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Abstract

[m the present study, the hydroulic characteristies of Row such as velocity. pressure, und cavitation index were investigoted
atong the foor and sidewnlls of the Mozlow dum spillway for discharzes of 300 {minimum desizn discharge), 400, G040,
E360 (10.000-vear Aood), 1000, 1200, 1400, Le00, THE, 2000, end 2270 (Probable Maximum Flood) m™s ssing FLOW-
3D, The fiow velocity sizmhicantly moreases when passing over the crest spllway, and this increass continoes sradundly
abong the chute section of the spillway. Due 1o the steep slope of the chute section, the muxinmum Aow velooity soours in
this rezion. Ulinnately, upon entering the stilling bazin, the dynamic ensrey of the flow 2 dissipated. Longitudinal pressure
megsurements along the spillway indicated o decreasz in pressure from upstream o downstream, with the greatest prassure
ddrop occurring ot the end of the chute secton, The meximum Aow velocitics comesponding to dischurees of 300, 530, and
23T0mYs were 3425, 4180, and 4490 m/s, respectively cach occurning at the dewnstream end of the chute. Sumilarly,
the minimum fow pressures for the aforementioned dischorzes were recorded as 1.23, 152, und —59 kPa, respectively.
An analysis of the covitoton index alone the spillway floor revealed that for oll mflow discharzges, the chute section =
susceptible to covitotion, However, the exomimatzon of the covitution index along the sidewulls indicated that the sidewalis
of the crest, chute, and the mital portrons of the chute are safe from cavitation. In contrast, the cavitution index o the
downstresm end of the chute sectivn fulls below the eribeal threshold,

Keywords Spillway hydroulics © Cavitation gssessment - Flow charectenstics © Mumencal zimulution

Introduction Any alterntion m the chunnel seometry, surface roughness,

curvature m the Bow path, or the presence of constriction

One of the most entical hydroulic issues threateming spill-
wiays 1= the phenomenon of covitution, which occurs as
a result of increased fow welscity ond o correspomding
ibecreasze 0 pressure to levelz below whmosphenc pressure
[24]. In lizh dum o spillways, the imereased flow veloorty
mzkes the svstem particulorly suscepible o cavitation.
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joints abong the spillway waolls can lead to flow separation
und localized pressure drops helow the vopor pressure of
water [8. 17]. Under such conditions, cavitation cccurs as
water transforms from Liquid to vopor ot smbient tempers-
ture, lesding to the formuotion of vapor bubbles known as
cavitation bubbles [T Covitation results in surface erosion
und dezrodation of the concrete, and 1f sustamed, can couse
severe structural damage. Notable examples of cavitation-
mdeced dumege mnclude the severe detenorufion of the
Karun | Dom spillway o Isan m 1977, the Glen Canvon
Dam spilbway in the United States m 1953, the Hoover Dam
sprllway in 1941, and the sidewalls of the tunnel spillway
of Zipingpu Dam m Ching, To evolugte the potentinl for
cavttation, the dunensionless Covitution Index. mtroduced
by Falvey [12], 15 commonly used. According to this cri-
terion, o cevitanon index bess than or equal 1o 0.2 indscates
g high hkelibood of cavitation, wihile values greater than
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1.2 suzeest that the Aow 15 unlikely to expenence covitabion
within the channel.

Chanson [3] mvestizated  high-velooity  supercritical
fAows in open chonnels, Using new expenmental dote col-
lecied from a 25 m long fume with o 4-degres slope, he
studied the characteristics of mr—water fows and the distn-
bution of the pir—water interfecial area; The results showed
that even with a small amount of entraimned s, the mtesfa-
vl aren between air und water could be signihcantly lurze.
These findings emphasize the unportance of or bubble
entrainment 1n gos trunsfer processes between air and wuter
in supercritical fows, Dorzabs [9] conducted & three-dimen-
sional sunulation of Bow aver o crest spillway vsing Fluend
software. He investizated the free surfoce profile ond vefoc-
ity distrbutnions by applying varsous turbulence maodels and
will functions. His resultz demonstrated zood sereeiment
betwesn key Aow purameters and experimental datu, how-
ever, thiz agreement was highly dependent on the mesh size,
turbulence model. wall function, snd Bevoolds number. The
study confirmed the importance of usme fner meshes near
the walls in spillway simulations. The RMNG-k-£ urbulence
madel provided more socurate predictions of veloorty fields
near the walls compared to other models. Nonetheless, the
appropriate selection of wall functhons for zolid bounduries
was found to be even more crbicul than the chowce of furbu-
lerce model, Owverall, free surface elevations were predicted
with an error marzin bebween 1.5% and 2.99% relative to
experimental megsurements across vorious spilbway heods.
Dong et al. [H0] mvestigoted the effects of air entrainment
um foow conditions and cavitation demage mitgeton. Their
experiments were conducted in o water tunnel consisung of
four consecutive sechons; the aeration ection, contraction
sectwon. observation section, and diffusion section. The
intreshuction of air into the Aow ncreased pressure o the
cavitetion zone {observation section). Results indicated that
acratton led o o sigmificant increase i pressure within the
cavitution regron. Furthermore, compansons of pressure
wiuvetorms zenerated by collupsimg covitation bubbles
undar both seruted and non-perated conditions showed thai
arr entrunment sizmificantly reduced the intensity of pres-
sure woves, Ruan et ol [27] exumined the effects of ar
entrainment in the tunmed spillway of the Goupitan Project
based on gravitanonal smmlanty critena and fiow velocoty
condrbions exceecthne 6 mi's. Their fimdings showed that ser-
ators producme bigher air concentrations downstream could
etfectively protect the tunnel spillway from cavitation dum-
age. Phster and Huzer [21] conducted loboratory experi-
ments to nvestigate the choractenistics of serated Aows,
including air concentration profiles. The downstream flow
condrbans following seration were catezonzed o three
rezions: the jet recion, the impact point, and the downstream
rezion beyond the impact. They reported air concentration
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vabes ot the fiow surface, average wir concentranon, and
botiom wir concentration for cach of the three remons.
Besults showed that air concentration on the spillway bot-
tom reached its maximum near the jet regron and persisted
until the point of mpact, beyvond which it bezan to decline.
A strong. geration zradient was also observed at the jot
impact location on the spillway bottom. Phister et al. [22].
using & hydrauhe maosded, studied the effects of wir concentro-
tion imtrsbueed by wn seration remp on vanous fow param-
eters, The averaze inflow wir concentrutton ronged from
.04 to .25, while averaze air concentration for unifonm
Aow was hetween 0018 and 0.23. Results showed that an
incredse m the average imflow concentrabion caused a shight
reduction in the oerobion cocficient, althowsh the overull
impact was minimal. At the bezinning of the aeration region
(end of the ramp]), the meun concentration exceeded the ini-
tigl inflew concentrution. Furhermaore, a5 the inflow air
comcentration mereased, the overall average mir concentra-
tion imcreased accordingly. Conversely, the boltom air con-
centration of the flow decreased with increasing inflow air
concentrotion. Plister [20] investigoted variations in the
hydrouhe choroctenstics of twe-phase flows, focusing on
parameters such as serabon coefcient, jet length, und the
distributton of wir concentration under the influence of twi
kev factors: the deflector engle snd sub-pressure inside the
cavity, The results indicoted that deflectors with steeper
slopes performed more effectively in entraining wir into the
Aow, oz higher slopes led to mereased air intoke. However,
their etfect om wir concentraton was relatively manos. Fur-
thermaore, mmcreasing the sub-pressure nside the cowvity
resulted in reductions n both jet length and the aerotion
eoefficient. It ulso caused o decrease n the bottom air con-
centration on the spillway. Zhenwer et al. [25] conducted 2
simubation of Aow over o spillway under fiood level condi-
tioas using Fluent software o evaluate the desizned flood
level. The numerscal results for Aow depth, pressure, and
velocity nlonz the spillway showed pood agreement wath
expenmental dota, with a diserepancy of less than 6% m
averize velocity between numerical and expenmentul val-
pes. Eghbalzodeh ond Javen [11] performed o numerical
comparizan bebween the VOF und Mixture models for simu-
lating two-phose fows. The study,. conducted m Fluent,
smnfated fow over o stiepped spillway, focusing on the
wafer surface peofile and air entraiment into the fow. The
resuilts were compared with expernmental data from Chen et
ul, [47. 1t was found that the Mixture model provided more
gecurate predictions of the water surface und entramed air
volume compared to the WOF model. Kenmum et al. [18]
examined potential cavitation-prone regions on the spillway
of Karun | Dam using g hvdrashc model. Two parimeters
flow velocity and cavitation index were used to identify Ave
crifical zones suscepbible to covitution domage.  Their
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FAg. 1 Aerial image of Mazlon
seseryour dana lake

