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ABSTRACT

Dex'el,.,pnlenT of Pulsed l.;L.,,er \el, ,cinte_ rv Techniques for hle,,:uremenl ,-,f

T w, ,-P llase I21terfacial Dra_, in :, Horiz,.nTal Stratified Flow. iDes'ember l!4!-_[I

Thoma.- I,:evin Blaucha_. B..q..._I.S.. Texas .:_.k_I l'ni','ers1_v

_'llair of .-_dvisc,rv <.,Innl::_ee' Dr. h'assill Ha.,sau

Til -_ practical use ,_,f Pul.,,v,l k;,s,..r \,.i,.,clme_ry _Pl_.\'l requires llte _lse ,-,f i'a._, re-

i2,'L},;..-,co112puler-lm_ed nlelll_,d.- l,.,r _raci,:111,:Ultlller,__US!_ar_icle., _uspe_lded in a ituid

ti,,w lw,,it_eIlt,.,ci.- forl)ertc, rl_iltc :ra,'kill_:',rel_rese11_ed, . t}ncm_t_,,d tracksat,t_.v .,,i.

,le Iitr,.,u,.:h tttulli_ie..-eque_l ial. i_ta,.:es __nlni_uln ,.,f four required, i,v prediction a_,.!

verification vf particle displacement and d_rec'_iou. The c,Ilter _tethod. requirina only

two >equential imao.:es, uses a dynamic, binary, spalial, cross-correiation technique.

The algorithms are _es'_ed ,-,n computer-generaled symhetic da_a and experimenlal

da_a wifich was ,.-,brained wi,h _raditional PL\" methods, t'his allowed error a_aix's_s

and _estina of the ;d_orithms on real en_ineerin_ flows.

.\ novel me_hod is proposed whicl: eliminates _edious. undesirable, n,anual. <,pera-

_or assistance i_ removina erroneous vectors. Thi., melhod uses a_t ileralive proces,

involvinp..: an interpolated field produced from _tte most reliable vectors.

Metlmds are developed tc, allow fas_ anai.vsis and presentation of sets of PL\" ima0.,e

data.

Experimental investigation of a two-phase, horizontal, stratified, flow regime was

performed t.o determine the interface drag force, and correspondingly, the drag coef-

ficient. A horizontal, stratified flow test facility using water and air was constructed

to allow interface shear measurements with PLV techniques.
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The experiment all)" ,:,brained local drag measurenlent s were compared wit h theoret-

icai result.- o_.ix'ent)v convenlional interfacial dra_ Theory. _'1o.-_ a,."reement was sh,_-,wll

wtlen local conditions zlear the interface ,"ere similar _,:, space-averao..ed condition.,

However. lheorv based on lnacr,.-,sc,-_pic, space-a_'erao.ed flow behavior was shown _,,

,.:,ire il_correc_ re.,,ult s if_he local _"rtsvel¢,citv near _he interface was unstable, transienT.

and dissinlilar tr,_l_l llle ,_veraae o_as velocity _ltrouo.:h the test t'acilitv.
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CHAPTER, I

INTRODUCTION

1.1 Back_'rn_lnd

Tl_e i'ulLdanlen_al difticultv in tile measurenlent and analvsi-,:,i' two-phase tt,:m"

n_.qv 1;t, atlril_u_ed _,, litr- large variety of flow palterns and flow conditions tidal

,'aI_ e::Is_. A ]....."ai ,_nlcr.-,s,',,picp probe nleasurina a paran_eler _nav .,ce one pha.,._

,'oz_inuouslv ,such as _l_a_ ,:,ccurml_r. in a stratified flow I. ,:,r tw,-, phases intermitleutlv

_as in a t_ubblv or mist re,.:imej. The space-averaged Imacroscoplc, behavior of the

two pilases, commonly _t_e parameler of choice in practice, cannot identify the local

condition at some par, icular point. Unfortunately. the interaction between the two

phase., _or fluids Jis dependenl upon t he microscopic behavior. The basic problem is

how to predic_ _he microscopic phenomena with practical and measurable macroscopic

behavior, lnlerphasesurfacesareencoumeredwithtwo-phase flows that lead to julni.,

conditions between thelwo phases. Only after the .lump conditions areaccoumed for

/which describe mass. momentum, and energy exchange between the phases), can a

volume with two phases be treated as a single fluid.

