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Experimental Study of the Effect of Fluid Jet Swirl on Circular Hydraulic Jump
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ABSTRACT: When an axially symmetrical fluid jet impacts on a horizontal plate vertically, a hydraulic
jump is formed. Numerous studies are conducted on circular hydraulic jumps. However, the effect of
the important and key parameter of fluid jet swirl on hydraulic jumps is not investigated. The main
purpose of this study is to investigate the effect of this parameter on the circular hydraulic jump. The
results of this study, achieved by using experimental method, show that the higher the angular velocity,
the higher the increase in the radius of the jump. Drawing the diagram of the dimensionless radius of
jump based on the dimensionless number of swirl shows two categories of lines. The first category is
the constant angular velocity lines with a negative slope and the second category is the constant flow
rate lines with a positive slope. The results showed that increasing the angular velocity of the swirling
jet has less effect on increasing jump radius than increasing the flow rate. Experiments also showed that
the hydraulic jumps created by a swirling jet follow the trend results of modified Watson’s theory with
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1. INTRODUCTION

From the viewpoint of fluid mechanics, when a vertical
liquid jet impinges on a horizontal plate, it spreads radially in
all directions. At a certain distance from the point where the
jet hits the plate, which is called the hydraulic jump radius,
the thickness of the fluid increases, and the flow changes from
the supercritical state upstream of the jump to the subcritical
state downstream of the jump. In this case, a so-called circular
hydraulic jump is formed (Figl. ). Among the applications of
this phenomenon, we can mention the process of cooling in
industrial products.

In 1964, Watson studied the circular hydraulic jump in
a viscous manner [1]. He presented this phenomenon as a
theory by assuming a boundary layer for the upstream jump
to be developed from the liquid jet. In this theory, Watson
ignored the effects of surface tension, which is also a defect
in his theory.

In 2003, Bush and Aristoff [2] fixed the main defect
of Watson’s theory. By considering the effect of the key
parameter of surface tension on the problem of a circular
hydraulic jump, they were able to modify Watson’s theory
and improved its results analytically. They considered the
effect of surface tension by applying the radial component
of surface tension force on the jump region and solved the
problem by solving the momentum conservation equation.

Pasandideh Fard et al. [3] conducted a parametric
study on the effect of various parameters such as flow rate,

*Corresponding author’s email: mmjafarian@birjand.ac.ir

downstream height, viscosity and gravity on the radius
of a circular hydraulic jump and its characteristics. They
performed their numerical study using the volume of fluid
method considering surface tension and compared numerical
and experimental results.

Wang and Khayat [4] presented a simple and coherent
model for predicting the position and height of the jump
created in high viscosity liquids. They investigated the effect
of gravity on supercritical flows. Their results showed that
when the gravity effect is applied, the jump position can be
determined without the knowledge of the downstream flow
conditions, such as jump height and target plate radius. Their
results also confirmed recent observations in the field of type
I circular hydraulic jump.

By studying the scientific researches, we find that scientists
have extensively studied the phenomenon of the circular
hydraulic jump and the effect of various parameters on it.
However, the effect of the important and key parameter of
fluid jet swirl has never been investigated on the phenomenon
of a circular hydraulic jump. In this research, the effect of this
parameter is investigated for the first time.

2. THEORY

The most important and valid theory in the field of circular
hydraulic jumps is Watson’s theory [1], which was modified
by Bush and Aristoff [2] by applying the effect of surface
tension coefficient. They finally proposed the following
equations to predict the radius of the circular hydraulic jump
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Fig. 1. A circular hydraulic jump generated in laboratory
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Fig. 2. A schematic of the device designed and constructed to generate hydraulic jumps in the present study; 1) major fluid storage tank,
2) pump, 3) flow control valve, 4) gearbox, 5) overflow tank and target plate, 6) flow meter, 7) electric motor and 8) regulating device
of fluid jet swirl velocity.
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In which R, is the Jump radius, 4, is downstream height
of jump, g is gravity, a is radius of fluid jet, O is the flow
rate, Bo is Bond number, and Re is Reynolds number.

In the present work, for the first time, the effect of fluid jet
swirl on the circular jump is investigated. Different definitions
are provided for the swirl number. Facciolo [5] presented
the ratio between the tangential velocity in the jet tube wall
(maximum tangential velocity 7.) and the mean axial velocity
of the fluid (U,) as the swirl number ().

(€)

3. EXPERIMENT

Fig. 2. shows a schematic of a laboratory device designed
and built for this research. This device is capable of creating
hydraulic jumps using a swirling fluid jet that its rotation rate
is adjustable using an inverter device.

A digital caliper with an accuracy of 0.01 mm was used to
measure the dimensions and geometric parameters accurately.
Also, Corel Draw image processing software with an accuracy
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of 0.01 mm was used to measure the radius of circular jump
with high accuracy. The fluid used in this research is ethylene
glycol with physical characteristics of p=1.1 g/cm’, v=11.8
¢cSt, and 6=47.5 dyn.cm’.