Table 1 Uhamaciensics af ibe Narloo reservoir dam
Type of dam
Dizm threshodd level

Sotl with o clay core

1 502 i above sea

liewel
Krver bed level 140 m ahove e
level
Heighe of the dam from ihe meerbed 11 m
[z threshokl length 4% m

[hem ehreshebd widih 12m
Wichh of 1he base of the Gupest dam declicn 460 m

findmgzs showed thot os flow velocity increases slong the
spilbwuy. the hikelihood of damage nses in sections closer to
the downstream end. Chukib [2] mumencally investiguted
the mtiation peint of natural air entramoment from the water
surfuce vver o stepped spilbway. Several candidate locutions
for the onsst of notural seration were assessed and com-
pared with experimental results and theoretical models. The
study absiv amalyzed surface wir enframment pomts usder
varying discharze conditions. The results indicuted that with
increasing dischanze, the mrtistion point of surface seration
shifted further downstreum. For wdischarze of 0E2 m*s, no
aerutton ocourred on the spillway steps, und wir entraimment
wis oaly ohserved i the stilling basin. Funhennore, wir
entruinment into the Bow redoced waoll fncion ond mereased
Ao welocity. Chinnarasn et ul. [3] investizoted the hoydroo-
lic and turbulence charactenistics of flow over both smooth
and stepped spillways, The VOF method was uszd for cop-
furing the free susfuce, and the BNG twurbulence model was
empleyed for amulsting furbulent Aow. The results demon-
strated that velocity profiles in beth bypes of spillways were
in good agremment wath expernmental data, The highest
deviation m velooty distnbotion occurrad e the chute spill-
woy, with 4 maximum errar of [T, The turbulence

intersity analysis indicated thot the hihest turbulence ley-
els occurred near the spillway bottom in the chute confizo-
rafion. Luno-Buheno ef al, [19] conducted  [aboratory
experiments to measure gir entraimnment into the fow i two
confizurations of bottom-gerated spillwavs: one with o base
structure und one without Their findings showed that the
apilbway model with & base entruined more air than the
masbel without one, This mcrense wos attnbuted to wuve
formation downstream of the base, which fucilitoted air
entry into the fow ond helped reduce cavitation. In the bose-
structured spilbway, wir concentrotion was found to be non-
uniform across the flow zecton, with higher concentrotions
pear the sidewalls compared 1o the spillway center Jamul
and Manafpour (2019) investizated the occurence of cavi-
tatign in the bottom outlet of the Simerch Dam using
FLOW-1D software. Their resudts indicated that the cavite-
tion ndex values along the channel bed fromm . sectoon
X=4| m to the end of the channel were below the critical
vilue of 0.2 for pate openings of 1%, 20%, 30%, 40%, and
g, Addinonully, the channel walls at section X=341 m
expeniencead cavitution for all opemings except the 10Hs
vase, and ot section X=42 m, cavitation ocourred for all giute
opentnes, Ghart et ol [15} conducted o three-dimensienal
numencal sunulation of the Shabed Madans Dam spillway
psing FLOW-1D to mvestizate the potentind acourrence of
cavitution. The study indicated that the cavitation number
remained above the cntical threshold under all investizuted
dizcharze condittons, suzzesting that covtution 1s unlikely
tr oceur mothe spillway, Jomuli et al. [14] conducted
numerical stedy on the effect of the adewall diverzence
mngle on the cavitntom mdex i supercoincal fows. Their
finchings showed that cavitation did not ocour for diverzence
ungles between OF and 107 ot Frowde numbers less than
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Table 2 Characienstics af the damn: spallway

Type al spillway

Free oo spillvay

Spilbway squalzn

Spilfway theushold livel

The level of the chanpel bed cverforking
ihe spiliway

Hezsehi hehind the spillaay

{iross kenpih of threshnld

Xt length of the threshold

Hoaorizmmtal lenpih of the spillway from the

Yl polsx"
1492 e ahove sea bevel
| 4%6 m ahove sea bevel

fim
am
A m
35 m

fizck 1 the hepgmming of the anch

The level of the begmnimg of the arch |48, 2T m obove sew

leved

Raders und engle of the anch 2450 m and 35.8]
deprees

Arch end aleenmeni 1455 T m above sea
lewed

Honzomial leczih of the arch |1 B m

Tahle 3 Chamciensics of dam chaie
Ferst altpnmien

1483 71k en abonee zza

level
Wedih of the first 2lignment 43 m
End widih Mim
Langinsdinal slope 4 and 12 depree
Horizomtal length of the st inclmed 12487 m
surface
Arch radms and angke 140k m ond Z8 degreca
Horizomizl lerggth of thearch 4601 m
Arch edoe alipomend 140 L 06 mabove sz
level
Haonzomial leczih of the slope 10411 'm