Stratified two-phase flow in pipes may occur in ,_-arious industrial processes. Exam-

ples include the flow of sr.earn and water in horizontal pipe networks during certain

postulated loss-of-coolant accidents (LOCA's)in a pressurized water reactor (PWR).

This thesis follows a style based on the ASME Transactions Journal of Heat Transfer,



and the flow of oil and natural :as _tw,-_-ph_se. _wc,-componenl svstelnj in pipelines.

l-heorie_ for tile creation of _ particular inlerface ,-,r the vari,.,u: illlerac_ions occur-

mnu at the inlerface are 1lot ve_ c.level,_,ped. Development ,,f correlations tc, predic_

various flow patlerns and identify interfacial actions, such as interfaciM waviness and

:i_t resul'ta.nt drao_.:,i., slowly pr,:,,."ress]n,.:', and sonletilnes ,`vitl_ouT saTisfacT,:,rily resulls.

rite ,-,_,.iec_ix'e ,-,f thi.,, slndv ,.va., 1,, ,,::_e1_d Pul.,,ed Laser \'el,-,cinte_rv _PL\'j flow vi-

-_l.Llization tecttniques I,:, allow allaix'si, ,,f a _w,-,-phase. h_,rizoll_al. -tra,ified. tlui,.:t

ti.,v," .',, crtrre_tt stra_iiiecl ftov," dra,.:' ,',,rreiati,.-,n ,,,,'as o:,mpared x,`'i'tlj xneasured data 1....

i.-._ernnne if ct ltex,, correla'tlon ..,IL,-,uidi,e developc.d.

Durlna a LO('A in a P\\'H. -tra_ifiod fl,,w ,_,f steant and water nlav _ake piace

l_ :, horizontal channel when th_- emero.encv core coc_,lino wa_er iv in.j_c_ed imo llte

pipe. Tllis type of flow also ,.,ccurs i_ _he auxiliary feedwater system .:,f the s_ean_

:enerator in a P\VR after s_oppino: the main feedwater pumps. Tl_e flow stability

_l 'he two crcses is very i_tportan_ _,:, the safe_v analysis of the. wa_er reactor, lt is

_ecessarx" _,",explica'te _he mechamsn_ ,:,f the transi_io_l from stratified flow to sit'ta

flow _n t_orizontal, stratified. _a,-liquid flow. Know!edge of interiacial shear stress

and dra,,, is requ.ired for the ai_.c,ve applications.

Analytical solutions do not e.,cis_ for mos_ complex geometry flows. _urbulem flows.

and multiphase flows. Turbulent flow is described by the Navier-Stokes equations.

since the size of the smallest eddy is generally much greater than the mean free path

of the molecules of the system.. The Yavier-Slokes equations are nonlinear, partial

differential equations that are difficult to solve in their rigorous form. and il is often

necessary to make simplifications in order to reduce their comple.,city. Because of



_he three-dimensional nature of turbulent How. eveu _oda',"s supercomputers canno_

re.,.,._lveall lhe scales needed f,:,r a hiul_ ['_e.vnolds number simulation. Thus. the altal-

vqs is limited _o the low number rant_e. .\t_emp_s have I_een ulade to successfully

describe complex flow profiles by the use of empirical formulae which are derived froln

experimental data and nun_erical ,',:,rrelati,z, us ,:,htaiued by solvin¢ simplified forms ,-,f

the conservation equations. [ielial,le and accurate data from similar flow patterns

Inus_ i,e ,:,htaiued t;:,r _hese lecttuiques t,-, accurately predict a _ivell flow's behavior.

