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Abstract

Introduction: The experimental modeling and laboratory observation is probably the first step
in the recognition of the flow complicated behavior in fluid mechanics. Since long time ago,
various methods have developed for the measurement of the flow parameters. These methods
are based on the illumination and inscription of flow variables in different conditions. Facilities
and equipment were temperature and conductivity probes for scalar quantities and Hot-wire
anemometers and Acoustic Doppler Velocimeters for velocity measurement as a vector
variable in each point. Such equipment will cause disturbances in the flow as they are intrusive
into the body of the ambient water. The measurements are point-based and data sampling
needs too many probes for each test. Therefore, these probes do not appropriate for data
sampling in many applications of the experimental fluid mechanics, especially in small scales.
With recent progress in digital technologies, there are various methods have newly developed
for the inspection of the concentration and velocity field that are non-intrusive. These methods
are more based on the flow simulation in the transparent chamber, flow illumination with
laser and fluorescent or small particles and filming the flow with high accuracy for later visual
processing.

Methodology: In this paper, the capabilities of the three-dimensional laser scanning system
are exhibited which is developed for first time in Iran at Babol Noshirvani University of
Technology (BNUT). It includes a water tank, pomp, the three-dimensional laser scanning
system, high-speed camera, and data processing apparatus that all located in the darkroom.
The optical system consists of two fast scanning mirrors that drive the beam from an argon-
ion laser through the flow in a programmed pattern. The system is controlled by a computer
for overall timing control, and image capture. Having added an infinitesimal quantity of a
fluorescent dye (Rhodamine 6G, Sigma-Aldrich, St. Louis, Missouri), the discharged effluent
would be fluoresced under the impression of the laser. So due to the function of laser beam,
the jet of fluorescent illuminated and recorded in the wavelength of orange light. The orange
filter is used to filter out all the scattered lights of the green laser to increase the contrast, and
accordingly quality of the images. The apparatus is set in a glass-made tank with 2m length,
0.8m width, and 1m height, respectively. A charge-coupled device (CCD) camera with the
resolution of 640x480 pixels was successively capturing the reflected light in the separated
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illustrations, at approximately 100 frames per second. Each captured illustration had to be
modified for laser attenuation and sensor response at each pixel by using clear and dyed water.
Having used image processing techniques in a software coded in C#, subsequently, the stream
of images for unsteady flow and also time-averaged results were obtained. So, the images are
processed by a specially written computer program NITLIF, which is a new version of
TFLOOK that previously was developed by Tian and Roberts (2003) at Georgia Institute of
Technology. This software through lengthy computational procedures that explained by Tian
and Roberts (2003) computes concentration pixel-by-pixel after a complicated calibration
process. The images then turn into a real scale of position, time and concentration for every
single frame in Tecplot. The program eventually can time-averaged the frames and placed
them next to each other to form a two dimensional or three-dimensional configuration of flow
dynamic. The accuracy of the dilution measurements is computed 10%. It should be noticed
that this system had been originally incepted by Tian and Roberts (2003) and the one that
developed here is the new version of it that upgraded for temporal analysis and space-time
evolution of the concentration field.

Results and discussion: The system is designed in a way that can record and visualize the
three-dimensional configuration of the flow. Due to fast recording of the experiments with our
high-speed camera with the frequency of 100 Hz, this apparatus is appropriately able to
physically analyze the turbulence of the flow, turbulence energy spectrum and intensity and
strength profile of the flow. The turbulence is a fluid motion that characterized by chaotic
changes in flow variables. Getting 100 Hz data from each point in this system makes us be able
for the frequency analysis of flow turbulent properties.

Conclusion: As a demonstration, the results of our observation for an inclined dense jet are
exhibited. Th temporally-averaged intensity along vertical cut and energy spectrum are
plotted at jet maximum height together with the instantaneous and time-averaged 2D and 3D
configurations of the flow. Turbulence kinetic energy spectrums are well fitted with the -5/3
power law of Kolmogorov theory for the inertial subrange. The time-averaged intensity
distribution shows that for the location of maximum high, eddies are always present in
centerline which shows the dominance of jet-like behavior in this point.

Keywords: Laser, Fleurcent, 3D scanning, Environmental Hydraulic, Turbulence.

