubbl

up . I n contrast, viscosity did not exhibit a
the superficial gas velocity. The superficial
subsequent decline.

Recent experi ment al studies emphasised t he
bubble ch@racpeirestet salo.l,yad kly7,en2e02g2)ycol | ub
was utilized to prepare fluid mixtures with d
constant aiQa=di0s BlharLgemi of, the superficial bu
approximately 0.65 m/ s. Two distinct spargers
el l i psoi dal bubbles and spherical cap bubbl es
t hheori zont al mean velocities and fouadi mhael y |
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m/ s, wher eas t he maxi mum horizont al vel c

cosities, the oscillation of the bubbl e p
ansion and oscillation period hadc uNrerwetdo na ta
aviour, and it was s uNegwetsaneida nt of [tueisdt pnmioxpteu

21) us e dwather griyxteurienet o examine the effec
racteristics. The emmbi eanrtd v8 Q@ omR a&.ys ,vaan ck d.
m 0.3 to 1.5 L/ min. It was concluded that
ansion stage and acceleration expansion st
bubbl eciri gicgcveased with increasing VvViscec
Reynol ds number in bubbles increased the \

bubbl e coal escence.

Many | aboratory experi menrNeswtionnvieasnt ifg autiedd mi
bl e characteristics and the formati(aXu of b
al ut(20x2)3d carboxymet hyl ched wtud misaen (fCIMCi)d t
h viscosities ranging from 1 to 230 mPa. s.
behavior of the bubble dynamicDigntdal her
cessing techniques were employed to anal y:
ferent nodozl 4. di amet dr. $ onim, and 2 mm. [t
bl e diameter increao®sdtwitiwhi her bablbihg ambi
al .per(f2o0rinbe)d a seri es of experiment al stud
bles in a viscous ambient. The dengi=ty and
to i2méd &mbBiment vi £co0 §&ioBy6 2r0a nngPead. sf,r orne s p e C
nd that the terminal Wesl dciltOy nofs baunbdb [0e 2,0
h bubbl e dd® aime,t ecor(tOr. &r YO to the trend obse
re it declined with increasing bubbl e di ame
o almost 0.3 while tWee WeldOrl nomlaemprionc maa
ws a summary of the experimental studies ir

mes discharged-Newt dlewaonf baoni dnohi xbar es .

Despite numerous experimental studies on

ormation is available on bubbl e-Nelwamoactaar i
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fluid mixtures. WhileNéeéeweomiamgeflodi i micotsurntegs
Newt onian viscous ambient, the yield stress al
shear rate may significanbllgs.afTflreetprtersee rsti zet |
the eff eNcetwst omfi amommbi ent fluid on bubble char
to -hiomearity i n fI-Niegwvdt ochyy manmifclsuiaf, ndre effec
parameters suchiasdnezhlaegei nea dudbl e p-l ume d
Newtonian fluid mixtures with different appar
explore bubble dynamics and to provide detail
size and dynamics of bubbl es. Addi tionall vy,

empl oyed to assess the role of nozzle di amete
processing algorithms were ddawelpopedcdsksy titei Ipir:
where multiple algorithms were 4ispteegr amadi ng.
present approach enabled detailed examinati on
of bubbl e sizeowalrliyati omse. bAdDdi & rising velo
understudy factors and a regime plot of the Db
The current study is complemented by validate
det aiinfeadr mati on on different -ampeced iorft eruachtl
bubbl e coalescence. |1t is iIimportant to study t

flat) in formation of Dbubsbtluedsy whi ch can be th

TabdlesFl ow and bubble characteristics of bubbl e

Researcher Ambient Qa do € bil Tank Dimensions
(L/min) (mm) (mPa.s) (mm)
(Rensen and Roig, 2001) Water 1.2 | Capillary 1 1 1501 1501 670
tube

(Roig and De Tournemine, Water 0.45 | Capillary 1 1 3001 1501 3100
2007) tube
(Seol et al., 2007) Water 1-7 | Air stone 1 1 3801 3801 800
(Seol et al., 2009) Water 0.1 | Airstone 1 1 3801 3801 800
(Riboux et al., 2010) Water - 0.1 1 1 1501 1501 1000
(Bryant et al., 2009) Water 0.51.5 | Air stone 1 1 10001 20001 1500
(Ziegenhein and Lucas, 2017 Water 0.6 0.7-0.9 1 1 501 2501 600
(Lima and Lima Neto, 2018) Water 1-9 3.530 1 1 5001 5001 1000
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(Niida and Watanabe, 2018) Water 0.015 0.26 1 1 1501 17071 200

(Lai and Socolofsky, 2019b) Water 0.51.5 | Airstone 1 1 10001 10001 1000

(Wang et al., 2019) Water 0.25 0.4 1 1 91001 46001 1680

(Behzadipour et al., 2022b) Water 1-3 4-8 1 1 8501 16001 800

(Behzadipour et al., 2023a) Water 3 312 1 4 8501 16001 800

(Gao et al., 2022) Aqueous 0.36 4 308 1.235 4001 1201 1200
glycerol 3.6 4174 1.267

(Jiang et al., 2017) Water, SDS - 0.5 1-1400 | 1-1.23 501501 65

PAAM

(Aoyama et al., 2017) Water + - - 9-45 | 1.1-1.2 | 1500[ 1500[ 2100
glycerol

(Dijkhuizen et al., 2010) Glycerol + - Air 0.9153 | 1-1.2 2001 2001 1400
wateii air syringe

(Zhang et al., 2008) Glycerin - - 0.6775 | 1.1-1.3 -
solution

(Feng et al., 2016a) Gycerol + - - 580 1.2 250x 250x% 600

water 2300
(Feng et al., 2016c¢) Glycerin, - - 580 1.2 250x 250x% 600
Polyacrylamide 2300
Current study Water +| 1-12 2-12.7 1-580 111 400400 x
Polyacrylamide 1000

6 . Regicmheassi ficati on
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and 580 (i.e., polymer concentrations of 0.20
a conical shape, except Ro=r 1t hLd snei nf, o rwinei dc ha ta r ae
as ellipsoidal bubbles. The correlations betw

ambient viscosities are described by differen

Re 8 .FEL80 B8°P°8 cewew= 180 61 a)
Re 4 .B68 982%f eh/ew= 520 61b)

Re 0.FEd 3°34 eg/ew= 580 61c)