Pulsed Laser \'el,:,cimetrv i.- a p,.-,v'erful _,-,,:,lwhich performs t)otll qualitative aud

(ruautitative fluid ftow visualizaTi,:,ii i,v lrackin,_, seed particles suspended in the fluid.

l'l,e resul_au_ full-field flow visuaiizatiou is capal_le of providin: both time-varyin,.2.'

and or inst.amaneous maps of fluid flow parameters, such a.s velocity, vorticity, and

turbulence, over extended area,:. This quantitative flow information is necessary tc,

verify analytical solutions, and t,, t'ormula_e new correlations. Tens of thousands ,:,f

simultaneous, individual (locall. measurements with typical point flow probes would

llave _c, be performed tc, provide _he same data ,zlven by one PL\" "snapshot". The full-

field nature of ttuid flow paranleters provided tw PL\" nleasuremems will provide tl_e

"bio_ picture". Fluid flow researchers and experimentalists have a powerful technique

which should provide new insights tc, explain and predict fluid flow phenomena.

1.2 Literature review

Pulsed Laser Velocimetry (PL\" I is a method t,o quantitatively extract information

from complicated flows by tracking particles suspended in the flow. PLV is constantly

being improved with new algorithms and experimental techniques in the laboratory.

,..



Summaries of particle image velocimetry (PI\'), one form ,.,f PL\'. call be found ill ,_

numt_er of papers,.-kdriall and '_'ao. II_8.3 .\driaxi. I_JS',a" Lourenco and I(rothapalli.

l:t.'S.*- (4rant and '5.mith. l!_S._. Adrian. l!_,Ulj. The accuracy ,-,f PL\" research ha:

advanced tc, wllere thousands ot"data points can be accurately determined (Adrian and

Yao. I'_4 !. This a,:curacv is needed tc, insure the validity c,f the quantitative result.-

Studies ,:,f two, pila,.e flow are now possible wiTll tliese 1_ew lechniques {Dela.hunte _tl_(i

Hrtssan. 1!1911:Hassan alld Blanchat. 19.ql" Hassan and Canaan. 1991).

ffl,.,w x'isualizrt_:.,l_ wit li P LX"involves seedina _he fluid wit lt "neu_ ral density" l_ar-

_icles _which are :tssumed I,:, f,_,llow _he fl,-,w pathlinesl, and then ineasurine lltelr

lnovenlent c,ver :, kllc,wn period ,:,f _inLe. PL\" is performed by illuminating the fluid

with a ,hin sheet ,:,fpulsed laser lidlt, and then capturin_ images of_he particles mov-

in,'.: in the flow ei_her with pho_o_raphic film or digital cameras. After data acquisition

has occurred, tracer seed idelltification and tracking is performed.

The dimensionalitv of _he flow. type of fluid, and speed of the flow shonld t_,-

considered prior _,:, i_erforming a PL\" investigation. Turbulem flows are ofimeresl

_c, manv investigators. Turbulent flows are by _heir nature lhree dimensional. ('are

mus_ be taken _c, produce _wo dimensional flow. unless the data can be taken in

,"di three dimensions. If two dimensional data is being acquired, the effect of the

third dimension can cause particle tracking algorithms t.o produce incorrect vectors

(Sinha. 1988}. The index of refraction of the fluid medium should also be noted. The

scattered light from the seeds will be refracted t.o some extent, possibly introducing,

another possible source of error (Sinha, 1988). Flow speed can cause dit_culties in



tracking particles. If the flow _peed is t,-,o fast. In reference t,-, camera acquisitioll

lime. the camera will not caplure seeds ill stlccessive frallies.