Journal of Hydraulics
14 (4),2020
70



ol Sy ezl
ot
S g ydud a9 pid e https://doi.org/10.30482/jhyd.2020.105499

'
&
Iranian Hydraulic Association

38 Comiyghd Ob > 3L ICAT (Suw dw (533 oSw! dilolu drwgd
S ) dume S 9 Houd Oladsd

T shsuls 1) Splay (el dosmo (e S ¢ (29 b Sl (e N qule 5 e

Ol bl Slomig soio olRails (e gwiige 0aSiils ¢ sole Dl gac -)
Ol ol il gaine Sl oRiils « g xSl g 5, (BRI moizme o oade Ola gac -
Ol g els sais oKaily ( JeSge 5 (soil S8 ol ulis IS -V

*Oabessi@nit.ac.ir

www jhyd.ihair «SJsme a,i oy $EE VYIANVYE il VYA FITY il

anl ooz L) calis sliwly o 85 sy Glgn wli 1) oKislesl jo Sy 0u slroassy saalive ¢ (55ludae toduSs
arwgs bz by (el )b) aswl 3 (6 pSoslasl gl alizee Sloudy, )90 slagle) 5l diee ol jo Luasls Ldbaw S o b
LSLQL5)9L‘3 4.'.».»54 LI Ml.i‘sa u.,S).‘> alisee Ja;‘),w B L)b)> L.SLQ)"""‘“ w 9 d)Lw)lin)J ‘;uuuo g_A.LC‘ LQL!"’B) U"‘ ol 00 00l
ool 00l 00ls dxwgi Lo jo Jlar oloul a0y by S g cdile o cld Gl eeie o g, Gl slaJle jo iz
9 3y DS g S yeld o5 &JLQLP Lg)'Lu)l&&] Blad g glasad gleakhaxo ;o ul-‘)—" Glwdands (e il L"’uf’ﬁ) Q—.’.‘
S5, 50T sl a8 sams aw (6,5 Sl ailales sl bls  gudizs ol jo ol a6l 35ls sl YU delis g <80 b by guad S
drwgd bl Slo e cmio oBuils ;o g olpl 1o Jb st Gl Can) lasre Sgjane o cw) 50 S jsld 4 azgl ok
5 0Ly Gk, KaT 4 o o] S0 ,m8 g i ygld g9l o 4 3 5e8 ol b alel cpl 50 05,5 o (Byre el oo w0l
b o 525 4 alls alisam 55 3l npal 2 093l Ssbsn Bl () 558 5l (ool gge Jsb 5o Ghalesl sl psa oo
b 6 peai b uizan dilobe ol S a0l atils 56 1y b ioles] (som dw (g3l pgal 5 oud el a5 ol sals
Ol (sl @508 g S e dmle g (Siad] (6550 b dnwg @iad] slagl > sowlen Juls da bl 51 HZ 100

dlge

i) ) dame g 00 gamy s Sl ciygld )5 1y B5lg alS

) bl (Gl elBagle;l jo SosS olul ;o oy Aoddo —
Sy 285 9 (Folo b Hige slacdle o lapl > S ladls 51 e s Sl bz b gl lesl
g jlwas o) (Abessi et al., 2011) ool oo ySow el oad LT Cab )5 e odwlie Lo
0970 9 Ol > calisee slam ) (plulid 4 mie Colod 5o aalols anwgs b oyl s dawgs g ounitlnSs
Dgdise wgmy 3 lsp e slojye b Sl (Sl oo iy sl Caws bl 55 sy (Sdgoue
Sl Oliie [0 Lawg aslol )5 oad oamline LS, S8, oy el Arwgi b o O ey el 004
Sydse odliinl oy el oL, gileans 39 peiies brosslin | Galise slalase jo Jlow
slosalie iy pl 4 (Saeedi et al., 2012) bl o Jlew 53, sad JyuS (gledend 4 G
Six sele ol axng gl o)l ¢ alRioles] Gt b ol o rlote olSiules] jo iSasS

Journal of Hydraulics
14 (4),2020
71


https://doi.org/10.30482/jhyd.2019.101685.1253
mailto:*Oabessi@nit.ac.ir

WAA ) Kod g (ommle

e e T gons w63 oS! Aol dnawgi

8,5 )5 amg 550 laaminl b Slabais (6 So3ladl ol
L .(Robert and Tom 1987; Roberts et al., 1997)
B bl lecaas lei o sladais (gbdodizeiw jloolau!
1) Glabzd Oiso 4 g (gl paiges slaalads o YL
Sl KT sla g, 5l eolaiwl 0,5 (6 15 o5lusl (e
o592 slool> 25,55 ¢ Schlieren photography
G diy C5 > s 5 bz Sl lSle cvalin (ol
sl 423,513 4z 3y5m m lals b 55 Sl
Gy Se g olid sl bg, 05,9 .(Abessi etal., 2017)
55 ool 5 bl Sl slalSalesl o
oSl poas 4 oliws lp SuSS (5, bbSe
Segas bl (al (b by 5o it Giales] S L3,