4. RESULTS AND DISCUSSION

The effect of flow rate on the radius of the circular jump
at four angular velocities (for different nozzle diameters) is
shown in Fig. 3. By considering this Figure carefully, we find
that at a constant flow rate, increasing the angular velocity of
the nozzle increases the radius of the circular jump. Because
the angular velocity of the nozzle increases the tangential
velocity of the fluid exiting the nozzle (centrifugal), forming
a circular jump at a greater distance from the center of the
fluid jet impact to the target plate.

Accurate analysis of the results shows that the radius of
circular jump increases 3.29, 5.89 and 8.34 percent for nozzle
angular velocities w=132.8rpm, w=266.4rpm, »=400.8rpm
compared to the non-rotating nozzle. In other words, the
higher the nozzle angular velocity, the higher the percentage
increase in the circular jump radius compared to the non-
rotating nozzle. As mentioned earlier, the reason is related
to the tangential velocity of the outlet fluid from the nozzle.

Drawing the diagram of the dimensionless radius of
jump based on the dimensionless number of swirl shows two
categories of lines. The first category is the constant angular
velocity lines with a negative slope and the second category
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Fig. 3. Variations of the circular hydraulic jump radius against flow rate at different nozzle angular velocities with different diameters
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Fig. 4. Variations of the dimensionless radius versus the
dimensionless swirl number

is the constant flow rate lines with a positive slope (Fig. 4).
Fig. 5 shows a comparison of the results of hydraulic
jumps formed by a swirling fluid jet with modified Watson’s
theory (the most important and only theory in the field of
circular hydraulic jumps). As can be seen in this Figure,
the experimental results of the present study are relatively
consistent with the results of modified Watson’s theory.
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Fig. 5. The comparison of the results of hydraulic jumps

generated by a swirling fluid jet with modified Watson’s theory

5. CONCLUSIONS

In this research, the effect of the parameter of fluid jet
swirl on circular hydraulic jumps was studied experimentally
and the following results were obtained:

* Increasing the angular velocity of the nozzle increases
the circular jump radius at a constant flow rate.

* The rate of the increase of the radius of circular jump
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in the rotating nozzle mode for nozzle angular velocities
w=132.8rpm, ©=266.4rpm, w=400.8rpm compared to the
non-rotating nozzle mode (w=0rpm) are 3.29, 5.89 and 8.34
percent, respectively.

* The jumps created by the swirling fluid jet follow the
results of modified Watson’s theory with little difference.
This difference is due to the fact that the parameter of fluid jet
velocity in Watson’s theory is not considered.

REFERENCES

[ITE. Watson, The radial spread of a liquid jet over a
horizontal plane, Journal of Fluid Mechanics, 20(3)
(1964) 481-499.

[2]J.W. Bush, J.M. Aristoff, The influence of surface tension on
the circular hydraulic jump, Journal of Fluid Mechanics, 489
(2003) 229-238.

[3] M. Passandideh-Fard, A.R. Teymourtash, M. Khavari,
Numerical study of circular hydraulic jump using
volume-of-fluid method, Journal of Fluids Engineering,
vol. 133(1) (2011) 011401.

[4]Y. Wang, R.E. Khayat, The role of gravity in the prediction
of the circular hydraulic jump radius for high-viscosity
liquids, Journal of Fluid Mechanics, 682 (2019) 128-161.

[5] L. Facciolo, A study on axially rotating pipe and swirling
jet flows, Stockholm, Sweden (2006).

HOW TO CITE THIS ARTICLE

895-988.

DOI: 10.22060/me;j.2020.18409.6811

A. Asadi, M. Malek Jafarian , A.R. Teymourtash, Experimental Study of the Effect
of Fluid Jet Swirl on Circular Hydraulic Jump, Amirkabir J. Mech Eng., 53(7) (2021)

988



FAVe B FAOY Slxio AP Jlo oV o)l OF 0,93 S sl SilSlo owigen 4
DOI: 10.22060/mej.2020.18409.6811

Ganld SHg i by ¢ Jw Co Gz P B LT gantle

b g Lo e )y o dume < sl e

Ol i o i Lo olBils ¢ cwiige 00Sails (Sl cwidige 09,5 -

Ol cdgin e (cwgd 8 olEils  cwaige 0aSiily (SLlSe cwdige 09,5 T

1609ls s b

A SYER P4 f SRS TR
VYR F Vg S5k
YR/ AT b
VYR £+ F 1 o3UT )|

(euadls wlols

Sonld (g oy

i S S 3,55 (M Bas (gamio Sy 4 $09es O 9o 4 §psre Oyl Jlew Lo S o 0 1S
o g 035U Lol icelond plonil (69l (Sl yoap Sla sy oo 1o ol Slalllas 0,05 oo SISO (S a0
Ol 5o el Bas cellaid S5 )18 azgi 0)50 (Slg el lain 50 Sl S 52 kS g e el S
o9y SeS 448 Bodod (nl @lS el Sopld (SIgraee i somy p Sl S (252 Sl saddllas oS
Gl S gbed Guali8l lie el yiion glagly Ce s 08 Az e was o lis wawlodelanay Gmli.':.il.oﬂ