As can be seen, different exponential for mul
ReanEHlo which is because olfi ndaer yic @l rdelsdtriecr aeat
and shear rate of the selected material s. As
spherical cap region. Howevereviaast ea nfbu retnterv i
spherical c®&p reguehraFegutbat increasing fl ul
more coni dalalorge®imeitps®@s. At high vi ssgawsi ty |
= 580, the formation of a spherical cap becom

are characterized by di mensi onl e s™¢ sn unnubnebresr ss,u

which are expressed as:

YQ —— 62)

0¢ — 63)
r 7

0w ——— 64)

wheimies t he mi xdeiug etélse deqwii v ayl,uging tbhhue bl veb i ea nte
vel osmii g yt, he mi xt ugiesdst hve sgroasviittygh eaocaap amece!l eir
in -Newt onian fluids vary withNeswteani ammtfel windl n
the apparent viscosity decreases with increas
in relatively)smalklr(raéee, wee a&rdusmeediosiino ncaal | cnuul n
to bestens with al Thesket htfleei di mexsupbpesess n
representatives of the case since tlB8ysbowemp:

the correl ati ons -thiememesinon dle paerl &emd teadr n.onThe e
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on the correl ati ondibmednvseienn a&lh en smed efcX. eadk sn aseh o v
be seen, by increasing the Galilei number, w t

Reynolds and E°tv%2anasimbaeasisnaerainrs ac.o rHiegluartel on be

and Gal il ei numbers in this study, which can
Re 2 G&4337 (65)
Fig2k shows the «co0't7%elnautmboenr baentdwe@anl iH e n

pl umes with different ambient viscdsemenssonadah

numbers are expressed as:
Ecc 0.@d 3% f cew/ew= 180
Eoc 0.0 8% f ewew= 520
Eoc 1.G384% f ew/ew= 580

The results were compared with Ltehee eotutaclo.me s(
and TripathiTkekée Beésul(k816btained by Tripathi e

as the ast%®omiuanbed se are | ower. This discrepanc
ambient fluid, which has much | dwer twios cd widti ye
explained in the |literature, Lee et al ., (202

Vi scosities ranging from =003800 mP&. 8§/ aand. di
results, the Galil ei number "e¥pearuimbreaed Homweivme
Et' s number in the study by Lee et al. (2021)
noticeabl e diddhareqqe ewhinchaiirs d8 ti mes small er
study. Such wvariations elucidate theoinmgadct s
bubbles observed in our experiments ar-ise du
Newt onian fl ui ds entphlionyneidn g ib.eeh a v isotrr)o.n gD asnmpeianrg
viscosity inhibit bubble deformation and stab
rearrangement around the bowbadees Attihé ghetewi

buoya@amewen forces and viscous resistance furt
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6.Met hodol ogy

63. 1 Experimental setup
A series of | aboratory experiments was carr.i

( MFRL) at Lakehead University, Canada. A temp
400 mm I 1000 mm was used t o i nnvoezsztlieg astiez et,h ea
di scharge on bubble characteristics and dyna
di ametder 2 aofm, 3 mm, 5 mm, and 12.=7 1mm 3and, f i9y,
12 L/ min were utilized to develop a wide rang
di mensions, and to align with industrial appl

wi de range of air adids dH ar gle smi xn az zlse ws it zhe sd,i f f

were tested in this study. The experimental pa
as horizontal and vertical bubble sizes, bubb
rel at-ddmemsi on al numbers such as Eotvos, Reyr
T a b6l2e

Fi g eshows the schematic of the experi ment al
nozzle was installed at the bottom of the ta
passage of air flow. Air passeseltdavedghi nthe tp
mi xture from the bottom of the tank with diff
was utilized to control and measure the-outoput
W telescope wenr& dpmlhited CtAQ generate sufficier
the tank and t o -gpwalpiotryt icragpgd esspieweyd |heagtewoa sh i (ghhl
Miro Lab 110, New Jersey, Wayseri dSA) mages. eX
sped cameras captured i mages with a8f00e puxred\s
(Phant om, Miro Lab 110, New Jersey, Wayne, Us
mm, f /1. 4D, Ni Kdore, spaky a,l Iepeond)uti on were 4. 3
pi xel / mm Twer tciacreelrlay .system was calibrated usir
inside the experi mephgabi tahkunenabbnungrpi gaesk.
software for I magsepeadtauamearga D yc a rhbep ahtiifgaghm mo fa u t
Region of I nt er est (ROI ) . Regul ar cali bratior
experiments to mai Mt gaium f ¢ othigonns tteilenea aoafc uarta clye a «

all otted between each experiment and to ensur

M (pH



fluid | evel. After each test, the fluid was r1 €

experimental conditions. Uniformity of airfl o

(o= 12.7 mm), was maintained using an accurate

tubing l engt hs exceeding 50 ti mes t he nozzl

Preliminary flow visualizationtkeepeozmkeatexicD!:
400 mm

h e

(=" |
(=

| High-speed cameras |

) m Nozzle
A Tr m L 1 I N
\M/ light sources
Flow meter Control valve

Fi g3 &chematic diagr am ocfo otrhdei neaxtpee msilyndetmenap o siel

of the highspeed camer as

63. El uid properties
A chemical additive is required to enhance

mi xture should remain sufficiently t rsapnesepdar en
cameras. A mixture of PolyacfgtamhdeanhPABMNt aht
a nNbenwt oni an fluid mixture which i s environmer
water mixture met the critical bal ance bet we:¢
environment atlefsfaefoeetsys,, aanndd choasst been ut(iGaiozed i
201 3; Jung et al ., 201 3; Pei et al ., 2016;

20 EDb;r ahi mi Etbrahi mi 2@a2AdT e nmdliy a2roy2l1lgmi de ( PA

mi xture that was used for this study was sup
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commer ci al name is FLOPAM AN 934 VHM. The pr o
explained in detail in né&bemthi mublainda tAizoams , b
2024)