.(Abessi, 2018) ol 05 ) lay
OBl @, 4 wgysld annsi b oan glaans b
5515 2B b edus sl alale] o ldas
sl le ;0 0 s w0ad 4Bl Caws ] 4 aS as]
g Lo Sl pen (sloasllas 13 148+ ans bl
gl b Il coaS S gl 4 clile (Sucasy
et 3 Joloe ST oS0 Colan oo sl S
3 eolawl 4 ghlopn CueS S laie A Caep g 00l

Acoustic  Doppler 4 Hot-wire  anemometers
oley 4o g slaki &,e0 4 Velocimeters (ADVs)
5 ol oy 4 0955 Judo 4 Slgal ol o e (5 Sl
50 ool sl Sianl glgil ol el 095 55 05l
Ll i Bl it 5 ol 5 Wsdioe Jbw Ol
5 @l (g o3l Lo 4yl 9381 o0 ogmme
B8 A e S gl Ses atie Ll
el anje 5 00g dgaze odal Cuws 4 slaosls
drngi b pesl ams 50 50 ailige ol jl lagtolos]
Jlams oy 5 ylws Sl do)id glyl
23ld drwgi (00 2LLT slasbs, I (slegecs
non ) odgs Jlew Jo1o 4 345 4y siojls a5 ol o0l
Jbw 2,1 5l eiolesl e 4 35,9 (599 5 (intrusive
oz lail o (Ko 5l 0550 slacenS (5 Soslull
Laser Doppler Velocimetry 4 lg5 oo o ig, ()

!y Particle Image Velocimetry (PIV) 4 (LDV)

W gl ejg el &5 alaa el wlossy ez s
(IS ol 5 o elgl B 5 annsd o 6k
> 5 Byyds> g balenlse dajslid 5 o oS (ol

i oo lsals g laSKige
S8, L blayl o oyws jo sede slronalic s
slooaalie 4 e b Ll S ul 5 bl
szl 90,lga) 00 5 o (BC 212-278) yugiueds )|
G, ilwaiie b 6o VO ool dseuile
pldl 95 slao g 2,k 5 Lo 5,15 5o il glagh >
O el (gigs Sl 03903 Lol > 95 (nl (o) 2 &
ooz 6l syt (ACYFFYZVYYY) pgs ol50 aiatils
balyd o gilnd s g slodlw glsl oS> L L3l e
Ly aolsl 53 Bagusyyr oyl el o0l plonil caline
Fon dox 5l DLl ) 5 (ormb pole 059> plaseils
SVAYE) gl (OVSVEIVAY) Lsl ((VSSV-1VEA)
VAV jadst, (OAVASNALY) LSl (VVAD
5 (VAAS=1AYD) eks o (VAVO-1R0Y) sl (DAY
o5 oS il slaoje )0 ;%00 GLLsT el 5l (s ks

drwgs (Slie g odd (678 WS ood paite (nl 50 ()]
5 PRiole;l sleosalic .cuwl o3y atwly gl
G;LA é§|5 30 S o8 olal o olas ;) cud g (g jlwand
pole 5o Sl Sladlsles drng 5 (ole cSLD oy
ol Sl ite bl Sl ;0 ()] 5m 5 Spd o
S5 e )lop g SRl At 90 a4 Gl )
«SzsS olal )3 oy (53l b (2L LT glo s,
e cnl glsil 51 (So snSoslal Jlis 4y Ysone
CS g 5 by b bosaline LT o il
SrSoill g yaex GyF 5l eslinul Loy laslas,
ol ) pel SSe slagty;, ST L a2
skl )3 Sl o3y bagens jLid 9 Dgig dlg) o g
bug >y gl paises 5l ool VAV ans LU
Ol 5l load J S g Cublop sl 256 sladlg)
4y 3y50 Jlow j0 b, eole clile (5 50slul sl
N 4 bl ol e (Roberts, 1979) cé,5 )3
Jlazes an 5 ST slaosimin g oK 5l ooliul