B bolas azis 95 a5 aws co lid (i 2 o oo el 5 s s o gl Jl0ged i 098 ge yiien

el Guali8l 5 g eS B Jlew (o0 Gl a4 s Lis > o glugly ce s mol38l AT ol lis bl el
o S iy 4 oadolml S jaue gla i 45 aas o lis QLAQLA)'TWJ)b Sl (Sdsyaun oy

J3b slagly ce

Ogsly sondpdlal (6555

QIS 0 (9 ym gmily ol PDlal (6,955 bl Wy, | BB (oS L ¢ i

pac g piiege 5 oy sl 28 Lol V] 05 o |y 055 (5%
9%l 5l Olgies &8 e Sl hn poye 50 551 Sl
0,00 s DS (] Bk 50 50 Jlw i)l o Jbw z50 sl
2,5 oolazul

Sl 5l helS (5,95 VA0V Jlu o [¥] sligl )l 5 G5
CuaBge o ol olBss 5l S Wl 23 8 ggpls (Sds0e
@l I bools a2y piege 5 LS (So m SHlP S
Ol «hn )l JS oy & mhe 55 2 @b Y (SU b
ot Gl T )88 g Sl ca i) ghls (dils iz yo
o alie (59218 (Slgyoee Ap gled

i Oigo aly aply (Sdgjane (5 VAPY Lo jo ey
Slp i Y 58 L1 oo cnl of LF] ols 13 asdllas 5,50
A1)l 5,95 D)o a4 el o Ayl Jlow S 5l aST by s YL

3,5 s Bpo (aw piS SIS og3 (595 50 esly oS

doddo —)

Gosos S S a5 alfim Wl SlSe ple olFuys
b ol S g0 095 1 (B Gamio Sy 4 Jlw
aball | atuie salold Sy 50 05800 Ay Sl s4en )3
wisligo (Selgymen Gop gled |y ol & amio 4 co )55 5
GVl o Sy 35 <l 5l ol g il ialdl e Coslies
Gl 5o 0gbion b hp Cews Gl o Sl pj Sl B
S8 9525 o IS5 (53,01 (Ssed g Ss Maol 2l
P GBS Ll @ plge sy nl Glao )5 alex 51.0Y
D sy o,lal coms oladg

ol Sdgyane 2V OE Jlo jo )b ol sl (L) o)
Se 0 bz gy ol I3 ey s adllae 950 el )50
3o 513 asdllae 590 73 e Gl Sl o) culi (250 b JUS

mmjafarian@birjand.ac.ir :olslse lseage oorms ™

(Creative Commons License) oo o (Sosis 31 Luilacd o allie () .ol 00 00ld 108 ol ol8ils ol )Ll s 126 3si> g B oian g5 0 (uilio (358>
Auileyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode .ol 5l uilucd cpl bz gl sl 48,5 )18 Loy o 2,0 BY NG

£yoy



FIVe B FVOY dxao NFe JL.J s b)l.mﬁ oY 0,90 s).:.S).:.nl Sl (e & s

S @98 obyz el

S ol gt

5 VPSRV )

# Jhw Calies Al
Selayan b dlowl Jone

Jew &

ol lojT o oudolznl (59110 (Sl iy N S
Fig. 1. A circular hydraulic jump created in laboratory

a) Type I b) Type Ila

¢) Type ITb

[9] 9210 (Sgyoup Slagh LS lw gleil Slods Y i
Fig. 2. A schematic illustration of the types of circular hydraulic jump structure [9]

oS ol 05 5l [V o] il e gy [A] caslosiosls olas
b o] s S esliil (synls (Slgyien oy selios Jo sy
O g 00y A 6‘).: ‘_,’J}o.v.a J...H.vl).ﬂ.nb aolxs g.i.» O
Geb ol I3 g e 090 1y dloles l o slo S
ol 55 Sl eahi Ky gl abes ol b, ] clalas
abais ol e (Soo3 50 (Sgyoud i a8 auily kbl el
St e o5l cnl ool iyl cess @ i gled sl
Gabal) il Cll g co I b g it alaly oo b o Sy 00
T ool 6595 Ko cmizmenl N ] S8 5 5 010 (sSxs
4>l m‘ysa 4 ..\3.3; ol.g‘m...a olj sz.w GL“’QL.’.)? (5‘)1'
ool (Sdgpee slain Jbsle s ol 1) (L il