Table & Uhamcienstics of dam sidlng basin

Red bevel [ 396 m ahowe sea level
lengil 43 m
Wedih W m

The stape al the end of the stilling basin [ horirantal height

440, However, for diverzence angles grenter than 67 and
Froude numbers exceeding 14, the covitation mdex dropped
below the criteal value of 0.2, Furthermore, the results suz-
eested that no wall diverzence should be applied for Froude
numbers sreater than 1 7.5,

Due to the growine need for surface water storage for
vanous purposes, the constmaction of high doms has siz-
mificantly increased. Spallways, us key hydraulbic srociures
associeted with doms, ure responsible for safely convey-
inz woter from the upstream o the downsiream. A review
of the liberature indicates that cavitation 15 one of the most
erticel challenges facing spilbways und has coused substun-
tigl domaze to dam infrastructure, Therefore, to mitizite
this phenomenon und achieve efficient desizns for future
sptlbways, a comprehensive understandime of fow patterns
partrcudarly Bow veloctty and pressure fields iz essentul to
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prevent cuvitution snd propose efective sedubions when 1t
does oceur. The muin contobution of this study les in the
comprebensive numencol investization of cavitation-prone
regions along both the spillway Aoor und sidewalls of the
Muzlou Dam spillway under a wide range of mflow dis-
charges, ranging from the minmum desizn dischorze o the
Probable Maximum Flood (PMF) condition, Unlike previ-
vos sthies thot have pnmaniy focused on Aow character-
isiecs or cavitation assessment himited to the spillway Aoor,
the present work stimultanesusly evaluates the fow veloc-
iy, pressure distnbubion, und covitation imdex long both
the floor and sidewslls of the spillway. Another important
contributien of this reseurch 1= the iWdentification of the pre-
vise locutions and lonzitudinal extents of covitobon-prone
ronecs under different discharge conditons using FLOPW-
ID numencal simulations. Furthennore, the study pro-
vides pructicul recommendations for cuvitafion mitizaton
througl the implementation of weration systems in critical
regions of the spillway.

Materials and methods
Maziou dam

The Nazlow reservoir dam 13 located i the northwest of
Urmia city, within West Azérbagjan Provinge in Iran, and
hus been constructed on the Marlouchay River. The river is
formed from three main inbutares: The Bardok, Sarow, and
Marmisho Bivers. Among these, the Bardok River (o mbu-
tary of the Gonbad Biver) recaives almost all of its fow from
within Trunsan termtory. In contrast, o significant portion of
the Surow Fiver originates from its headwaters locoted m
Turkey. The ohjective of the progect is the optimal otifiza-
tion ef water and land resources in the region throush the
regulation and control of the Nuzlouchay nver’s flow, The
resilated water1s mntended to be used for irnzoting approxi-
mately 43,100 hectures of farmland i the plamns of Mazlow,
Eowzeh, Kohnz, and Morthern Anzal. Additionally, it girms
te parizally supply industrial water demuonds of the mdustnal
zones 0 the Urmia plain, provede part of the domestic water
needs of nearby cities, prevent flocd domazes, and mest
enviranmental woter requirements. The qualitative ohjec-
tive of the project 15 to improve the economic amd social
conditions i the northern part of the Urmua plam. Figure |
Hlustrutes the reservoar area of the Muzlowchay dam, snd
Tuble 1 prezents the technical specihentions of the dom.

Mazlou dam splllway

The fiood discharme swstem of the dam comprses an
upproach channel, an ozee spillway, o converzing chute,
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Aq.2 Flan ond profile of the Kooy dam

and an emerey dissipation basim, oll located on the nght
abutment of the dam body. The spillway conirol secton s
un ooee-shaped structure with u crest elevabon of 1492 m
above zei level, The effective length of the spillway 15 40 m.
The upstream fuce of the ogee 5 designed using circular
arcs with rudi of 4.75 and 1.5 m. while the downstream
foce follows a porabolic profile defined by the equation
Y= 008X, e accordonce with internationally rec-
ommended stundards. A slope of 3 verical to | honzontal
connects the upstream ellipse of the ooee to the approach
chunnel. At g distance of 6 m downstream from the para-
bolic prefile. s cireudar are with o rudios of 24.3 moand o
central angle of 3581 degrees links the ozee crest to the
chute channel, This arc begins at un elevation of 149827 m
above sea level, To accommodate o bridee over the spillway,
a4 2 m wide central pier has been desizgned wlong the fonei-
ihnal s of the spillway. Consequently, the oross lensthof
the spillway 12 42 mo Full techmical details of the spillway,
abong with its plan and profile. are provided m Tables 2. 3.4
and Frg. 2, respectively,

Physical model components

& 1:40 scale phvsical mode] of the Mazlow dam reservor
spilbwuy syatem was constructed ut the Woter Research

Institute of the Iranim Mttty of Encrey for the purpose
of evaluoting the structure’s performunce {Fiz. 3 [11. The
main ahjective of developing this hvdraclic model wus to
optimitze. and enhance the Aood discharge system’s  pes-
formunce. Muthematical snalyses combined with existing
expenience 2re pot always sufficient to provide complete
anid relmble mformation o ensure the correct operation of
on expensive hydroulic structure. Therefore, hydraulic mod-
eling studies can be useful for gaming further msight into
the real-world behavier of the structurs. Under suitable con-
dittons, results obtamed from a sculed hydraulie mode!] can
be senerulized to the prototvpe. The use of physical models
1z highly effective due to their ability to simulute the throe-
dimensional geometry of the studied envirenment, enabling
direct oheervation and measurement of flow parameters
such as depth, velocrty, und pressure, This wllows for efi-
crent and fmmely optimization and improvement of the pro-
posed design. The dunensions of the upstresm reservoir in
the model are 7.50 m i width, 7.60 m in length, and 3 30 m
in height. The topography, inlet channel. gude walls on both
sides of the inlet, snd o lonzitudmal secnon of the dam body
om the left side of the spillway were constructed vsimg build-
img muterials. The extent of the constructed model 15 shown
in Fiz_ 3B The infes chonnel was mode from buikding mote-
rals with o smooth cement coating, the suide wulls were
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Ag.3 Hydmulic model of the Maxlow dam
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Fg. 4 & Meshing the model. b Defining beesdary and initial conditions for the model

constructed from wood ond pamted with oil-hased paint,
and the reservorr topozrophy and dam slope were modeled
using rough cément. An overview of the inlet channel in the
madel 15 deprcted n Fig. 3c, while o general view of the
spilbwuy 15 shown in Fiz. 3d, The chute and its sidewalis
were constructed from transparent Plexizlas, o5 dlustrated
in Fig, 3= The sulling basin wus alse bult using ransparent
Plexiglas, while the energy dissipating blocks were made
from wood coated with mi-based pont. Images of the sall-
ing basim ure shown m Fig. 3f, and an overall view of the
reservolr 15 presented in Fiz 3z