Journal of Hydraulics

72

14 (4), 2020



WWAA Glicu ) oF o)les VF 0490

Sy yuap

ol as @ daiolesl plwl wily jo 08 18 5 Blas
OVF zoe Jsb b5 9 n aie Sl onds o (6 005
S wloles Lol jon g a8 )5 )18 35 [US 5o yegil
JrS slp a5 0 Kby SO Jlezms fmyee
S 2k 5ol ead Jate (el slaanl
g @bl opl sla Uiy sanlie gl diges iolos]
b o S oL Co alss gileand
@ @A i 4z )0 P aly b bl 36 G oSl
bl S g9y 3 ansl o ooliiasl o leo ¥ lad
5 Soled Bk g ad,S 18 SOB QYL QB s
o ansel job O a4 b aSdyl oS
Bk 5l sd AL ol sl onls Jate Cus jold
s b g piycillanl slaals) «oly /0 ol 4 oo
79 Oz Sedse ale (5e gy Jib a esld
4 g 4idy Vb Ceoms &y 055 agl potiage I y0 5Ll o
4 adsl plege Ploeadl b oy o0 055 gl i
68, Ol g ot G el OMSL S gy
da (g AL Cuald 530,500 395 4 S5 poh
95 9% 9305 (o IS o & gl Abal 4 o,
Sz w0l JB& Sl ©jge 4 b
SeS L i s sein dagile] e e o
3,555 5 Vb oo 45 5 > b o _>,b oo sl
Iy a5 3,50 00game 5 05,5 sloul saxie (5,5 sloaxas
bazio cpl ojloge by, 4l )0 ,lgs gl H5b 4
2 0xiS 4SS gl I Jlw I (patie pre (STl
@l Jlw 51 G e omes b plegen culled
] by Gy b oyS aaslys (Sl (gam aw 90
oo 1 b 5 s9in 0,55 5 b 5 e yslé o,
yiiie 055 5l 2By 5l o> zae Job s sl
o0 dawgr BB SO MelST glad jo 4 ol e
Dgb oo Cud (20l (ild) KaoVb 4 e Jluzms
cloaal b ployer oSles ;5 55 Jlezms om0
oialejl wnld 5l mye Gl sl 4 el Slog
5 Slog sbanl g (puyge S8 jslate 4y 08 e
Sl slaegeze llly 0 bpgal Gljes 03
b a5 ols glabl) 0y S g (S slep 6K

Laser Induced

sgby, 9 ey spSojlwl
Light 4 Light Intensity (LI) fluorescence (LIF)
chle Souasy ¢ .505lwl g Attenuation (LA)
3 eSone by a4 balle ol jo 05 o)Lal
L olobis JB 5, o3 (LDV) ablis 5] slogs
L) G, 5 (LIF) Cosysls 53,55 5 PIV) hane yuf oir
Lol e g ol s, ile 6, Kal oSl @nd LA
Ol g S5 g 0l Lo 2B 5| Jlms 0
By Sl Jizns sy 80 drwgi b ol jor laailols
50 el a3l See YU jlows B0 L ool s @
axwgi o 5 luo slrailolu drwgi dig, deldl jo iogh oy
s, LS}L”)K*:] Gy o aw g5 oSl alelw
Uil &S i 6,8 b aS Conygls 4 aniel bl >
Slopdy (oo olLuls )3 5 sl s g0 s
o 05.«..4‘547 ‘_sﬁj..po Cl 00y a5l 9 @‘;}a JJLJ
5 oz slayld) (5l ST 5o wiloles ol sl ollss
2 ol ol ekl 5 wasl Glaplz an 4w

D9 oo (o) y2 9 Lty Sy Janzme g 00 slo o) 2

‘5..\3.34.'.»‘5)}.3‘ OS'"“ alolw -Y
0ASiS1S Ty Jaure S5 o oBiale;l o ailoles (!
Ql.u‘ L @l}‘ )O 9 J.:L: ‘sa‘a).»...uy oliu.o‘é Q‘)"’& GM.;J.‘.QA
Sy a9 2l UM Ojge 4 aS S0 0 V0
M ailolws U"‘ ! 4..3).3’ )|)$ O u_i:) Sl ol.:.,.u
52y o MO (Jsb e VAL slal & Ol 55 S5
Selsyien Sliazs g Ol Q105 e (Bee e )
VUSSE o el eols lad &g 4 aS il o kel e
29 &_J &5"0))15 6‘).: leauds ‘5>Loal> &:)L dbl o
U1 4898 50 sy Ve e iR e iales] iPte oS
Jasl ladly 5 e Gl 5l a5 ouls sl 1,8 SO
$2US ey e 1o Gialesl ST yoged JI g S
ouds atlu Sid Al 3l 35 Ay o5l oo o281
)‘ R PR GJLQJL} ).uo s_i: &LQ))‘ L 6)13 ‘5’1.9 )99
oalau! g_JT Q)Du uo;}: 6‘).: L;w‘uj)u‘a\“?’ G