To prepare fluid mixtures with wvarying Vi s

pol ymer were added to ionized water. The poly
wt . %, and 0.30 wt. % to achieve ,a D2Z2b,adamdany&0 c
respectivel y. After preparation, the viscosit
Vvi scomet er (DVPl us Vviscometer, Massachusett s,

acquired mixtures w@stismeewasalyeng aamnoudhle bgia
were homogeneously dissotiagdagnngvaperi odh®&omi

effectively mitigated thixotropic effects, wh
showed cwinsdsdietny values in the undergo domin
rheol ogi cal conditions throughout experiments

bet ween experiments to ensure fluideri tedroe eh
each experiment by sampling the fluid mixtur
measurement s. Al l rheol ogi cal measur ement s W
conditions (25AC) and atmosphesicFpgaessudedas
effect of polymer concentration on the correl
values of shear rate. As canNdwt ocriean d<heasetk

t he viscosi tdye corfe a-bheed e oxhtyu rveist h t he shear r at e

9000
—— C=0.30%
-~ C=0.20%
-0- C=0.10%
A -0 C=0.01%
o
S 6000
£
=
‘0
3
® 3000 |
>
O ()\.()\.Oﬁ(?ﬁ. P ﬁ ...........
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Shear ratgrpm)
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Figeé4aEffect of polymer concentration on vari at

The above plott hndncagebehabaeiweatheadnwmdxtt ue epsr.op o

TabB82eExperi ment al parameters including flow re&
experi ment al results including horizont al and
ri sing velocity, Eot vos, Reynolds, and Galil e
Qa do C w h db V
TestNol  wimin) (mm | @) | (mm | (mm | (mm | g | =°| Re| 2
1 1 12.56| 9.70 | 10.57| 0.70| 8 | 31 | 7
2 3 15.44| 32.44| 25.33| 1.32| 22| 182]| 24
3 6 2 17.75| 49.44| 35.14| 1.65| 42 | 316| 40
4 9 22.50| 62.56| 44.49| 1.90 | 68 | 485| 57
5 12 23.94| 71.69| 49.73| 1.99 | 85| 530| 67
6 1 14.68| 14.87| 14.81| 0.83| 8 | 67 | 11
7 3 18.00| 32.56| 26.72| 1.39 | 25| 202 | 26
8 6 3 20.31| 44.44| 34.23| 1.68 | 40 | 315| 38
9 9 21.63| 54.75| 40.17| 1.99 | 56 | 437 | 49
10 12 0.10 22.81| 66.00| 46.32| 2.05| 74 | 430| 60
11 1 ' 14.56| 18.50( 17.08| 0.95| 10| 79 | 14
12 3 18.38| 35.00| 28.24| 1.50 | 27 | 232| 29
13 6 5 20.00| 49.06| 36.38| 1.88 | 46 | 374| 42
14 9 20.81| 59.88| 42.10| 2.16 | 61 | 497 | 52
15 12 23.19| 68.00| 47.51| 2.23| 78 | 578| 63
16 1 16.80| 21.50| 19.80| 1.06 | 13 | 114 | 17
17 3 27.19| 42.00| 36.33| 1.50 | 45| 340| 42
18 6 12.7 24.25| 51.00| 39.81| 1.70 | 55| 293| 48
19 9 22.00| 62.00( 43.89| 1.90 | 66 | 485| 56
20 12 28.63| 70.00| 51.96| 2.10| 93 | 421| 72
21 1 15.55| 16.90| 16.44| 0.75| 9 | 46 | 9
22 3 18.60| 33.31| 27.43| 1.26 | 26 | 131| 19
23 6 2 20.00| 44.25| 33.96| 1.50| 40 | 193| 26
24 9 25.50| 60.81| 45.52| 1.76 | 71| 303 | 41
25 12 29.88| 66.88| 51.12| 1.94 | 90 | 416| 48
26 1 15.18| 16.00| 15.72| 0.65| 9 | 38 | 8
27 3 19.44| 32.69| 27.49| 1.23 | 26 | 128| 19
28 6 3 0.20| 21.30| 44.19| 34.65| 1.53 | 41 | 200| 27
29 9 23.38| 54.81| 41.26| 1.86| 59| 291| 35
30 12 26.48| 63.94| 47.66| 2.00 | 78 | 409 | 44
31 1 15.88| 18.38| 17.50| 0.85| 11| 72 | 10
32 3 20.00| 36.44| 29.83| 1.47 | 31| 166| 22
33 6 5 21.00| 47.44| 36.15| 2.00 | 45| 382 | 29
34 9 21.50| 59.00| 42.14| 2.11 | 61 | 337| 36
35 12 24.00| 66.25| 47.23| 2.33 | 77 | 416 | 43
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36 1 20.63| 22.50| 21.86| 0.72 | 16| 59 | 14
37 3 22.81| 38.75| 32.48| 1.34 | 36| 165]| 25
38 6 12.7 24.25( 49.00| 38.76| 1.71 | 52 | 251 | 32
39 9 25.00| 61.00| 45.31| 2.77 | 71| 474 40
40 12 25.75| 67.00| 48.71| 3.10| 82 | 571| 45
41 1 16.44|20.31]/18.93| 0.71 12| 23| 5
42 3 19.83| 32.44| 2753 1.10 26| 53 | 9
43 6 2 20.18|42.94/33.38| 1.40 38| 95 | 11
44 9 20.75| 58.78| 41.54| 1.88 | 59 | 133| 16
45 12 21.94|59.81|42.81| 1.68 | 63| 122| 17
46 1 16.70| 21.00| 19.46| 0.32| 13| 11 | 5
47 3 21.95| 31.19| 27.75| 1.07| 27| 50 | 9
48 6 3 23.70| 42.36/ 34.90| 1.33 42| 79 | 12
49 9 24.00| 56.82| 42.63| 1.62 | 63| 120| 17
50 12 0.30 24.29|70.48/ 49.41| 1.69 |84 | 140| 21
51 1 ' 20.00| 22.00{ 21.31| 0.37| 16| 13 | 6
52 3 22.50| 30.88| 27.78| 1.12 | 27| 53 | 9
53 6 5 23.56|39.75/33.39| 1.37 38| 78 | 11
54 9 24.40| 56.13| 42.52| 1.78 | 62| 128]| 16
55 12 26.66| 60.54| 46.06| 2.12 | 73| 166 19
56 1 16.50| 23.00| 20.59| 0.58 | 15| 20 | 6
57 3 20.81|34.94|29.40| 1.02 /30| 51| 9
58 6 12.7 23.19|44.83| 35.98| 1.28 | 45| 78 | 13
59 9 27.88| 58.38| 45.63| 1.60 | 72| 124| 18
60 12 31.13|61.38/48.94| 1.71 83| 142| 20
63.3 I mage analysis & data processing
| mage analysis was i mpleme-hbadeinal gborst smsd