Governing equations

One of the powerful software tools in the ficld of flud
mechanics based on the Anite velume method = FLOW-30.
Thiz software dizcretizes the continumty and Mavier-Siokes
equations to perfonm three-dimensional simulations of fud

medion. The conhmnty equation, of mass eonservaton
equation, for a Awd Aow = expressed oz follows (Flow Sci-
ence e, 2046):

it i
ﬁT+L—]-iT|,..-|¢!|_n il

In this equetion, &; i3 the comporent of the vefocity vector
in the ¢ direcson, The software solves the Mavier-Stokes
equations for three-dimensional Aow unalysis using the
finite volume method on o dizcretized gnd. The squattons
ure derived in Cortesian coordinates as follows [13, 14]:

R T, I

il il
,wF:I-J-I-_Eu-u.J,H.'.:?:l“.l.M E,-I...,,_-_|_I—J-!w,.-h,,+ﬁ,.,J 2
i 1 dh ol i 1
— e |, — bl — i = m e e L
e Vi ll. Tk F by JiI:,:I iy 7l 13
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i {1ty TR I"?l;-l g i &+ f Y
[ L i sl el I &P
—|_u1_ b A — o e G

TR |: e Fily BT JII el i (3}

Ini the sbove equations, w, v and w are the velocity compao-
nents, A . 4 and A, are the aren fractions associted with
the ﬂl.'l'i'r 0, G, and (7, are the body aceelerations, £, F and
- are the vizcous forces in the x, ¥ and 7 directions, respec-
tively, Ryqp 15 the source term of mass, By 15 the turbu-
lent diffusion term, Fo.o1s the volume fraction of the fluid,

<1 Speanger

und P represents the pressure, This equation, in general, 1=
expressed as Eq. {6).

Ry By A Sy
b 4 1ij —1 —Il.h-l-.'ﬂ.-i- T LA '| 'r'!'._. Ty } I'I'!-,I

In the above equutions, &, represents the body force 1n the
i direction, g & the Aud's dynemic viscosity, and ¢ 15 the
density of water. ¥, x. and x, represent the flow's spatial
coordinetes m the §, §. ond & directions, respectively, Addi-
tiomally, 4, = the Kronecker defta, which equals 1 when
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i~ and equals 0 otherwisz [6]. The fluid i3 assumed to be
incompressible, meanmg that its density remams constant
throushiout the Aow field and doss not vary wath pressure
of temperature changes within the scope of the present
anulyses.,

Model geometry, mesh generation, and boundary
conditions

[n the prezent study, bused on the dimensions of the spllway,
four different mesh sizes were chosen, and throush mezh
sensitivity unalvsis, the optimel mesh waos selected. The
methed of applying the computofional zrd in cach direction
and other mesh generation detuls ore shown m Fig. 4a. In
this research; due to the creation of several Mesh Blocks,
the common foce between bwo mesh blocks 15 defined as
Svminetry. For the inlet fiow, the boundary condition of val-
ume fAow rate was applied, and o examine the hydraolic
paraineters of the Aow in euch simulation, the inlet Aow rute
wus imireduced to the softwure. For the sutlet section of the
channel, the Outflow boundory conditien wus apphied. For
the walls and floor of the mesh, which represent the walis
and fioor of the channel, the Wall boundury condition was
used, For the Z max boundary, the Symmetry boundary con-
ditson wus applied Fig. 4b. In thes study, the ENG turbulence
model wus selected for zimulutmg the models mvestiguted
in this rezearch. The ressons for choosing this model include
its reluhsfity 1n responding o vurious issues, its gecuracy in
salving the eguutions. its high precision in depicting fow
detmls, ond 155 aliznment wiath previoos studses.

f
l i Experimenial —@l— Numerioal I
" A et L e Lt A S e Lo e S
Chunpes im Mow deptl nesr the left w
2 of the spillway for s Now rate of 23270
E I
;
i
g
= »
L3
o

i R0 fie R0 I XS M 3RE 40

Flaw directios (m}

Results and discussions
Model validation

The first step i 4 owmencol mode] for extracting results
1z madel calibration. Thes means minpuzing the effects of
exnternal Fuctors und ensuring that the numencal model con-
ditions ore as close us possible to the luboratory or real-world
condinans, In onder o ensure the valishiy of the numencal
mexbel s caleulutions, the results obtuined from the ninmersi-
citl model should be compared with the laboratory results.
If the emor k5 within an sccepiable range, the numencal
mesbel resulis con be considered reliable. After accounting
for vanous conditions, the results from the numencal maodel
were compazed with the available laboratory model results.
If 0 reasonohle discrepancy 1= found, the model 15 conswd-
ered calibrated, and s resulis can be utihzed. In the pres-
ent study, to vahidate the oumericul model, the depth and
velocity of the Aow ot the center and near the left wall of the
spillway at fow rotes of 330, 1200, and 2270 m/s extracted
from the hydraulic model tests of the Muazlou dom spillway
were used Fizure 5 shows the trend of flow depth chunges
ut the center and near the left wall of the spiflway, and Fig. 6
shows the trend of fow velocity chonges at the center and
near the feft wall of the spillway for the mentined Aow
rutes,

After validating the results of the pumencel mosdel, the
study procecds 1o mvestigate the hvdraolic churactenstics
of the Aow, including veloeity profibes, pressure; and cavito-
tion madex on the floor (st the center of the chanmel along
the lommitudimal direction) and on the spilbway walls at daf-
ferent cross-sections for the mput few rates of 300 {the
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lowest desten Aow rute), 400, 600, 330 (flood discheree of
[0, 000 years), [0, 1200, 1400, 1600, LEO0D, 2000, and
2270 {muximum probable food discharse, PMF) m's
Fimally, for the conditions likely to vause cavitation, appro-
priats Preventod Imeasures are proposed.