.kit M_orilhms ability 1o Track coulplicaled flows must 1,e verified. It is extremely

difficult lc, produce r, flow _l_at can I,e accurately predicted tc, within several percent

t.\levnart. I._8';_. Therefore. error analvsls i_ a PL\" tracer tracklno., procram should

I,e performed usln_ sv_tthetlc data. _tevnarl. 1._'";:',• .\:ni and.linlenez. 1987 .Shene,.

t!,8', Guezeuue,." and Kiri'csi-. l'.,l_lll

._ianv st udie., i_ave }_eeu ,i,_,ne ,.,li t racer seed stut abilil v _.-\o.arwal and .Iohnson. 19,",1'

.-\drian. 11-',.',4 L,:,urenc,:, alld l(r,.,lllapaIli. 1':_,71 and ;_ variety ,,f vendors produce

-eed.- xvl_lt deslrai.,le i'ea_ure- [lle lnain feature:, iu de_erm]nllt,a _he suitability c,f

_he seed. are 1lte seed deusltv, size. color qor fluorescence l. and coucentration, as

well as the fluid medium _h:,T will be seeded. Tile density and size effec_ the seed's

ability tc, accurately follow _he flow. Tile seed must llax'e a xteutr:tl Buoyancy in

_he fluid medium. Tile ability ,:,f the seeds to follow tile flow is dependent upou

tile seed nlc, men_um IYau,:, "tlld l'meda. 19861. The l_lomemu_l_ equations allow

estimatin_ the linle required for a seed to achieve lhc flow speed ,Braun el al.. 199111

These equations show thai _l_e lime required for tile seed to _ualch the flow speed _s

dependent upon fluid viscosity, as well as seed density aud size. This is particularly

important if studying turbulent flow, because of the small time and length scales

involved. Further, the size of the seed affects the ability to scatter ligitt. (Lourenco

and KrothapaIli. 1988). Very small seeds will scatter light according to Mie scattering

theory, whereas large seeds undergoes Rayleigh scattering and reflection (Adrian and

Yao. 1985). The color of the seed, for some experiments, is ,'dso of importance. Many



sludies have been done on tile effec_ of color _Lakshmanan. l_JSI;: Economikos. 1_t8',:

[_u.-,. I'.'X'¢_. The particle c,-_lor l in ,,,n.iunction with a ,',,lor recordiil= device_ cat1

l,e ',:-_e(l to discriminate t_etweell tracer _eeds and bubbles in t ll_ fluid. Some seeds

_Lre fluorescent, and :lzus lllake discrimination easv with the use ,:,f l)a21dpass light

filters The concentra_i,:,ll..,r s,:,urc, deusitv. ,-,f the tracer seeds i: al.,c, of concern.

']t_--,ur,'e (iellsitv lllust },e-nlall t_nou_h ...,.,111at the recordinai, nst rumentation can

r,-c _rd individual seed.-. Tltis i: (.l_l_elldellt ,:,n l tie resolution ,-,f the .o_iuipment allcl

_iL,- -_ze ,,f '_Ile parllcl._ I-1,,v.',_vor. _itt- ,'.,ucen_rati,-m musl 1,e larae _'ll,-,ll._it _C,insure

,ian:; _: availabl_ _,, accurately ,.-c,_s_ruc_ ',he full-field flow velc, cit_e_-.

l-i_ l_roduc_ion c,f a t lt_ ...i_ee_,,f t;uised laser light is a kev elemenl _n PL\" research.

This flash of ligl_, provides the ability t,:, determine the inst anta_eous positions of t l_e

seeds in _he flow. In a two dimensional study, the laser light should be shaped into

a tltin li-_.ht sheet. Sc,_e_hat errors can still be introduced even witll very thinlio_ht

stlee_s. Because of ou_ of plant- motion ILourenco. 1986: 5iuha. [_,';I.