MATLAB software (Mathwor ks, R2018b) to detect
size and dynamic features of bubbdxer.t e&d chhy i me
researchers inLtbeepasat.su¢B0as) pySato et al
Besagni and Deen, (2020) ;Mamammadklsd rein &theall ..,
i mage analysis algorithms have been devel opect

parameters and multiple steps were required t

of i mage processing for bubibntaeg eb ooufn dbau byb | deest eic
Figure 5a, and it was then converted to a gra
was performed using a morphol ogical opening

removal i's $Bbwn in Figure
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The Gaussian filtering method was exerted tc
hel ped to improve the accuracy of subsequent
adapted to a binary format wusingsa(@toemati whthnh
from the background (bl ack colorp5candnttheerr
step, any holes within the detected bubbles wi

are unified in Sdkeelbimnmaryatiaragedgel hkket ect i on ¢

to detect the edge of bubbles. To I mprove the
an additional edge detection approach, named
Ahmed,8;20ynn et al ., 2021) . Both methods wer
(see Figure 5d). To provide a visual represen

edges were overlaid on thédeorsihpiwsalt hebapddt alse
conducting the mentioned procedures, and the
bubbl e characteristics. bTohuendabtyaidneetde crt @ ol tasc
9 5 %.




Fig65€he procedure of image processing for bu
b) the raw image is converftieldt etro itsh ea pgprlaiyesdc,a |l:

binarized, d) edge detection algoritthm is a@ammpl

6 . RBesults and Discussion
Fi gurehodve e©ffect of ambient fluid viscosit

i mages of bubble piNewegonimnwdt eai damd xa unen wi t
Emew= 180 he nozzle diameter ads=d Z2aim@.darmddc hamga, i
respectively. The amhiserots iféhguwrdlt8iloxvwalfs emavd &€ hb y
PAM powymkra c¢conCce Mt rldt iwan %0f As can be seen, t
the formation of small bubbles and enl arges t
of bubble plume in water is significanelg red:
stress -Newtt vreb imeomam whi ch reduces the contact

the ambient fluid. I n addition, bubbl e dynami
di sorder auch,i fomrdn,nawrher eas in the same discharog
an ambient with higher viscosity and yield st

with a minimum distortion in the shape and pa
rise in a straight path whonse bat mhtwiitnh ntgi me a
contrast, the size of bubbles rising in wate
Addi tionally, bubbles rising in water do not

bubbl es move upward.



FigeekeEf fect of ambient fluid viscositdy=20n bub
mm and air Qg=i3s cLh/ammigne: ias) mbNeewtto mfialduei rFld,e wii o nm @ m

ambi ent waltweird and PAM mi xtur e/anys t@Bhinc a mbs emad
by the &&diOt il®dn waf % PAM.

The effects of air dischar-gewoonit ae &a&wmbimanti o
a comwdtsxmtsi teyewT a8 ® aorfe studied. The air disc
fr&®Qqe 3 L/ min by two, three, and four times to
Fi g% eshows the snapshot i magdges 20 fmnb udb balnest edi
and rising-Newtowmwganaambdbnent fl uid emawxt ABE. Wit
Each subpl6dt showbBi gusepapshot i mage of bubbl es
be seen, both horizontal asedveitihcahcdiemsmn®igc
Such change in bubble size affected other geo

aspect ratio and the total number of bubbl es

The viscous force in the ambient suppresses
controls the shape of irregular bubbles to pr
| arger sizes. As air dischaegewinbireathd, bube
reduced and reached a | imit in relat@7welayndhi g
67d, the total number of bubbles is equal ever

12 L/ min. Sucihn aai3r3 % iisncchreeragsee sl i ghtly i ncreas
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at the snapshoG7ci mghgdle $ ndmnchBitgsr éeédhat the aspec
increased with incQeawDird miinr tdi slhdr/ gm nf.r om

a);

Figeé6tEffect of air dischar geNeowt ofnoiramma tfilouni do fmik
an ambi enteyed=s @lBhity 06 made b=y Ot. hleD amtd i% iPoArM.
nozzI|l e d=2mentm@s4=ais L/Qu¥ ng b/)@= n9 I/\Qu¥ n12 d)/ mi n.

6. 3Bulbbl e di mensi ons
The effects of controlling parameters on bub

aspect ratio, which is defwndad dé& stTheei rgdsatri,ioa toi
in bubble width and height with t©B& Ttonanal Vi
their effects on bubble morphoNegyonBancwithe:
stress, it is not possible to combine the eff
di scharge, and ambienthioméessiosnal nhuonmbera sunhy
number due-l it me arhiet yn oonf the ambient Vi scosity
Ther ef oer ef,olilnowihng fi gures, one parameter was

correlations between the controlling paramet e

H NN



family of curves. 68BadDacpresspbed to Fheuegqgsi l
formation when bubbles re@& hetdl wsdtarbdtee sditmee s
di mensionl ess bubble width with air di scharg
concentr até8an &ahlbFs hboweshe effects of nozzl e si

relationship between the normalized bubble w
di sclQar ds can be68aeenan ni nrcirgeuarsee i n air disch
di mensionless bubble width, but i1t is signifi

graphs b6&a Fpegrmutraein only to experiments conduc
with aevead ux8 @.f

Each graph illustrates the variations accorc
nstant . The set includes four graphs repre
rresponding to small er Nnozzder sn@zezsl epossiizd
zzl e size increases, the graphso6&ae tdhes pdry|]
rresponding tdo=t H& . 7o z2mm e ssipzleotdfed on t he
rrelation withsmonéedsest dubbl @hei di mermaries

zzl e ;cF z2Z. miAorthe bubble width et ild®.r7amgmes

>S5 O O S5 o 0O
>0 O O O O O o

e bubble width ratio ranges from 1 to 2.5.
h&®{=gel2fL/ min iddi2ZzZamms thatbdlbl e width i
f the bubblek=dla3chamgedHbédweoewer, Gorl simamil re)

uch a difference in bubbl e owizdtehs driesdcuhcaersg efdr ¢

w o o
(72}
(@)

—

o 4 times of the nozzle diameter. ThQ@s 1ndi c.
L/ min to 12 L/min, the bubble width ratio iInc