a5 3

1 Single Critical Point

Sro el oliz (28 b sl o Sla @ 5 5l (5,58 i oS
S b alie jo Slinlgjaee jled celad Slposs ) ks
b bl S (Brme g Gy Ul g S8 Sl S0 )
oladze S Jo olis hg, 4 1) oS SVoles B 05
Sl ol o Ken 5 S5 asle il sams iz 0 6,500
0855 gy 2y gily 6395 2tlejl ok alV]slend 5 5o
b o8 cillae Ll (B )0 (gdly (595 45 wisls (lad
Sl ikl mls
1y Ogsly )55 bl (ol Voo ¥ Jlo yo [A] gy 15 e
b GRS S by 51 S e bl ais S Bk
Ghelod Djge 4wty G9nb (Sgyeee n salies o
Jels ol @l s g |, O @l 5 ol ) sl 5555
b S S el el el @l b e cisllas
Lgad S ka0 Sy el o oled bzl g, Jlosl L,
Orizmed Lol anisls  alis Jo 4 pitege gl salole J>
50,5 &Ll g nls (Sgpues n Sl Gl ot S
VOUSE 5 sonl Sguee p Sl gl el Gl

£Yog



FIVe LYY dorao V¥ v Jlo oV olaud Y 080 ¢ pusS yuol SOl uwiins 4 puls

G40 day o €y g SN gin ) A o olael sloog ) s
bl .o S &1l Bue (gasas 5L sailas axy o gl )l g Bun
el alBilesl mli b oo cisllae oyl

Selared (o o A5 g L 6l—°€5*°[ VAl hlble s sl
ool Jowo SV 5okSobe g 50slSTle is S anlllae 1y (59l
oo sls slpiiy ol (Slsyae sain sle o2
S5y 2 Sl gl ws glgel Jsin saloles Jolos 5l gl
o lo S g0 b o SIS i Il gs g [ ey ot
aS W,S duoldo Gzzslii.iLo)‘—l b L) 0g> bl 5 wisls alol
g Auiald,

co S aBull Sige w [Yel il 5 oS
S5 oll el &S ) sele gamans S a boasgly goaiiSy g5
@4z A saly b Sl sasly S5l (Sl g
Gagly Gl b e S36 saY Culses 5 090 o0 ol

250 sl eyl sanllas SOIVVT 2l ISan 5 0% ooyt
wawd ol gl )b > ez iy ddes 5 i sla gl
Ol Glo S 5 sl (Sidsyid (o glad 55, adle 5 o)
\JL,.M; p gy SwS Al 095 (goue sdslllas L&voi A5sls ‘ol:;.i‘
5 oue bt 5 wols abul xdaw S 38,5 ks b [YY]
30,5 duwlie | i les]

S5y 2 #Bale] saalle o VY] 2lKe 5 Gguils
9 Lho).Q} Lu LS‘W S99y as u—| l) o..\.w.)l.?u‘ ‘-;JB)M U’“")"
L1,y ogs mls g wols plxl ccwlons b oglie slo,luss
dlie Blo axbo S (59, p oddobnl (Sdgyoe iy mls
Gazmio Cdb @ s Jlow Co s o )Ll 09z o 4 ais S
IRVIRVAESN wam S0 a4 (Sdgyae b g adl el Blo
St )Ll g ogee S 50 Jlew S > pln jo Cueglie |
b oo S, s Sz glad 50,0 a5 wols plis lag] .ol
L8, a5 b o rals Galsi, sae (el L Jlew Geas 2058l
D15 g5l (Sdgpane iy alie

slowl 551 (Sdsyann Gy 5o J3b k3 SIVF] o8 5 952

1 Volume of Fluid

£Yoo

gd ol bz 5o eadelnl (Sdsyae op Y] 155%e
935 aalllae (goue j90 4 ) Sgazme (I gazmio SH sy,
iy SLEl gaml g (s bz sl 650 4 slace,i
b Slss (o paS B 85k 69 08 eslinl
oy slp (Bt Olpe @) G Y oyl eslanal
slacl (gosgaze ;o mhave Sy ad oy der 0 ol >
285 s Saleds s,

1) Sl Selgyaa Gop ye Jul DY) gl 5 o5
ol gg 5l Gop sl s bl 058,5 adllhe gooe & g0
s 5] s ] 2o g 031008 gy L talejl o a5 1T g
aisls 1,8 axlllas 3550 (g00e Dygo |y 0e B Cawd ol o
by e e jlad Ll b sl ol a5 aaals bl
slaghy sl prizeen lag] ojls LU oy 5l am aloldl
©ode Sypo a1y lawgle jalgin; olael b ggpls (Sgy0ue
Jlad bl oS ol olas o] sooe b [VF] wo s vy
WS oo Wl (125 (b Mg 50 (oeie GBS (i 50 e )
O (Sly SO rizmen el Jls b I gl g olxl (gl a5
2,0 3925 (ol A5 (595 5 ,LS (o

sobie 4 1) sonls (Sdgyann i [10] (il Sen 5 15655
SYslee olulr galex lp augol il lag b awlis
Ol b 0,8 (g30e (giludnd gamdn Ojgo & S gk sl
028,55 L3 0 |y (s 1S 1 i o lag]

slagkyz @le 1y SR by, [P aliSen 5 sl
Sl (Sdpier Shn o p)lS o el b Ges o5 ST (b
Ular g So>g8 slawls 56 0g ol o] by, a5s,S Sl
riie elad Sty Jmie S (28 b laglasS Jsa |y b
el (glalolas 50 olSiws Sy @y (35l Jim ()8 bg,y asibe
2l b o Chlhe bl mlbs s, Sl b 6l Jsene
sl el