Investigation of flow velocity variations along the
longitudinal direction of the spillway for different
input flow rates

Figure 7 shows the flow velocity profiles for input flow rates
oo 308, 44ed, 600, anid 530 m*s st the center of the spillway
abony the longstdinal direction of the fiow. The results imdi-
cote that as the fow moves from upstream to downstream

<1 Speanger

of the spilbwuy, the static enerey of the Row &5 converted
e dynamic energy, and the Aow velooity mereases. Spe-
cifically, the flow velocity in the channel inlet Sect. (D40 m
from the spallwoy cress) is uniform due to the constant sbope,
then as it passes over the ozee spillway (40-63 m from the
gpillway crest), the velocity merepses shamply doe o the
incregsing slope of the spillway fAoor. As the fow enters
the chiute Sect. {60-200 m from the spillway inlet), the fow
velocity 1ncreases gradually with o mild slope. Upon entes-
ing the stesp water Sect. (200-320 m from the spillway
inlet), the velocity mcreases sharply due to the steep slope
of the chute. Finaliy, as the Aow enters the stilling hosin
{320-350 m from the spillway nlet), the dynomic enerey
of the flow = diszipoted, and the fow velooty decreases.
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By comparing the valuzs of flow velooity for different miput
fow rates, 1t was observed thut for a Aow rate of 300 m™s,
the fow velocity ot the chonnel miet 15 0.52 mis. This valoe
mereased to 00538 m's, 0085 mi=, ond .07 mv's for flow rotes
wf 400, 600, and &30 m"s, respectively. As the Bow passes
over the ogee spillway, the velocity increases o 1449 mf,
14.72 mvs, 1538 ms, ond 1552 mds, respectively. In the
chute section, the Sow velocity contimues to mse, reaching
1451 mis, 1997 m/s, 2032 mv's, and 20,58 m's. The steep

wafer section, which hos the highest channel slope, shiows
the maximum fow velovities. For the mentioned flow mtes,
the fAow velocities are 3425 mis. 352 mis 3842 s,
ond 4180 m's, respectively. Finally, in the stilling basin,
the dvnumic enerey of the fow 15 dissipated. snd the fow
vetocity decrauses to vilues rangine between 10.22 mfs and
[1.58 mus.

In Fig. & by examiming the flow velocity values for mput
Ao rutes of 1000, 1200, 1400, and 1600 mYs along the

£ Springer



[203G111:57

Innowabee Indrast pucture Salubions

| Veloeity profiles st various discharges |

way for hfferem

Fage 120f 21

5

Aqg. & Flow velocity profiles

akong the spalk

diz:harpes

gk T jns

e e HELCE ECPEE LT LR =

1
iy 4-:r!||-. .

; @0 Fusdoyg

=

X Directins (m)

5@ TS 0 XI5 380 1T MG 225 Aam 3TH dnd

| Velocity profiles st varioss discharges |

15 A0

& ) r Amwpinds apn

E = £

£ £ E

£ o
= ]
e LTy = & @ "
Ay 33y i
L&l
ALY T e - -
]

E ¥ ¥ /2 ¥ A4 v = = W =
(ERCTRA TR DT

Aqg. % Flow velocity profiles

afong the spaliway for defferend

dizcharpes

TR I% 158 1T QM IIS D ITS 3pD A28 350 ATR
X IWreorion (m)

pranger

a5



frnovatme Infrastnecture Salumons 2036 11573

Page 12621 579

Pressure profiles at varions discharges
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FAqg. 10 Flew pressure prodifes along ihe spiflway for difensm doscharges

Ionzitedingd direction of the spillway, 1t wos observed that
the velocity m the converging channel section rmged from
[.29 40 2.93 m's. Asthe Aow rote increused, the fow veloc-
ity alza increased. In the orze spilbway zection, the Aow
vebooity vulues for the mentioned Aow rates wers 15,65 mfs,
15,60 mfs, 15.91 m's, und 16, 10 m's, respectively. Further-
more, 10 the chute spillway section, the flow velocity con-
tinued to increase, reaching values of 20008 m's, 21.26 m's,
11.64 m's; and 2230 mfs. In the steep water section, where
the muximumm fow velocity occurs, the flow velocity values
reached 41,60 mds, 4190 s, 42 49 m's, pnd 43.15 m's,
respectively. Finally, m the stilling basin section, the Aow
velocity decreased and ringed betwesn 1721 m's and
24 m's.

The unalysiz of fow velocrty results an Fig, @ for mpuoi
Aow rates of 1RO, 2000, and 2270 m™= along the longitu-
dinal direction of the spilbway showed that the moximum

vakue of this purometer ocoarred ot o Aow rate of 2270
ms m the steep water sechion. Accordmi to the results
obtaimed. the flow velooity in the convercing channel szc-
tin for the mentioned Aow rates ranged between 2.35 m's
and 300 mv's. Then, as the flow entered the ooee section, the
velooity increased, reaching values of 16,12 mf%, 16,16 m/5,
ond 14628 mf's, respectively. In the chute spillway section,
the Aow velocity contmued to merease at a gentler slope
cormpared to the steep water and ogee sections, reachinz
vilues of 2212 mfs, 2348 m/'s. und 2497 mfs. The steep
wuler section, which hus o steeper bed slope compared
b other areas and 15 longer, exhibited the maxonum flow
velocity, with Aow velocity values of 43,22 m's, 44,16 w5,
and 4490 ms at the end of the steep water section. Finally,
g5 the water entered the stilling basm, the fow velooity
decreased, reaching values of 2020 m's, 2300 m's, and
14,89 m's, respectively.
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Cavitation index profiles st various discharges
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Ag. 12 Caviiaunn index profiles along the spellway loogivadimal decieon for dilferent descharges

Since the obtaimed fow velocity values in the steep water
secion exceed 30 mi's, the occurrence of cavitubion in this
seeton 15 likely. Therefore, it 15 essential ts exomine the
pressurs values of the fow along the channel to predict the
wcourrence of cavitation.