Fi g6& shows the effect of ambient viscosity
di scharge for a cags tbamtm.n Azxsz Icea nd ibemeteeemn ofn a
ratio increases with increasing air discharge
increases the bubble width ratio bgweadp plr80x,i ma:
angh/ew= 520, while for the same increment Iin ai
oEwew= 580, t her ebtuibdolienovri edla 686 bho®E %t hEi gar eel
ambient viscosity and bubbl &a=wi6ttLh/ miant.i oAs nc acrx

t he bubbl e wi dt h rati o i ncreases wi t h t he an

HAOAM



viscosity in comparison to nozzle diameter 1is
on variations of bubble width may be dominant
size, the correlation betweaeamashbpholte ewdi dinh Famg
8d shows the correlation between normalized b
di schazge8 ©d 12 L/min and for consta/aw= ambi e

520. I ncreagiedgcresecz 2lhe giedeti ve bubble width,
variations of Dbubble width diminishes in rela
6

aj.s A, |—O—2—D—3—<>—5—ﬁ—12.7mn|\ 26 b)

1o |ent s8] 5
= Q/Qf_w 1.8
E 8 4
D/D/_D___D—_D 1.4

4 O/M ——do=12.7mn} 3

1.0

A_/-A——ﬂ'/c"_ﬂ o0 5 10 15 —0—em/ew = 180 —O—em/ew = 520 —o—em/ew = 580| d, =5mm
0 2
0 5 10 15 20 0 5 10 15
Qa(L/min) Qa(L/min)
12 )18
C) d —0—Qa=3 —0—Qa=6 ——Qa=9 ——Qa=12[ L/min [e, /¢, =520 |
o 15
=1
~ 9
2
3
[ d= |0-2-0-3——5 mm]
0 0
0 100 200 300 400 500 600 0 5 10 15
Eml w € d, (mm)
Fig68&Effects of controlling parameters on var

of nozzle diameter with different air dischar
di scharges, c¢) effect of no=mzalteg,didgmetidrecwi tol

with different nozzI|l e di ameters.

Fi g6 eshows the effects of controlling paranm
fluid viscosity on vari athi/odn §i6@far dihmevssit el ed
air discharge and nozzle size on variations o

This figure allows for comparative analysis a
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constant ambisfdent V8BcoAstgawmfbe seen, the nor
linearly increases with air discharge. I n t e
arrangement, with the dp=0otlt20.nY cnunmt vaen dc otrhree stpoopn dci
b= 2 mm. However, the rate at which the bubbl e
on the nozzle size, andl=themm. gAhsestthe imrsez 2lse od
rate of i ncredagsha idn niwmbkslhees. The dorr L& .r7e gnar d
i's plotted as69aa stuob pplroets einnt Rihgeurvear i ati on i n m
height ranges between 1 an@=61i h/ mehat whel g I
nor mali zed bubble height is betw&g=n 152 aln/dmi3n7.

Il n Fé6éQlu,r et he air di scharge was isolated by s
Q= 6 L/min), and the effects of ambifenrt dvifdceca
nozzle sizes are investigated. The apparent v
with the viscosity of water, and bubbl e heigh:
seen, il ncreasing thhee fd mp ar em tx twirsc oseidtuyc esf tth
ontr arfyf eecot tohfe aembi ent viscosity on bubbl e wi

ame nozzle size and air discharge, bubbl es L

- »n O

l uid with higher viscosity. Howderbythbevhal
iscosity is not as considerabl &89 @si lali ws tdn stcd
ariations of dimensionless bubble height wit
onstant ambi engtewwi $Q®s i tSwchatcioa refi ati ons f o
bserved on bub®Bd)widdhcaseegFthpateboth bubb

olni nearly with nozzle size, but increase wit|l

5 O o0 < <

Fi g6k shows a comparison between the growth
increasing air discharge. The nozzle size and
oflh= 2 mewea=n d 20, respectively. The pl ot demons
increases both bubble width and height al most

hei ght exhibits significantly greathema darfif atie

in growth raprobecomed a®ra&i r di scharge increa
0Q= 2 L/ min, the width and height of -bwoabbl es
hei ghw/,haafi ounity. I n contrast Qa=atl2a Lr/efhiant,i vtehl

HO



rati o decreases to approximately 0.5, indicat.|
the vertiTheé dedectiom.in bubble aspect ratio
influenced by inertial forces overcoming surf.
significant vertical el ongation. r Addipti dbgabluyp

def ormation at el evated discharge rates.

50
a) | dy= |—o—2 —+3 ——5 —A—12.7mn| eml €180 | b)go
40 6 \
-
30 4 20
g <
<20 2 = ‘;ﬁ;\:
i 10
10 o s 10 15
d= [-o—2-0-3——5mn)
0 0
0 5 10 15 20 0 100 200 300 400 500 600
Q. (L/min) e/ , €
40
C) | Q.= [0-3 -o-6 ——9 ——12umid ¢,/ ,=520 d)40
30 30
e
< 3
=20 320
=
10 <10
[ e/ ,%580 d,=2mm [ —o-h —o—w
0 0
0 5 10 15 0 5 10 15
d, (mm Q, (L/min)
FigeeaeEf fects of controlling parameters on var

of nozzle diameter with different air dischar
viscosity, c¢) effect of aims,didcg)chargemmarihs an f
bubbl e height and wddt 2 fmonr amaz alméeci/adird et sic oG

FigGr® shows the effect of ambient viscosit)
height aofhHheTlhpi nncohr mali zed bobhbl e sheiognptar @d
bubble heighdfHafterhitdkl pght Iltllea cihfofwesr ¢ hhee £ .01
bet ween air discharge and normalized bubbl e h
rat efew=0f580, ®dhObFsEHhoOWe t he same correlations

with a smaller apg/aw=endt8O0vi Shes intoywadlati iso z@fnis h a
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for al/l t estds vbi tmm.&1lM4 eddueavso ft he 1 mpacts of f
di scharge on the difference betwéén KBebbhbhe be
both bubble heiffghasedaafthe ptntbllow a |inear
heia@gthtt h-ef pi hehal ways higher thanofthatTheé& beaeh

paral |l el l' i near correlations of the two tren
simil aelgatavelay rsmal | viscosity ratio. Over al
di sparity between the two trend |lines, indica:

l ess sensitivity to air digcharge vaciraasesstr
the differmhmmmiee bermeveemor e evi dent, indicating
suppresses air bubbl es and roefdfuc eSu cbhu bdd rer ehl ez
independent wvériaatri a@ns.chavegereal | , the height C
reduces by 15%, while in the presence of high
after tohfef  pinncahe aBwelsb | teo gx&%et ry measurements
demonstrated a maxi mum uncertainty of | ess th
through three times repeated conducting exper|

appl yi ngageobaunsal yism s
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Fi g6iOeEf f ect s of air discharge and ambient vi
hei bhtand bubble height aty tewpw=piBb grhew0df& fr om
The nozzl e=diSamert.er i s