BAS 3,55 657w Oylie < VY] il Ses 5 SoI S
sl (2Rlos] 5 goas D0 a1y I e Ao Sy 4
30 0,8 dld (o, SE gilwans Gaass cpl 5l Bas ase,S
slce b glyl) 053 slo bl b og oY g8 cile Cato
Sl salal, Ky 5 wisls alool amio glite slacs o 5 il



FIVe B FVOY axbo Moo JL..J &y D)LM QY 0y9d x).:.S).:.AI «S.u&n L;""'"\“‘Q(" 4;).“.;

T

ZT jg (S gl

[ ol Guiizs] (59910 (Sadgyud iy Slmsl g (Al Azbuo 43 0053 )95 1 (G090 Car Sciilos ¥ S
Fig. 3. A schematic of a vertical jet hitting a horizontal plate and creating a circular hydraulic jump [present study]

Oogr &S 0l oo del jaie Bun gammas glad il Aoyl
a2 S sy loais b 4 so b

i g prede g ool Jow S [YP] LLs 5 Sy
20,8 &IYL ca I b Slale jo cadiol] iy glas )| g Cusdge
IR i S5y Gl 38 0l 50 4l Sl eyl sadlls
Ol wob Jlosl adl> JI 28y a5 ol plis oyl zls ol
Jesd 3 moiomly oy Lulyd 5| BIST g |y Gy e
Slaaline byl mls o8 s don gamio glad 5 oy elis)|
g 3l 35 1 T ess sonls (Sgyone (3 saim) ,o 5

u.:)J 60.).:&.: as rg.ul.)‘so)o ULAW ULQAm Lgd.xjua.a l.:
088 job & (] ilide sl el b b g 5o pls (S e
O oy ) Jhew e A5 6aulS g e el ST O
Oygo & Goizd (pl o Celoadd pw)p gyl (Kdsjae
Jbw c b sy pls (Sdgyane sla b saddllas 4 lasil ¢ oy

055 o0 518 (o)

G (9 9 59 -
S SG el LSiis (6900 (g b Sileds VS
(YA 36 b S5 ol o amo e b |y Gidyz g0y Jlws
oy eVl éuﬁ)l ‘(Rj) Doy &Lx.;l: (hN) ‘_s_n.sl CJa.w 3 Jsb alold

anlllas allilejl ©)go 4 1) 0uiiS s Jlow cr Sl ons
Oy 5l b Syge 4 228 ally Sy prizen gl s S
59 ls Slering (S9pld p gt (St Slr S 3555 2
Sy (@23 55 ,L8 S 0o Jol> 51095 5 Glys alal) ol
al Lid ol jlad GBS las Bl shite 45 W
byl bt bl p sl baome jLad 5 Jlow c 0,95 5 (sablais
el ams e il 1, o)l S5 leadly s Bl a3l
2l Jlis aly anze Gial8l el ol

(b GRAST (3B (58,5 gy slp (VO] ol lSen 5 5l 8
) el 5,509, dw @l (g9l (g oy 65 JSS )0
09N BespS ol SVolre 15 o le 8,509, dw (ol 30,5 awslis
3l Bese 695 2 525 bawgie Jae (xbaw (a8 51 388 10
o J 5 Sl e dgn ol Gos o5 ol S¥oles
09 9 b AiS b Sl 98 50 (S ik gl ¥olae (goue
355285 3 45 Cul (nl o] ppe glaaidly 5l (S ol 285
Lilys 4 o (oo 225 ST S gak sl SYolee JolS J>
Sl el (K S Gl lalyd g Jlw sl Shs Ol
aaly3s S99 (e 9nls (hn g ik SVL Sl jlade
Cals

Silotnd iz 5 228 by 4 (VO] (lSen 5 s lo
Gy e Bas samiao Jl el Il a5 S8 goue
gl a5 ol lad bl gl 0o ,S (o |y a0l (Selgyoen

Gambo glad iS5 n Co glad Gl b (g Gy

£y01



FIVe LYY dorao V¥ v Jlo oV olaud Y 080 ¢ pusS yuol SOl uwiins 4 puls

SHgyap o Slml g (Al Gamhio 4 005,95 g (S Sl S Slel F S
Fig. 4. A schematic of a swirling fluid jet hitting a horizontal plate and creating a hydraulic jump