Examination of pressure variation along the
spillway for different inflow discharges

The results obtuined for the pressure valuss on the spillway
floor glong the longitudinal direction showed that, i gen-
eral, as the Aow moves downstream from the spilbwvay, the
pressure decrepses. Additionally, o5 the flow enters the sill-
inz hazin, due to the high turbulence of the Aow, the pressure
expeniences more fuctuations. Az shown in Fig. 10, as the
fow moves from the ogee spiflway towards the end of the
stifling basin. the pressure values for inftows of 300, 200,
fil, and B30 mv'/s decresse from 38.5 to 123, 3820 0o 172,

(350t 1,89, and 77.25 to 1.52 kPa, respectively. Further-
mare, mside the solling basim, the manimum and moximum
pressure values were oblamed us — 10063 kPa for o discharoe
of 300 /s and 3850 kPu for o discharee of 8300m7/s.

The results obtained for fow pressure for mflows of
PO0D, 1200, 1400, and 1600 m's, shown m Fizo 11, indi-
vated that in arcas where Bow veleosty and consequently
flow turbulence are lower, the flow pressure 15 predonmmi-
mantly tydrostate. As the discharge ancreases, the fow
idepth wlso merenses, and consequently, the flow pressure
incregses, which con be observed 1o the ozee spillway and
chute spillway sections. However, with the mcrease in flow
velocity and turbulence, parbicularly in the stilling basm
ani the chute section, the pressure Auctuotions become
mere pronounced, and o porameter called dynamic pressure
hecomes invokved m determining the trend of ths param-
cter. The results showed that the maximum snd minimum
vilues of this parameter from the ozes spillway o the end

£ Springer
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FAqg. 14 Caviabion index profzles
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of the chute spillwuy for the aferementioned mflow rates
are 13254 und —0.1, 14315 and —2.7, 153,08 ¢nd —2.9, gnd
162.27 and - 3.2, respectively. indicoting a general decrense
from upstream to downstream. In the shlling hosim, the pres-
sure fuctustions are more pronounced due to hich turbuy-
lence, varying between 1.2 and -52.5.

The results obtuined for Aow pressure coresponding to
inflow discharzes of TEDD, 2000, and 2270 m™s, u= shown
in Fiz. 12, indicote that the Aosw pressure for the aforemen-
tioned discharzes decregses by 84,5, 95.2; and 105.75 kPa
from the ogee spilbway to the end of the chute, respectively.
Specthcally, the highest pressare values ot the bezmnimg of
the ozee spillway were 815, 912, and 9033 kPa, while the
[owest pressure values af the end of the chute were recorded
as =15, —4.5, und -39 kPa, respectively. Moteover, with
increasing discharee, the pressure fuctuations in the stilling
basin-olso mtensified. These vanations in the stlling basin
ronged between 2.4 und 150,22 kPa.

Investigation of cavitation index variations along
the longitudinal axis of the spillway floor for
different Inflow discharges

According to Bemouwlli’s equusion, as the fow velocity
increases, the pressure exerted on o surface decreases. Con-
versely, a5 the pressure drops below the vapor pressure,
the likelihood of cavitation increzses, In dom spillwavs, as
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the flow moves from the upstream fo the downstream sec-
ton, its velooity increuses and, consequently, the pressure
decreases, Therefore, pressure evolustion 15 crucial to pre-
vent the destructive phenomenon of cavitution, In the fol-
lowing, the covitntion index along the floor and sidewalls
of the spillway 1z exmmined for vanous nflow discharges.
Figure 13 illusirates the cuvitution index values slong the
longitudingl axis of the spillaay Acor from the beginning of
the omee crest to the end of the stilling basin for inflow dis-
charzes of 300, 400, 600, and 830 w5 The results indicate
that, for all the mentioned dischurges even for the minimum
design discharze the spillway chanmel experiences covito-
tion ot the end of the chute and the bepmming of the stilling
hasin. Specifically, for discharves of 300 und 300 n*s, the
cavitanon mdex fulls below the cotical value of 0.2 from
the 260 m to the 335 m section downstreum from the spill-
wiy inlet. Additionally, for discharges of 600 und 30 m*s,
the spailway flooe from the 230-m to the 340 m section 15
exposed to cavitation. The mnmmum recorded covitagion
index was 0013, which occurred at the 320 m section from
the spillway entrance, located of the end of the chute, for a
dizcharze of E30 mYs. It = noteworihy that the converging
chiannel section was excluded from this analysis due o s
low Aow velocity and correspondmety hicher pressure 2nd
cavitation mdex.

The results presented im Fiz. 14 for the cavitation index
values comresponding to inflow dischurges of 1000; 12060,



frnovatme Infrastnecture Salumons 2036 11573

Page17of 21 579

Cavitation index profiles at varions discharges

=1 HEHim . s

Q=12 T s

0,70
060
.50

Cavitation Index
=
£

o

ent channel

ih, 4
0,30
0.20 i
0,10 '

I

it
Oreee spillway

! Cony

e

B s — —

Sloping section

Stilling basi

' L2 2 A F & £ R R & & b R 4 R B 4O R 8 L 8 R R R 8 8 8 B 4 % & 8 2 B & & L 4 1 1 2 J

"
v
— s — s — o — s ]

AL
Sis 1| s 13 15 18I

e 2M

256 2RI MM ARL QEh KL 406

X Mrection (m)

FAg. 15 Uzaviabion index prolzles aleep the spallvay longitoding] derecison for diffenent descharges

[, and L6000 M s along the longitiding] axis of the chan-
nel floor indicate that, with mereasing dischorre, & larcer
portien of the chute 1= exposed to the occurrence of covi-
fetion. Specifically, the covitution mdex drops below the
entteal vafue of (0.2 from the 225 mto the 345 m sechien for
the 1000 m"'s dischorze, and from the 225 m to the 350°m
section from the spillway mlet for the other dischuree val-
wes, Moreover, the minimum covitution index recorded in
thie chiste section was 0.12, and in the stlfing basin sechion,
it was .17, both comresponding to a discharee of 1600 m"s.
Az the fow prosresses towand the end of the stilling basin,
enetey dissipotion leads te a reduction m Aow velooity and
a subsequent increase in the cuvitation imdex.