6. Budble rising velocity

The time variation in bubble velocity is an
gas exchange rate in bubble columns. Both th
vel ocities, as each offers direticrmadtcuill mdieght 8Bu

vel ocity was calcul at ed by tracking the vert
consecuspeedhiglhge fr ames, -fdriavmed etdi nbey. tThhee kanvoe
velocity was cal awdllattedajbey ttorrayc koifng ntdhevifdual
their release at the nozzle exit until they r

approach captures the overall -assehtvetteha¥vbor
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provided by the instantaneous velocity data. E
in bubble velocity during the growth of bubbl
reaching the peak risinge vepeaki-agdi Hretmev all o d i
bubbles such as the initial bubble velocity,

di fference between the gas {qlil. a.l,Itussetrrga tfeeasadt t dnf
di schargemenhit&teory of Vhublthlee nroizsil reg sv eleo cintdy
characteristicsdwerbhe moWwegatnds8 0 st naspeowtarvahy.

bubble velocity passing throusg/tw=p8848 ghycani o:

di amether 16f mm from the study of Lee et al. ( :
di scharges in the study b&=Leée3d3eanal 1. %52D2Mm)n
much smaller than the range of air discharge
velocity increases sharply from the reVvVehge m
shortly after the release. After the bubble r
velocity reduces due to the diminishing drivi
pressure between the i midtsi alnldy | eorstersa p pne de raniarl,
and the surrounding ambient fluid. A comparis
Lee et al. (2021) indicates that the time his
and airsdgeschacgetly affects the magnitude of
bubble velocity in Lee et al. (2021) is signi!
the present study due to | owetri mes gsmailclheanr.ge,

't is obvious that in the presence of relati

to reach the surface of the fluid mivxatrud raen.t T

velocity profiles in re6lalt i svlredws |amw aas ae nddisncgh
ri sing velocity with air discharge indicating
air di scharge. The maxi mum ri si-omfgf ,vefl olclidwe do
decrease i & vwdl oaccirtoys,s oablsl di scharges. Approx

rel ease, bubbles reach t he&,=3l Wi/ dni sxsurafnalc & nwiat I
with a vea/sweosBOy wwhile the time tReal2i L/ Mmakes
i s twice. As can be seen in Fig®=4211,/ mi me ima?»
m/ s, & B fLdmin Tki d.3ndi/ sates that the peak b
by more than 40% as air Idnistcihalrlgy, itnlce elawslesl @s

HAOT



upon t d fpidueh to the dominance of buoyancy an
inerti.daimmedraéel y f odflfownonge nith,e ipnicnrcehasi ng t h
to accumul ation of air in bubble and the pri.
guickly accelerate the bubble upwardlsvitoc puwsa k

resi stance. Subsequently, viscous drag overcot
velocity to gradually reduce.
25
............... =+ = Qa=3L/min
S T = = =Qa=6L/min
2.0 ::’,— ---------------------------- Qa =9 L/min
E,’ ................. Qa =12 L/min
4 o me_ Tmeeeee--
@ 1.5 ll 3 T Te=-o Lee et al, (2021)
é l/, -7 I B
= 10 R B ol Rt
0.5
/\ €,/ €,=580 dy=5mm
0.0
0 100 200 300 400 500 600

Time(m9g

Figet®eEffect of air dischaygeforbuthpe ot iammevangr
mi xturedewwh @hi ch i s made Cby 0t B® avd d it PAM. oNo z 2z
i &= 5 mm.

Fi g6r2z shows the effect of nozzle diameter
the normalized aver\Wgwedd)bwie hrithiengppareanit y
pol ymer mixtur e. Di fferent data groups i n eac
vari ati oamwseroafgetdi nbeub bl @avyé | BibdRraey slhoavist t,heV co
bet ween mi xture viscosity with bubbl e-mmising
nozzle. The average rising velocity increases
mi xture witho&vWeh# ul@OviScolsiany i ncrelmenitt y ni &
sharp, but the intensity of such augmentati on

be seen, bubble velocity is al most constant,
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e

a

r

|l atively sma@QF a&i L/ dcdhisghailfbe ¢graph,correspot
Qe, 1 L/ min, exhibits the | owest fluctuati on
end is observed wheaor ¢ & edfesr X5t2eMee00s5 80 ,s ceoxsda €t [

in the cases whé&rk2themmozBHbwewerze tilse averag
increases with increasing miakwd el&l.scosity a
At relatively high ambient viscosity, the r
reduction intensifies with increasing air dis
the air and forms | arger buwhlclees Aswhai crhe siud dr e
buoyancy force, the rising velocity increases
that higher air discharge al so c®&luls)e.s Aas haipgphaer
vi scosity aonfd tyhieeladmbsiternets sf | ui d mi xture incre
increases and, at a certain threshol d, the r €
force, and such an i mbalance reducesatsbe T o0osi
bubble velocity reduction for a €dend d5 810 .x tTuhree
reduction in bubble rising velocity is signitf
nozzl e di ame@le2rds) .(see Figure

For the graphs dwlt2h 7a mmo zazmlde d®dszxzd amfgd dat &8 |
the maxi mum bubble rising vel ocrh atyiegeso flbl2s0er v e
As the nozzle size increafes 9 nanrdella2 ilv/erhiyn)h,i
force due to momentum transfer increases the
viscous force. This can be <cl| eardi=yl 2s &/e mm m ntde

high air @i=s ®harngdesl20fL/ min. The peak bubble r
Emew= 1t8BA0 520. Such a shift indicates ¢$shapashe

the influence of the mixture viscosity and yi
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Figexrz2ffects of nozzle diameter, ambient visc
rising wel cimby: dd s T )mdps HI. 7 mm.