5V 5o Jhw glis, ST AH o JSz p o 5o o5
6[.%&).: EY Joy)n ULWU JL> LY G o c)L»‘ 45)5.'4)@ |
Sk sl slr ol B 5o aalosg cull Jlow S b (Sg e
D350 R e S5 Sonl Gin 2 2P Sl Z
5 8l (gdomans 4 00iiS 8,55 )]s b 0 Jhw o Sile
Cawloadosls L FUSCS jo sadolnl (Sdgjane oy
33,5 oo ol 23z sue ol 4 oz bl Sl Gl o
P byl nlo b blijl jo 5 g ol Oys0 4 ol Slagl oS
&l s> vae glp B il 20,8 ey oy ol e
Mu)}.acb‘) uu.‘>)> Sde [YA] éwﬂ5)_>5)..iow|ow
omed sl S s Ly o Sl g swles i mouSLe
o s [YA] (K 5 ety a5 Jb> o is,S slgrins
T3 CA.C)....JB J)la &Lﬂ.ud..a.:)o W) 6}50)‘..\." ‘5...:Lo.a CA.C)—MJ
W8S A o i3 e sae lgie w ) S (29,5 )0 (655 e b
co syl Goylpd 0 cwlon Sy o S [Yo] ol
Ly Jlw (50055 (5970 bawgie o s 5 (o g s nos;STLo)

(O galal) oS &l s > dae Glaie 4

S=-=2 ()
2 el iy mou Slo ‘Vm (i vae S ol e S
Jhw $0095 (53970 bawgin ey Uy g co sy (so0)lp0

ol oo piles] ulyd 4 dx g b ool J3U 5l (25

£yoy

@ i AY ey gl g () Jip el gl ()
Cewloasosls lis ) Jbw o\ﬂ b

SHgyp Sl Gaie) 50 )55 miae 9 (et

U IAD Ggis )l s s Lo a5 ol [F] ausly 5,95 ccsg nlo

SY¥olee cules o oyl ot oMol xbaw 2iS o yd Sl Jlos!

ol slgiien s9pld (Sdgrane by elad i Gy R

R figa’ (1 2 ] @

> t— |t =
0 Bo) 2n°R;h,
QD)
R' -1/2
0.10132-0.1297| — |Re R (r,
a
R W ga’ 2
4(14_&]4_?—:
0 Bo) 2n°R;h,
s -1 M)
R' -1
0.01676|| —~ | Re™'+0.1826 R, =21,
a

(oo Cawd Gl 5o Jlew glas )| hz (oo Elad Rj Q—I 4o aS
b sae Bo (b= o0 O e sailes glas @ dl> ols g
5 (V) Gloalal, o wib g 50050, slael .ol jals, sac Re

Ngd oo a5 (F)

R AH

Bong—f ")
o

Re=% 4p)



FIVe B FVOY axbo Moo JL..J &y D)LM QY 0y9d ;).:..5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

o
s_a) ’/_7 ) /
— \— —dl
=/ — [
ﬂ_—\_\\
) 9

(==
7 ==\

P

AN

loo sl (T (S 52 Gr9) AY (@ (S 2 Gyl (W (L43 p2 Jlow o S dbml gl p ilisio (gaiuws dw I (bg) i Siles O S5
[¥e] algd U515 3o g slo (s010,41,8 (5 9 Aol J315 10 ailg s (3010 )1,8 (o omlowe S350 (5 Algd
Fig. 5. A schematic of six methods from three different categories to create a swirling jet. a) The swirling tube, b) The
rotating honeycomb, c¢) The tangential groove of the pipe, d) The tangential nozzle, e) Insert the impeller inside the tube
and f) Insert the screw inside the tube [30]

ools I3 o, Jib 5l Jud a5 [¥e-YAlalyy o 5l eolizal b
) oz e o YA go)le S0 b 0 S 253
Y slabgy owyp b0y sbl ]y (byz (owles sadlse (50
Sl o)1 (Sgp00m (slahy saliae ;o bz Ll 4 4z L
i s i3 oae el 5550 9 e spSeslwl Gl e
Lo Gz Ol el Coll S 5 (O galal)) eadol]
Gt (Jls Z oS ol (galyd 90 (lrae ulul b
olSss Ll e 50 el piamlin i > ool sl s, Jsl
Sl gan Gioe 0 ol gpd & s asle 5 (Hb el

ool olKiws —¥
byl ol 5 ol ¥ Ss y Sles £ S
oKiws cpl s o lis |y sl o cadaisle 5 2k
i Sl Co S gl 4 (Sgjane sla oy ol 08
o8 5y SaS @ o]l S iz oo 4 S ol

olas £ IS jo oKiws (pl calises slial el udass LB 5 )60)

Cawloaosls

o S SS @ Jlw 45 el &g ol 0 olSiws 8 Shee

oBiws o 15 Cawlonds solaiwl oeuld lawgs saiadl,l iy ,a5 5l
2 eolos ey b b sse ol pol i el
s 0355 (55570 Lamsgin Sy 5 (Vi) cor sl o)l
azgi b izmen aBb oo g S ojll BB B by (o, 4 (U))
@ b 0355 5970 Lawgie Sy g (oulen Saepu ST
dele Q5 @ b LB 5 spSoslul BB sla ol )y S5
sbml 1y 2z olael Gl (g3 Sl Gosgazme (i oo g h o0
S we el ol gaslllas 4 508