With increasine fow rates to LEOD, 2000, and the moxi-
mum prisbable food (PM.F) discharge of 2270 m'/s, the
results obtained for the cavitation index, as shown m Fig, 15,
abong the lonzitudimal axis of the spillwey floor from the

hegmming of the oges crest to the end of the =tlling bosim
indicate that for dischoroes of | H00 oncd 20660 m'fs; the cavi-
tatien mdex drops below the cotreal value of 0.2 bebween
the 225 m and 345 m sections from the spillway inlet In
eontrest. for the dizcharge of 2270 m%s, this thresheld =
reached sturting from the 210 m section. According 1o the
results, the mimiinum cavitation index valoe of (115 ocours
ut the znd of the chute und the beginnimg of the shlfing bosin
for the 2270 m™s discharme,

Investigation of cavitation Index variations along
the sidewalls of the splillway for different inflow
discharges

The cavitution index values along the sidewal ls of the spill-

wiy were evaluated 0t vanous cross-sectons located at
diztunces of 555 m {ogee crest), 70, 110, 150, and 190 m

£ Springer
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Fg. 16 Caviiaton index protiles & the vertical direction of Mooy oo the side wall at different sections of the spilbway izle for different Bow roles

{chute spilbway ), 230 and 270 m ichute), and fineliy 310 @nd
350 m{stillmg basin} from the spillway inlet, for different
inflow discharzes, The results indicated that the covitabion
index decreuses with increasing dischuree. Additionally,
the mdex values are generally higher neor the bottom, due
1o surface rouzhness, and near the water surfice due to air
entreinment. Ficure |4 presents the cavitation index vilues
at the aforementioned sections for vanons discharees. The
minmmun cavitation index values at these sections were
found to be .83, 0,73, 0L63, 0.51, 038, 6.26, 011, 0.15,

<1 Speanger

ondl 1, 14, respectively. Bused on these values, it can be con-
cluded that the sedewalls in the oZee crest Sect. {555 m),
chute. spilbwuy Sect. (70, 114, 150, ond 190 m), und the
upstrewm part of the chute {230 m| are safe from cavitation.
However, the sidewalls in the downstream chute and stilling
hasin Sects (270, 310, and 350 m) are susceptible 10 cuvita-
tion. A detailed examination of the cavitation index values
gt the 270 m and 310 m sections showed that the sidewalls
ot these locutions expenence cavitufsion for wll mfiow dis-
churges. Specifically, the minimum covitation index valuss
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at the 270 m section for the varous dischorzes were 0,19,
1 0L TH, O b, 7, DT, O LS, 004, 0.4, 1S, ond 10,14,
respectively. At the 310 m section, the corresponding val-
wes were (LTE, 017, U700 1S, 06, 0014, O Be, 0016, 0,15,

.14, and i 14 oll below the erifical threshold of 0.2, Finalky,
the results for the 350 m section showed that this section =
only safe from cavitation of mflow descharees of 3060 and
408 s, while for all other discharges, the caviation index
fullz below the critical value of 0.2, Varutions in flow depth
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directly influence the fow velocity and pressure distribution
wlong the spillway, which consequently affect the cavitution
index values: In zeneral, a reduction in Bow depih increaszs
Aow velocity and decreases local pressure, therehy reducing
the covitation index snd increasing the hikelihood of cuvita-
tion pocuTTence.

Based on the results of the covitubion midex along the
apilbway Hoor and sidewalls for different mflow discharges,
it can be concluded thot the occurrence of cavitation within

£ Springer



Sre Fage Daf 31

Innowatee Indrast pucture Solubons [0HE 11579

et < R il " L) [T R B
e W 0 ] [ W L) | i~ Ny
— i " 1y loiHEm* ) — A XA

e B I e 1WA

sectinm— Y8 m

Floy depth {m)
LA

L] [ A [[F] [ K i, s (1]
Covration lmdex

Flg. M6 fcomtinaeds

the spillway channel partcularly m the downsirenm por-
tion of the chute and the upstream sechon of the solling
basin 12 hughly probuble. Specifically, the covitation index
along the Aoor falls below the cnifical threshold of 0.2 for
the probuble maximum food (PMF) discharge, from the
210 g0 the 340 mosection from the spillway crest. Somlady,
the sidewnlls, from the 270 m mark to the end of the spill-
way channel, are also subject to covitution under these Aow
conditions.

Conclusions

Evaluation of flow velocity, pressure, and cavitation
Index along the spiliway for various inflow
discharges

The unabyzis of fow veloerty values wlong the longitudinal
shirzction of the spillway under different inflow discharzes
revedled the followime:

I. In the converzing channel section, dus o the low bed
stope, the flow velocity remmns relutively uniform. As
the How meves downsiream, stabe enerzy 15 erodu-
wllv converted mbe dynaimic energy, Owing to the low
velocity in this sectton, the fow pressure remaims hydro-
stutee, ond mereases in discharge lead to incressed Aow
Pressure

2 Asthe fiow passes over the ogee and chute spallway s=e-
tienz, the increased bed slope lepds 10 higher velocres
und, consequently, reduced pressures.

<1 Speanger

1. In the steep chute sechion, a sigmificant acceleration m
fow oceurs. At the downstream end of the chute, Aow
velocity reaches s peak. while pressure drops b ats
minimum value.

4. Upon entering the stlling bazin, fow velocity decreased,
end dymamic enerey dissipetes. For instance, under a
discharze of 300 m™s, the fow velocity decrenses from
3425 to 10,22 mis, and for o dischanze of 2270 m's, it
reduces from 44, 16 to 2480 /s Due to Bow turbulence
caused by hvdravlic jump, pressure values in this sec-
ton exhibit greater fluctuutions. The minmum recorded
pressure was —10.63 kPo ot 200 m™s, while the maxi-
mum pressure reoched 18020 kPa ut 2270 m7s

The assessment of the cavitation index on both
the splllway floor and sidewalls for various inflow
discharges indicates the following:

I. The smillway Aoor, even ot the minimum design dis-
charze of 200 m"s, experiences cavitation in the down-
stream portions of the chude,

. For discharges of 300 and 4060 m'/s, the covitution index
along the Aoor drops below the critreal threshold of (0.2
betwezen the 260 m and 333 m sections from the spillway
CTest
As thachoree increases, the enzet of cavitabion shifis fur-
ther upstream. Specifically, for discharzes of 600 and
B30 m™s, cavittion oceurs from 240 to 3440 m; for dis-
charges of 10002000 m™ s, from 225 w330 m; and for
the probable maximum food (PMF) discharge of 2270
" s, from 200 o 350 m.
4. The cavidation index on sidewalls, measured at sectons
555,70, 100, 150, Fe0, 230, 270, 310, and 330 m from
the crest, shows that sidewalls in the oges, chute, and
upper chute . sechons are safe from cavitation. How-
ever, the lower chute and snlling basin sidawalls exhibat
cavitation rizks, with volues dropping below the cntical
index.