Journal of Hydraulics

73

14 (4), 2020



WAA ) Kod g (ommle

e e T gons w63 oS! Aol dnawgi

Omy9d Aol i 5l (LU (2ledS )5 Sl s (a8l
S yeet 5 s slaglergel Bim ¢ alojl axio |
slably aelip o abli oo 30 g ails jo o8 Sl
adsl lon 5l am slaie cnl (gl oad ools dnng
clale slrosly 4y g 0als miwly clale o do pgas
Lol 50 )il 15 ailee S5ds0 o (oadly (ol 5o
Sesdge 93 50 (gl ) (ily Joho ol )13
A ojlail il L35 98 Sad ol 0ysly g Dglite
Al pgai cad b (Aly wlde 0 pgad abais
3 omyes Aol g, Seslal bl oS swase
ool )3 Saiwjald Sale (rons Cold 5o g )5 aio
b it 55 S apls b Al o (ol o8l
Glie clacdile a5 mily clsle o chile
w5 ol 4t 3505 o ol loas g, gl sl
Olej (e 5l (g (lide @2 g 00l sy (lo g
.(Gungor and Roberts, 2009) wgis oo Jrows cdale 4
Gan aw by gan 90 Djgo 4 il e Lo il
Dyge 4 Saled )3 ok Biloy W pgal g oud Subls
Loy iy it (5l i b 5 ey )0 i
bawgi oS polB B jo ol jo b 9 Jelos )
3l Xgd o0 03 (el sl sL LB Tecplote |38l 5
Tecplot L & Ll o 5 bayugad (3loy slas i
(Oboy 30 6410 p00ls ¢ cuugi aoli (sl 3810 5l S Llgs
AliSes slaalass (o ahado 3l ,S0s5 o ciws Gy S
Dolate slalaze ;o by L8, 5l pieesl cS L
Ol 5o it gl jloslainl b o 5 cnl & ool
Ol slably slaygiws Sl slaegeme anng
laled ;5 oads (Biloy Gl )18, 5l S 2te slaphs

..))5] Cowd usLQ...A

ey g bs Y

ol (PWS g (pwadd ;L3 cod —1-Y

Lug ,euS ol )0 ouds ools arwgy iy slaailels
Shacheri 4 Abessi et al. (2011a,b) Ahadian (2010)

aniel by 5l ol ppgal 9 5l sla by, 2 (2014)

ods (s ,4el, Lab view aslys 1o slofg sla,giws
Ceols p les b Mars o 5l 190 06 oo colaiwl ol
YA- 0 7% Grgas Cdo 5 4l mB Ve aie
BT SERUIRV I ~SS LIN N Ry~ 1) KU Sl ivv) B V. W}
53 e (s Dyge & ledS )5 g 35 e w6399
EXpOSUre lye  5us  (way9e 0disS oS l38le s
ka9 JyuS LB neas Brighness g Contrast dtime
5485 518 o e 5l (B akols ;5 (puyp0 oo
ailiy pyai Vor ek b plopsal Gl 2 sl
1545 038y (6 7S £ 5l byl Cpl S oo el
ol s U 3llae ol I g alai o 55 o o
S gl degorme ABl so pitie ilize Ul YOF o
Cldsl p 5l acgemme 4 09,9 b ond cud (S
ool 3y50 CHt 1581 05 15 0ads 0ols dswgy glaily],
o0l 03ls Anusgh Sl pgal Cules )0 g 48T 1,8 sesd,
ools ioles Tecplot ,l58le 55 jo (gaman b g0 JSG &