Fi guwlada represents t he variations of nor m
(Voa e @')2 with the nozzle size and ai rr atiisoc hafr g
emew= bLPWO experiment setGG=wd3tanadi 6 Wi micmaagesp
613a. As can be seen, the mean bubble rising
and it reduces almost I inearly with nozzle di
size on bubble rising vedscitoby,t wiondrnesdsinmcg ftth
the nozzle size increases from 2 mm to 3 mm, t
whil e the r edudtuibdn ei wetlloeimgai s mil d when tl
12.7 mm61Fb gashews the effect of air discharge
velocity for different nroatzidweywosfilBéds eanduaveasn
plotted for different nozzle sizes of 2, 3, ‘
agreement with the nozzl eld4i ze heAsnormawagedh
velocity increases with iactireasifdiglnevwsy dosealds



a) 13

11

Vb(ave)/ (9d,)v2
(2] ~ [{e]

w

—{+Qa=3 L/min —0—Qa=6 L/min | g €520

0 2 4 6 8 10 12 14
d, (mm
b) 1
12
o
=
-
=)
= 8
D
3
>
4
dO: | —O0—2mm —{—3mm —<>—5mm| sn/ w180
0
0 2 4 6 8 10 12 14
Q, (L/min)

Figert2ffect of nozzle size and air di sgharge
ew=50  ®p=d3 and 6enled=kiBm,ndds) 2, 3, and 5 mm.

Fige4 illustrates the effect of ambi ent Vi
di ameter with average bubble velocity. The pr
BaRodr2guez et al ., (20212), Liu et al.,.(2015)
The equivalent bubbl e di anet andlyeamsajxoas| coufl attheed
as:

Q Vo 67)

As can be seen, the results related to bubbl

t eexperi mental results of Behzadipour et al . (

to the present studlyi uTée eaeaXlsiudi2tBedd ht ht eh el sweusdt
velocities due to relatively higher ambient v

study utilizes signif Qg=ait2l v/ mi qql)en naicro mpiag a Is
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studies, |l eading to Asgbaen bebdéenyishegouviet or

Rodr2guez et al. (2012) are |l ocated at the bc
out cormesu eft al ., (2015) , Kure et al ., (2021) ,
feature among them is the water ambient as th
with the ones in different flui hpomrkaocesotfvit|
properti esvissucconsiatsy fanud dyi el d stress in the av
4.0
Owater
C g, /e,=180
A g.fe, =520 A
3.0 || o &/e,=580 R
%" +Liu et al, (2015) A
= XKure et al, (2021) oA D o
= 20 || =Baz-Rodriguez (2012) ﬂuga &S a O
P X Behzadipour et al, (2021 E-E O A & o o
>b/ AAO% X%%Qo X
1.0 O P00 X % o
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Fi gbl4eEf f ect of ambient viscosity on variatior

with mean bubble rising velocity.

6. 3Budbbl e Coal escence
Figelr®l uci dates the occurrence of bubble coa

in a relatively viscous f I eneq= mMmiBOeune zwil th da af
i n F6lghudies 2 mm, and @#Er 9dLFoonwhrarpghee nosmena ar e |

this figure which are named as the | eadndg bul
coalescence. A coalescence occurs once the tr
|l eadi ng bubcholned.i tlimnsudhthea trailing bubble colll
and forms a | arger bubbl e. The bubbl e coal esc

each originating from the interathifoihresbtetsmeag
the trailing bubble follows the | eading bubbl
than that of the | eading bubbl e, due to the
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eventually contact and form one | arger bubbl e

milliseconds after the release of the second
As can be stddbn itmeFiveloei ty of the trailing
reaches the maximum at 1.6 times of the risin
bet ween the two bubbles occurs. Aftereddsiees col
i n contrast to the velocity of the Il eading
Approximately 120 milliseconds after the rele

compl etely to forar @qemedvi harbdil ®@n .wiAfht ear It he ¢
can be claimed to have formed thoroughly. The
research that Feag @edn.daudTh el Otlggryjonstrated t hat

increasing and decreasing velocities of the tr

and coal escence behavior, align with the findi
i n tsheidry varied between 0.05 to 0.12 m/ s, w
observations in this study.
3.0
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-3+ Bubble Coalescenge > 3
0.0
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Time(m9

Fi g615eThe occurrence of bubble comdlesmenmncmi xXtue
with a veW/sw=o68({Ct=y 00830 wt. % PAM) . di=he2 nnomz,z laen ddic
di sch®r=ge&® iLd mi n.



Under the conducted experi ment al conditions,
an@ This is due to the exi st evinicsec cosiN gayt sitmxinamg
fluid. Therefore, it requires a high flow rat
within the applied flow ratwasaobéeepptdobdlRi LI
of the occurrence of the bubble coal eB8lcéence i
shows the effgcpar amhetceanst ron | t he Problaobil ity
i nvestigate coalescence under various experinm
manner, a fixed time duration of 200 millisec
t hat the selected intervalurisesgbufiogenthator
phenomena manhéesnimivildlhis@ At c&sg observation o

experiments and monitoring the coalpesderdge idc

found that 200 milliseconds window is compl et e
for al/l the cases evenTherPtebabi wityw Magh RBu
bubbl e coalescence quantifies the probability

window. The values of PMF was determined by <c
observed tdhpeowadghi mageh sequences over the tot
interactions identified within the field of v

measur ement of coal escence occubrences acr oss

Fi gélreea shows the effect of air discharge on

(PMF) of coal eastc edchicfef eorcecrutr rfernecceuenci es. From t
air di s@ahrarlgelL /onfi n, bubbl e coalescence rarely
occurrence is observed at a fl ow r adeg= 01f8012 L.
At i ntermediate ra@uge3obndi 6 i mmchargehéreei s
zero coalescence, coupled with an elevated p
observation. At rel atiQel ¥ Ringhelr2 dai/rmi dci)s c htar
frequency of coalescence shifts again, exhibif
t wo coalescence events. The bubble coal escenc
and 12 Li/tmsi ngccohwrtrence is nott firrqueadsi.ng taiarl
increments the probability of bubble coal esce



Fi g@ulreeb shows the effect of nozzle diameter ¢
The highest coalescence occurrencedkFEs2vimm)bl e
Figure 16c shows the effectPMRF cambliesnde nvces cocs
Overall, the | ikelihood of bubbl e coal escenc
ambient viscosity dampens the motion of bubbl
Additionally, the probability withabtbl esalmas o
high in bubbles passing through highly viscou
the fluid veWssoS8hypardedsi ZemmnSf t he coal escenc

all range eof Hwiwe vdeirs,c hwahrig e tdh= 1In20 znznh,e tshiez ec o anl
does not occur at | ow air dischargesedewsWhen th
180 the coalescence occurs in almost @id=l 2exper
L/ min.