S o Sy ol im0l i ol 93] sl
Sas cpluilyy asgd atle s (b (als (il 225 2
3z Jlw S SGobml sl (Alise slagtg; WS (Jes )
onl amloasosls las & S jo lag] 5l 0,90 iz a5 5,lo 993
Slo I8 anis aw o Gle o 1) ooy,

2 Gz obal S8 a Jlw Ca A5 oyl s
5 A0 JS5) ailise o 5l hsee J 5o Sl &5 ol dg) S
ol 5o el wgl Gl L ees catws[FE-Y YAl
@ 4l ol So bz o oeles adlie sbml Gl )
i [YOGYAL (50 5 20 &) g oo 48Lil (5,950 oL,

OlFse L9y (5 dlise (L e )0 Blo S bl (pgu

£Y0A



FAVe B FIOY doio VFe v Jlo o oyl OF 593 «pusS prol CSilSlo (rbies dy yui

oo szl lgas 532 oylads
Jl 50055 ol ()35 )
vy Y
hol @8 plass 2 ¥
T (o0 A
T (@20 sl b 0
ooy 3l 295 Jlw sl e (29 ea b 7
R O v
Slaisds Bus axan A
5 Jlw S Sl o IS saly A
S5 85 5l Tk sl aly S a e S Ve
B (54mho g oy G3Fee 50N e "
Bow gaman a8l 5l das slaal VY
Jezms g 5Lé.'i)| VY
G skl \'f
3z S Sz g0 medai 5 5500] 10
S j5ige \F
o-Se S VY
b s 5 i3 2 o C (goaisSolon! salg) A
e R
B ey s ) S | Y
L8 e g g 20 b5, IS \A
8 ey g P S | Y
YYV5Ldg b5l S audss ae Yy

polo G Sdgyuus s by ol gl g cudbaislu g (2 pb oKiws Soilouls £ STl
Fig. 6. A schematic of the device designed and constructed to create hydraulic jumps in the present study

yOl> @iz (Sgyau by Sl (gl oudiaiBli g (b oLy (A5 gled Y Sl
Fig. 7. An overview of the device designed and constructed to create hydraulic jumps in the present study

£y04




FIVe B FVOY axbo Moo JL..J &y D)LM QY 0y9d ;).:..5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

pelad 3550 0V Gl cBs b sl S ST ol i
@ a8 Sl (B (Sl jgige il 65 )18 slinl) 09 h e
S (o8 S (§09e D90 4 (I 95 bl S0 T S S
035 V0 y39 b S gyl woliial 550 caripngl] (1S5S
S8 ISy 5 0y Sl by o pogysabst 4 4z b g
G 4 S0 yS 5l e S S 4 iz S > S e
Dgier Jie Jlow S (oS ol
oolainl Jlozms gw 00 SO 5l ol (o0 SSeslal gl
oo Loy 30 Jlaw 1 cadeine pae oy elul paS Casloas
O Oboj 5 (V) pnr oS 53 5l (ol 25 (S)ke s iS00 1S
CoV S ol s pSeslal cBs g Y o (650l s ol
s bl S wiz 5l by STF] a2 e Gl il s
Sezs Gialey] oy miw s o axl wile p=f(x X, .. X )

2
dy’ = [id’ﬁ] + [idsz
Ox, Oox,

2
2+...+[idxnj *)

ox,

= (a’y1 )2 + (dy2 )2 +..+ (dyn )2

Va5 <l X, ‘waf&’b@)’wg ol o as

ABlbge XSS a4 Coms [ el Ol GoaiiS ol b
e ol 3 b el o N e ite el pac sud,
by o3¥ Slosloe plxil 5 () salsl, ,o ©@=(V)=V/)

9800 Jol> 25 2l

doY (avY (atY
0 V t
sl &b Caééde@.wL‘)Lo)’ cds dt ally ol o a8
. . . do
Juﬁsw‘@»@’DQ&Iﬁﬁx—}fE IRV Y SO
O pz Sl 4 aszg L ogdh o f by 0 V atie pxe>
LE‘)‘P”U"‘ u..\.u.v).v UL°) qu.o.Sj \Fe 5 ml oKwo T (20

Ao,y e Wb oo Vo S Bg0s Lm‘_,i;guﬂ 3O 2Dy s
‘/\Y ).3‘).3 9 (/\) ‘_géb‘) UwL.u‘ P (_g)jo)‘d.:‘ s.,u.’.bﬁ pos

Cole a3 Jlw co sbml plle S & (ol (35
Soed Ghp 65 IS8 5 b sailes jlzg S 5l e g 0
O b ol 5l g 00 5y (35 )5 cBan azmio (5
aolol Wlgh so g oals JolS a5 1> G i i ol 4 00 5 oy Lol
b