D s
gl 3nl8 g Gan e Sl g )5 slaamio &S o>
505> Sygo a5l g myed Bloyes S L ls
0315 dnngs (635 o K3l0p 3 o5 slasl p Lawgs g 039
MM 532 gsa Jsb 41 5 <55, 5 530 3,5 oo ol o0
Diode-pump solid state gq5 51 &l Lo Voo les b
Multifunction DAQ aSi.i o Is Jaser (DPSSL)
5l Jlesws w90 Card! (ADVANTECH company)
5l Slegs sleaisl g Mars 640-300G 1/4"@4.8um g5
S35 4y 2o 05,5 g 5 e 5,5 5935 ) g5
w2 b plojen oSles ;o a5 oud gh 4l 5 ey
Dk ool 8 1) Sl (b2 5l gam as (5510 gl ()l
Spgal I Gl 0,0 S el by e ygal
oo 5 i slaplej 53 y3ed Susbsa Sl 5,5
o555 il slagbs, b sl oY a5 as o]
bsgs iy azsl ooy (oosdy (H3l0y igd el
Tian and Roberts, (2003) 4 Doviero et al. (2001)
O o) Hg Db gl el Jold sl il
ol 5o Jsb 4 g Bl o3Il b ) o Jlow 3l 50

1 Model: PCIE-1816

Journal of Hydraulics

74

14 (4), 2020



WWAA Glicu ) oF o)les VF 0490

Sy yuap

Fig.1 A photo of the darkroom, water tank, camera, laser box, and control computer
S35 o K831 AL, 5 )5 e gy w0l e oS BT e ) S
1

Flow to the Nozzle

Laser plates

Laser sou rc%

Swinging mi

rors control cable

r
<

Outlet jet

Camera control cable

s

<

Controller computer

J -

Fig. 2 The schematic of Three Dimensional Laser-Induced Fluorescence
Goied o aw Sl albeles gliz! 51 IS ol ¥ USSR

s 53 a9 50 oud 4z LSS Ojge 4 0l r sum
Sl end en b 2 (aman g 90 (ABly Julo (ISl
Sy g3 O399 A He (52800 (| )0 00ls dasgi ailelis
£35 weS @SRbs (At s i bl L
Iy Cam,eld cdale glawslas isloy o cud oSGl oS

ol yo ooy lgul (pdg) axmio S blis )0 ) &
Sl 5T lsie 4 ol g 50,8 S5 odes b 4y dla b,
) (s 5093 slacim o b g oud adlal ol > &
ol (L) o)Ll 5,50 sladibel ;o 058 o0 ol b >
JE8) 5 oad ax Sy (gamss mhaw S50 o 4w
bl g ol gl slebopeksd Gk 5l ol (cuase
Sad Judos Gl 050 (g, () slocasgasts e o0

9 90 Sy ladse gt s s 4 g

Journal of Hydraulics
14 (4),2020

75



WAA ) Kod g (ommle

e e T gons w63 oS! Aol dnawgi

e (Sopidy g WS 8, Jod sl Wl o
Ory90 B8 5l b o ioles] By Logd eolatwl b >
dwlie LB oS coul riwly &g, g T 20 (Jluzmo
ool olyon by jo U2l b aS Suw sl b

ASL e
Ok slabd psai @ly o oad Sl slepgas
59580 leas clls pp aill o pgad Voo Slgi b aS el
ol o glel Sl plgie slabind glaygar
Ok oSl )13, 51 (IS (2L 0,5 (605 e Slks
S8, sladasd sl gas .(C-Fga-F JSo) 0,90 Cows 4
ryad Gloy (xSl pgal g (loy y0 (b Bl e
G 4y F0ile cll o ol 5 L8, ) Sl
wiles Lulpd b cud 5 cnl 4 bopgad cnl ols wialys
Sas] 3ldas g (DNS) pedins (s00e > 0 845
alys anslio LB RANS) julon; xSl oo, @
3 ol egm A Zllo  (Bs; SWS L riaren g
OBl iy g aiyls gawm s SLals a5 L > sla LS,
(Botelho et al., 5,5 ,IXaT )lg5 oo 1y 00gu5 Ll samlie
2 09 s, ol . 2016; Abessi and Roberts, 2016)
Ol by cdale Ol g awais Gam 4w 5 90 2
SI55T 4 31, 5T ol wls S 8, el o

gy go AN 4 ol aalsl yo a8 Silu oo p2ly8 gllas

ol 55 AT Julod 5 -Y-F
25 it Sl )3 by g9 e wasl ol
b § jeax Glasl YU ol o ez ol She b as
iz Ol s 4y 0gd e aslil ol Saisy g
slals 351 IS Glgs oo 1) by o) wiasl b,
@ Ll olul anseis a5 cals o aw S5 g S¢S
2ol e A aisl b, olai coale Lo
&5 b e ) YU jalen ) slasl o Suasl ool
5 olar slaplug 5l slacgaze 31 Jolys 5 aos 0
(_ngg')lg.)_? BN Ll a8l RN ub)} u.f;,..% sl pxis
b g ails Bolas SalS (5,L8, b ,> sl sl )b axass]