HMPp



a) i PMF of Coalescence Occurance by Flow Rate
T T T T
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b) 1 PMF of Coalescence Occurance by Nozzle Size
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Fi gwdeeEf fects of controlling parameters on t
coal escence occurrence: a) effect of nozzle di

Vviscosity.
6.oncl usi ons
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A series of laboratory experiments was carried out to investigate the effects of controlling
parameters such nozzle size, and air discharge on bubble dynamicsNiewtmmian ambient

with different rheological characteristicS.i nce t he -NseeMteocntieadh nmdmui d mi

shear thinning with yield stress, It i s not p
di ameter, and apparent viscosity into a Reync
par amewere showmhpilmtdi fafnelr eratt asgyr oups. Bubbl e
varied with both air discharge and nozzle siz
di scharge from 1 to 12 L/min increased the &
nor mdl bnébl e height ranged between 1 and 6 it
bet ween 5 and 37 in relatively Il arge air disc
same nozzle size and air discharpgpe,simgbllhegs ul
fluid with higher viscosity.

The findings demonstratedthatu b b1 e hei ghftf awad hal wayys hhi ghe

bubbl e heighdaffaft®ehe trheamliynwcgpar al l el | inear co
that air discharge affected both valvieaballds, stih
height of bubbles in | ow viscous ambient was

Q

mbi ent viscosity, the suppokessinmnoredsbddbbde2!

The bubble rising velocity hadchi r ect corr el at i andthepietalk thhud baie
ri sing velocity increased by more than 40% a
viscous ambient holds up the air and forms | ai
a result of rising buwoyarrcay afscerdc ew,i tthh @ nrcir iarsg
Four phenomena of | eading bubble,-oftbpal esngnba
were identifredul Expendmenatald that the veloci:t
grew and reached a maxi mum value of 1.6 ti mes

the collision.

The probability of the occurrence of bubble
Function (PMF). hlet maas mbomumdeghancy of coal e
maxi mum air discharg®ewfF 0Xx8@he!l Ui @elvi Boodi DYy
reduced at the inter meQi=atde aman e Ld fmi ai)r, dingc |

one or two coalescence events per obsdmvatio



addition, the highest coalescence occurrence

t he ambuedtvi scosity increases.

HMY
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Chapter 7

7 . Recommendation for future research

n
h
0
e

The investigations presented in this disserH
derstlhwidd ng dynamics of r ing-Ndwdtomedina.n Wheiwt e

e present work has clarified the roles of F
nfiguration on -ocfafv,i tgpulfrodredatvied ro,p meintgh and e
ver al fundame+wtralenateido ngsp preke ncaaitn omp e n . The |

rections extend the findings of this thesis

l uids and toward practical engineering appl
ystems.

Future work should therefore seek to -incorp
aw index and consistency coefficient direct]l
nertial scaling parameter s.uclucohn ao ff raa nse wogrl ke
panning Newt-bhiani mgdfIshieads, clarifying whet
moot hly between rheological classes or wheth
utcome of sucprwdr &t woel mapefar cavity evolu
omplex fluids. This has direct relevance to n

t

n

c
r
(0]

(0]

ructures opewoatiamgnabhegobymemwm!| d envimsonment

volving stlhuirmmiesg osusphemasi ons.
Whil e the present thesis focused on axi symme
cur at obligue anglesdi Flwtemter y nwesltdgal a oin

eaking interacts with r heodtorgiyf d 0t thag,d uacre s
mi nated r-elgi meisng Shkeards may damp | 4teer al

rmation beyond a critical angl e, |l eading to

Newtonian fiaoagdsuchssahbbishty diagrams woul d |

a

(0]

n

ads on marine panel s, understanding debris

gles i n industrial processes where splash r

H MO



The annul ar di sk results presented in this
significantly modifies cavity formation and et
t hickness, and edge geomet mpyer Wo ubndsreade | doews i tghne
l inking geometric parameters to cavity depth

families of geometries exist that achieve equi
regul atedwan@uwd¢mmrfifhdi ngs would have i mmedi at
devices, perforated marine componenssriuatnudr e

interaction systems.

Posmpact bubbl e pl umet hdewnelIngp mMmeendti ai nal sloe aw
i nvestigation. The present results indicate
entrainment coefficient and bubbleedi zExdesdr
pl ume measurements towiedktthr agnt owtihs,e ared oltullyl
di stributions would enable modification of cl

dependent effects. A cradf ientahdd npalhuange fnhoud edls awpopul

relevant for aeration in wastewatperoctersesdtnrge rita
and environmental studies of gas entrainment

The ehesgyanal ysis conducted in this thesis
energy budget. Decomposing total energy di ssi

work, viscous d-masspabnoni aatdyaddodad ulhd odlogy
|l osses over ti me. Pr el i mi-Neawtyo na basne rfvlautii dosn smasyL
di ssipati o hiear ea@ahlayg enbajsgsiwietfhif ecdded omi nati ng |
resolved enepgydf pamgwdek veal uabl e insight for

mitigation mabesealispndasdr i salurpyocesses where

Surface chemrsughnesd efteots represent ano
the current wor k. Since wettability influence
variation of surface coatings edrhcercamatvri dlyl edo
thresholds shift with contact angle. Superhyd
Froude number required for cwofhferpatthwaws.t ySu ol
woul d be applpidimabd &t itmgantmarine hul | treat me.

chemical processing industries.



Direct measurement of impact | oads is anot h
characterized in detail, embedded pressure sert

i mpul se duration, andhirrhreion gyg fricead udceef frpeecatks . p rSel

extend i mpulse duration, offering potential s
direct implications for offshore structur al d
Further I nvestoifgatsgiomg uil atra tNeeiwbcehhaahnorf | und®

address funthambahiats f gutehditn noinnsg rShheecalro gy may
singularity exponent and suppresgsysagelulnitver
scaling | aws derived for Newtonian fluids. CI
in complex fluids would contribute -d4uwr ftahcee b

dynami cs.

Il n summary, the research directions propose
from controlled | aboratory observations towar
i n compl ex fluids. By i ntegratimnyg, rodemploigyn
stratificatrioen anmomdledatngyg, future work can bri
practical marine andgoasBushei dlevepppmeati ohs a
i nformed underesntanyhiamg cef awpt ecabl e aworoésls a

systems.
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