5,650 Ol 4 365l 2 Jlw &5 (Bl Bus gazio
o S 58 o S5 0T 655 2 (Slaen Ghn 9 WS (0
Sy 35 0 amis ol ool OFCM s Jsbo 4 sladens asyo
) 58S 48,S L5 VEYEXY \CIN olal 4y glaiends 32, o0 350
o Bl (3503 5l 5 ) pela gl izme saaly 4w (]
Cawlodds Al oo

0 Ol b e yile g 5l oy (nl o a8 S ey
ot ool sl el Sl 5 Sllugi Jolas b 5 5 ol
wot 3l 7 Ol kS e ilanél e s el (Sdspne
el iole 45 o 5l 6 S olr ln o)l )l Sl
or Omanah Bl aalugls gonay by Sllug
Bl 10 aS Caay 1S sdlg) sailas o piomen (Casloalds soliiw]
Sghow b )5 So )l 13 Jlw sos IS (Lol (55
Sy p388le 5 (b o (RS slml Cer See5 b
oy (T )0 Cewlodd Al (35 )0 S92 g0 Jleia] e
g By s a5 Sle oo pbas lond 5l oo a6l
Oz Cawloads oolaiwl wiiws Sllug J8las o Y cowlus
oSk e o Gy (29,5 50 Vb lad slml Sl 6 S sl )
Ceslodls apad Lol 35 a4y

255 Jeil izl Al Gl b ogee co Sl sl
soliinl yie Bl VI A Jsb 4 (595 sos wda Lol saliws )
GoNHlNSS samio 59 n OBLL 9 S 4 a5 Cuslond
Job ol (Soe ¢ i 12 Jlow S (goaisS sl Ol
U515 0 ol (Silarwss 5l a5 Caslonds Ll 50 ) aly)
Sgse e il &y Ayl (nl (Vb 098 Jol> el dl)
L sloce sl sl iz Jhad b gla il ol sl oo 50 9
Dg o0 Al 0 pp0 G SaS 4y Dglae Hlad

S 5l s e goaisSalnl gdly) o iz ol (sl
Gy &5 sl oolizul YU 430 5 <o b SuSUl gise

£\



FIVe LYY dorao V¥ v Jlo oV olaud Y 080 ¢ pusS yuol SOl uwiins 4 puls

0.12

0.1

aZ
Zn?RH,

0.08

50)*

0.06

(1+

LU BN B B B N N B

0.04

QZ

RjHZ ga?

0.02

Modified Watson's Theory

— — Inviscid Theory
* 2a=5.83mm
[ ] 2a=6.81mm

L] 2a=7.86mm

0 02 04 06

ol b b b b b b b b b

0.8

1 1.2 14 16 18 2

(5 e

[A] @3l (53555 9 (ool (souibzdhol (55955 b i sz 39y J3U (gtlommss &1 ool (Sl o (Sl ol sy lin A JS
Fig. 8. The comparison of the results of hydraulic jumps created by non-swirling nozzles with modified Watson’s
theory and non-viscous theory [8]
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Fig. 11. Variations of the radius of the circular hydraulic jump versus the flow rate at different nozzle velocities for
nozzles with different diameters
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Fig. 12. Variations of the radius of the circular hydraulic jump versus the nozzle angular velocity for nozzles of differ-
ent diameters
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Table 1. The comparison of hydraulic jump radius in swirling nozzle mode (»=132.8rpm) with non-swirling nozzle
mode
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Table 2. The comparison of hydraulic jump radius in swirling nozzle mode (w=266.4rpm) with non-swirling nozzle
mode

oo Elad Gl weyo

F oSl (Sl . Rjw_yssisrpm  Rjw_.rpm «° .
) 1) ¥ Sl W77 TIP3 mm)  mm) @iy O
w=+rpm (mm)
- V429 VALY O YYST
Al ¥ A Y£AA YOAE  YAYH  OAY
BAY ¥O,AY A FEA)
AYY YVAA Yo oA YOYY
BA% AN 0 YAAD YV OYYYe FA)
b ¥EAA PYYY XY
55 Y0 Yo oA YROO
OF) £ YVYV YOAY  YeYF VAP
£V Yvsa Y1V YA

G o9 J36 Il b (@=F e A TPM) 25 2 J36 <l 5 Sy panh by gl shmlio ¥ o
Table 3. The comparison of hydraulic jump radius in swirling nozzle mode (»=400.8rpm) with non-swirling nozzle
mode
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Table 4. The dimensionless groups related with the issue of circular hydraulic jump created by swirling fluid jet
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Fig. 13. Variations of the dimensionless radius (Rj/a) versus the dimensionless swirl number (g __a® )
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Fig. 14. The comparison of the results of hydraulic jumps created by a swirling fluid jet with modified Watson’s
theory
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