aao ol )l 3L ooen wlols pl jo 0jle o w2l
55 Dype 4 Sliglel e ISl co 355 50 (5,5
Wl jl (patuie J7US w2 som aw (Sl b g s
0Dy Loy Jsbo )0 Ol o 4 )18, Cud G
Ao 45 saw g9 Lol 5l adly ol ¥ SS o .l
Ay ool 0l 03,51 a5 18 Gz 55 50 50 (5550
S yold Obsy osle b i 9595 5l (LAL Cely Ceons
Sy e gge sk 50 558 Gl 4 o Sz 5 0l 5o
s yes yd 385 oo Lt |, (MM 660-540) 2,6 b
o)l L5 o (266 KaVb Sl e 0l peal o
o 05,51 wams e |, NM 620-590 clazss Jsb joue
B30 8590 9 Sud (S wlidie )3 gl (pl e
ao pgad Cealy S ¥ SE 3 05 (00 ) (098,
peas YU islesl cpl (oslep 5l ee] Casay gam
sl o 005l (slalid pgal ol 5 Sloy Sl
Sble sl gangs oled gl Gl G S o
e el 52505 V) Gl 555 0 b3 55 il
5 lbdiges ol ond 00ys] (il 5 b s
FENSLLT cals jo (g, nl b oad asle glagins
g S 40 gy ol CBo ol jslate a4 0l e comlin
S S by (WS cesia Gla SRy e
3 Sl aas S 45 Lo b 5 (g3gee ool
sl o yiasd 53 51 51 goante  Eiole;] sloosaliv
@ @b jshie cnl Glp cal w85 5138 oLl 550
5 g @S amlie Boyb 5l Gialejl 5l el cows
5 e )l elfisle;] sleeanlin L Tecplot il
a.slae Webster et al. (2001) 4 Fischer et al. (1979)
S bl pel Co pwrin Gl Shy Sl oad
Olyr cile yoss g o (Sadib b oy Gl by
Liogs oo 5,15 polie b ol 635 5 s olasl jo
L o Sem) bryo slaghs, gl 4 a5 oty Glaie
ol 00 duslie ol sdal Caws w4 (5,0 diges
odb 03,91 Roberts and Abessi (2014) ;o yiiw ol
ewdid polie o iolesl o uwly b ews 5 cpl 4ol
aS ool Cows 4 g olde (o Slosalin slacdale 4

! https://www.aparat.com/OzeairAbessi

Journal of Hydraulics

76

14 (4), 2020


https://www.aparat.com/OzeairAbessi

WWAA Glicu ) oF o)les VF 0490

Sy yuap

Fig. 3 The 2D illumination of 60 inclined dense jet due to laser sheet along the centerline.
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Fig. 4 An exhibition of the processed instantaneous and time-averaged photo of the inclined dense jet
a) 3D time average photo, b) 3D instantaneous photo
c) 2D time average photo, d) 2D instantaneous photo

hle oS car Gloy eSiba g slabizd oud Bl p pgai 5| oled B S
o 98 labazd pygai (5 sam 99 (Sl paal (7 (som dw ladbaxd poal (@ om dw (2 Sile pgal (]

&‘93‘54 cdale ais ( asie Qu)‘ Sde S o Dol oo
aadi o 0 bkl O KO 4 az g bocwl oo b sly
Q])aCAJa'l.éQLujjobﬁ.cswiiL,.cd«la’léngﬂﬁ
cC=C+C’ (2
Sl yliee Glea b cale Slugi aidlee CF (] o a8
2 0k 5l clle ol 5l lalasd w2 ol
2 aad] ol > o alie jshy adl s abii les
‘) (.. 9 Lo ‘Gni> S ..L.sLo) °‘95d° ‘;.v).oﬁ u.A.AS
Sy adlgo 5 Lawgle ddlge 50 o Ojgo 4 (5T o