The downstreum end of the chute and the besinning of

the stilling bazin are prone 10 cavitetion at sl inflow dis-

charzes, with the cavitation index dropping to as low as
ih.14, The far end of the stilling basin, hewever, remaoens

safe from cavitaton under discharces of 300 and 400

ms,
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Based on the results for fow veloosty ond pressure, it can
be concluded thas when Aow velocities excesd 30 m/s, flow
pressure sienificantly drops, increasing the likelibood of
cavitation within the chunnel, Cuvitution index values along
the spillway floor ond swdewalls confinm that the down-
stream end of the chute und the upstream porion of the
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stilling basin are highly vulneruble to covitution. To nubi-
wate this phenomenon, it 15 recommended o mplement air
entrainment systems along the foor and sidewalls before the
218 m section. Introducing wir nto the Aow creates a cush-
ioming etfect between the flow surface and channel bound-
anes, ncregsing pressure and thus preventing voporization
of water and the subsequent onsst of destructive cavitation.

Funding The outhers declare that ne finds, grapis, or olber soppont
were recetved dering the preparadion of 1his manoscTpi.

Declarations

Corflict of imterest The smhoes have no relevant finoncial or mon-G-
nancial snieresis o disclose

References

1. Ancoymens (2007 The final repon of sudies on the hydraukic

model ol ihe Mazxlca Dam fAeod discharpe sysem. Waier Research

Irssizinte of Energy Mindsiry, Tehmn, [an

Chakah B (200 Nunzencal compulaisan of mospleon point locs-

tiom for Bat-sleped siepped spilfway. Ind | Hydraol Eng 1:47-52

1. Chapson H (8997} Meamaring amr-waler interface men in super-
critical open channel fowe Water Res 1601414 14210

4, Chen ), Dai §i Lim H (2002% Yoiwee of fusd moded for -
bulence numerical samulsion of stepped spellway overfiow: 1
Hydroul Eng LZR:AK3-AKE

5. Chinnarasri C, Kassigaitiweng 1, Jubizn FY 1 2003) Mede] of flow
aver spalfways by compuiaticeal floid dynomics: Proc Irst Ciy
Fnp-Water Manae |67 164175

fi.  Daneshizraz B, Noroun B, Abbasmdeh H, Eeng AL D Frane-

cesco 8 {2121 Influerce of stl an the hydmuolic regime i slnice

zales: an experimendal and mumerecal anzlyss. Floids 7:344

Damwshiame R, Moo B, Ebadradeh B Buagi & ¢ 2023 Inflo-

ence of sifl intezration m lobyrinih sfuice gade hydomlie periior-

mance, Innov Infrasirect Sohul £:112

%, Dameshfarar B Mormes B Akbhondi B, Same W Marangos: HO,
Yilmar E (2025} Expenmenial invesizzstion of the effect of per-
forated sull and orifice on shzice eale discharge cozfliaent. Waler
B 10420434

W, Durpaba B (200601 Fxperinendal siedy and 303 nurmencal simala.
tioms for a free-ovesilow spillway. J Hydroul Enp §32:5390-907

i, Dong 2%, Uhen L, Juo W (2007 Cavidehicon chamoteristics of
Bigh velocity flew wills and wilboul semation on the arder of 50
m's. I Hydrodyn ['429-413

=

=4

11, - Fehbabadely A, Javan & 200 2) Companson of maxhere ond VOE
madels for mimerwcal simulation oF air-enirammend inskemmins
e pver stepped spiltways. Procedm Eng 285:657-660

12, Fatvey HT (1991 Cavitation in chates snd spallways. Fnpineer-
mg Momopraph 42 Water Resources Technival Poblicstion. TS
Prnieng (hlice, Bureen of Heclamazon., Denver

13, Flow Science Inc (20067 FLOW.ID W 12 User’s Maruel, Sarans
Fe. 10, US4

14, Ahaderi A, Abbasi 5 12021 Experimenial ond numercal siudy of
the effecis of zeometric appendance clemenis om energy dissipa-
tbcm pver stepped spillway. Waler | 32957

15, dihasi B, Daneshfarer K. Feihouni B (2009 Nomerical myvestiea-
tion of hydnulic chamelenstics and predsction of caveaalion nurm-
ber in Shahid Madeni Dam's spillway. | Geoundhw Sci Eng 7:3213

16 Tamali T.-Manatpour M, Ebrahimnechadian H (2023 Fvohstion
of pressure @ cavilatbion @ irnnssion regien wakls for supercnid-
cal few ! Waler Supply Bex Technol Aqua 716282

17, Jan C0), Chang 78, Lat J8, Cius W (2000 Characieristics of
hydismulic shock woves in an incleed chute coniraciivn-expen-
menits. f hfech 25129135

I¥.  Kezmani EF, Barani GAL Chosins-Hessarosveh B 02015 Invesii-
ration of cavitation damege levels oo spillways Warld Appl Sc2
21:3F-TH

1%, Luno-Bahene IO, Peeos-Esirada £, Oritz-Marvines YA Gracio-
Sdncher J 12018} Experimente] mveshigsdion of antificial asradion
on a smocdh spiflway witha crest pier Water 1k 1583

20 Phster M {3 Chale aerators: steep deflecion and caviry sah-
pressured. [ Hydmaul Eng 13712081215

21 Mister M, Hager WH | 2016} Chote avralees. I air imnspor char-
actersiacs. J Hydreul Eang | 16352159

21 Phsder b Lucas J, Heger WH (20115 Chute aermons: preacraved
gopraach Bew: 1 Hedraal Emg [37:1452- L4461

231 Rumn 5P Wo JH, Wa WAL X B 020070 Hydaolic nesearch of
zeraloes an tnnel spellways. | Hydrodyn 19:310-314

24 Same ¥, [haneshfarme B, Marango: HO, Ansinvash B (2025) S
iminabke wastewsiler menogemeisd: o cose slndy in Rize sewnoe
netwoek. Am Shams oz 1 E6: 101545

25 Fhenwel MU Shiyan & Tao SHAQ 12002 Namenzal semualstion
aff 21D flosw field o spilfovay Gasad an WOF methed. Proceda Eeg
2H-RH--5] 2

Publishers Mote Sprimger Mature remans reniral wath regard o jus-
dictionul chzims i pubfisked maps @nd mstinsionz] alfiloticos.

Sprmnger Mamre ar nslicenser je.p, o sociey or other parmer) halds
exnchiszve nghis do thes sticle mnder g peblishing agreenend with the
zatihea g or other righisholden slc author sel Farchiving of the aocepred
mumuscripl versinn of this article is salely governed by the lerms of
such pablishmg agreement and applicable b

£ Springer