Gl jalshs; 4528 lgie Cod 45 g, cnl-o S ol

cdale o Jle Glgie a0 JSKE [0 0iS so s e
Jsb 5o oot alss ol el alai SO 55 b, eole
Syt (Solad JL8) 4y azgi b el ool s 5 )L
Sl aadl glaplyr Judog o Jsene b 4 ol
(Ghayour et al., 2020) 5.5 o soliwl (5 ,ll sla b,
Sy Jy ol ahai S o el was] sl e
Lol cdale ojlasl S oo plug Latrin lade

D9 oo ey alaily 5l oolasul

_ 1].
c=—|cdt €))
TO

Oley (A SYsb 5l 58,5 il 4 Sy T ol jo a8
oags a5 b nlen el lyx o el LB lalogs

Journal of Hydraulics
14 (4),2020

77



WA ool 5 mile

w3l )BT Gams dw (3 oS! Aol dxawgd

G5l e 5o abie bl g ge ol Tdy SaalsS
b 65 & gl i omly e (ST i
b (Sadl slagleg i ol @ 0gdiee hos
L el a5 i o JSa3 | o olide 31 (sl 00 s
el e 5 )3 B9y (r S gere aiBl o laauls S ol
slosls I eslainl aasl slagl,> i &35,
4,8 Sy S5 @ ol sselay s 5 alKales]
ool g clld b oad ools axwgi alelw ;o Al oo
OBl Cules yo 4l p pgai Vev Slg L o pgal (o008,
sty 0y yo aidl slagl )k, saeley Jolos
clale glalug clls 0gd oo pol)3 e, olacl
29 0l $258 e Skl o el S 0 (b~
T e 9 arwgd Gl Gl & e b
Ol Sy Goy ol gl (Sl oyl g o
o Sl aalss eal b ) (Sasl st o5 b
029 Ol ez 5 b diged plgie 4 7 SO
a5 glp el ) gl abai o by slaads S Sl
Sdelos 5l slaiges plare 4 e o6 Ll
oS 4y il glagly 2 ymeds b bl )0 25250 s
5 dinb 3 a5 jsblen el o 03,51 ailales ol
o (oges (B 09d oo odaline (F JSE) 00 o 5
iy 4 (65l She olew il osgass Ho -OIY

ol 00l oolive

ol Slogi Cand a5 col (] il @y 50 050 (o0
Wlgs oo () lol (gloas ,as 5l oolaiul b g oogy Bolas Ml

98 Joloti g (o) 2
Cudybs 5 o3l 4 iy s S e il glagl > e
S5 bwgie 0byz 3 Seree LAz 3l 9
O a4 olyz 5 d9zee lawla S 1 85 0,5 e
S5 5l Gleses iw ol alr g Joo 4y i
O ol s eage p ) bwsie b (St
bogie (i Sealus 59y BE i baals S
Lol sl aalys | 0T oles 5 azasl clagl >
S 2 Ol yr S5 slaals 551 50 Jlesl a5
sl Ol S wgiee bl SzsS slaals S
Slrly 651 Tantiar (185 4SS 038l s se slaasls
Olse 4 plojen S oo W] 555 I 5SS glaasls S
ed 05 5l S5 gleal s Gl 3l Ty
Solie a5 sl as ails S 50 a5 (e cnl ol oo
sbals S 4y 055l o sgzse (Suasl 6550
ez Sl ae B WS i 5SasS
a8 Jeds (nl 4 plojen y5b 4 5 00,5 3L 1, (Sxasl
FSoplaals S 50 09250 bawgie (b (Siei (55
iz il lp ]y ey B S (o0 w85 355
(ST 65 JEEIG g, (pl oS oo Lol awgie

sloals olis 4 Ll 5l a5 gl gleals,s

250%

200%
S
‘; 150%
é 100% i ||| U | alull 1) NIl iy h\”u ‘HH | HI“I
IOt H”l
LO) 50%

0%

0 10 20 30 40 50 100
Time (s)

Fig.5 Concentration fluctuation at a point of flow centerline along the time
obes Jsb 5o Oz 55 e b 5l Al Sy jo chale gl log B S

3 Sink 1 Energy Cascade
4 Kolmogorov 2 Source

Journal of Hydraulics
14 (4),2020
78



WWAA Glicu ) oF o)les VF 0490

Sy yuap
100000000
10000000
e -5/3 fitness

1000000

100000

10000
=
@

g 1000
]
a

® 100
]
(7]
Q.

n 10

1

0.1

0.01

0.001 0.01 0.1 1 10

Frequency (HZ)
Fig. 6 The spectrum of turbulence kinetic energy at the location of jet maximum height
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