A pulsed laser can bf- used _,:, produce _he li,_tu sheet. The four _a.ior aspects ,.-,f

lasers, in regards _o PL\" researct_, are the peak power, the laser wavelen,.:th, the pulse

frequency, and the pulse width. The peak power and laser wavelength are impor_am

parameters _o be considered in the scattering of light bF' tracer seeds. Scattered light

will increase with higher laser powers, allowing smaller seeds to be used. However,

_oc, much light, can overexpose camera tubes or CCD arrays, producing permanenl

damage. The light wavelength affects the Mie scattering characteristics. Also, de-

pending upon the fluid media, certain wavelengths are inappropriate. For example.



infrared wavelengths would not probe water very well due Io a iaree absorption coef-

iicient Tlje pulse frequency determines _lle Inaxinulnl l)c.,_sii)l_ flow ,,peed which can

!,e nleas,,red. I! is oflen necessary l,, use tire lti_hesT pulse frequellcv Io sludy lhe

le_ails,,f_urbulem flows. In addition, the smallesl pulse width is desired _oob'_ain

.tri _nst anl an,:,ous "'snapsl_o, "' ,.,f Ihe ttc,w.

glle fw,:, major means c,f ilna,.,e rec,-,r&n,.' are i_llo_oeraphic til1_l and dio_ilal cameras.

Tt_e:'.,eare _nauv tilm and exposure t_aranle_ers _ita_ affe,"l llte recordin_,: I Lourenco and

l(r.-,_ltat_alli, l!-J',7: L,,ureno:, a11cl Iiro_llapalii. 1._,,5,.',:Adrian. 1!'!-'1i. Both recordina

iev_,'e-ilave ,t 111axlmunt tram_., acc.ltti_itioll-r, eed. which de_ermlne., l l_e ma.,cimum

pui,,e Ireque_tcv. Double pulsi_u e::perime_lts typically have very fas_ pulse frequen-

.:ies. causina illla_.e acquisition difficulties, and many methods have been suggesled

_o ,,vercome lhem _Archbold a_d Ennos. 1._,7'_':Adrian. l_Ib_3: ('ollic,-,tt and Hesselink.

!_i,,-;: Adrian. 1988b: Dudderar e_ al.. 1988: Landreth e_ al.. 1,q88: Adrian el al.. 19901.

t)ne sucl_ me_hod is called laser speckle velocime_rv. In this me, hod. a double-exposed

._peckle-_ram is illuminated by a laser beam and analyzed usin_ Younes fringe patterns

,Burch and Tokarski. 1.q_8: I'_.;rousso_ and .klallick. 1977: .klevnar_. 1,_!g0: _leynar_.

1._,'.2: Robinson. 1983: ._Ievnar_. 19S5: Arnold el al.. 1966: Humlev. i5,_6: ('oupland

and Pickering. 198_: Huntlev. 1989: ('hen and ('hiang. 1990: Adrian. 1991).

After the imaging system has recorded the scatlered light, il is necessary: to derive

individual seed or spot data. Digital cameras record the scattered light in the form

of gray levels. Spot data can be found through thresholding and edge detection

_echniques (Hueckel, 1971: Otsu, 1979: Haralick. 1980; Chu, 1987: Hanzevack and

Ju. 1988: Hild, 1989). The threshold choice can introduce a major source of error. If



_he threshold value is t5o Itigh. t lien many faint spots may llot be identified, and tile

spo_, that are identified may have ntisplaced centroids. If the _hresholdin= value is ,_t

I_,c, l,m'. then backzround Inav I,e i_ientitied a- I,eiltu part q spots. This can lead 1,-,

err,:,rs when usin¢ _rackin ,a algorithms, wltich require accurate pixel locations when

_leterminin_ spc,_ -.-,rrelati,3lt. Tile use ,._fa sin:le _ltreshold value is inappropriate

for itlnnv i111a,.a'e,, lie_i,_,nal thresll,.,ld values .-,ll,:,uld I,e used ii" tile la.ser sheet is ll,-,t

l_erie,:_lv unif,:,rm..r when _ltereareunequalscatterin 'zproper_ies in lhemedia, such

lt I_-III !.as e_tc,>untered _'.'1'i, ._pecial lwc,-t_lta.,_' tt,-,w.- , t.';tltaan. ,-.

Til_" i,:,ca[, tlov. v--.l,-,ci_v can I,_. _l_-.lernlllled from lhe seed lnc,vement I_etween _w,,.

,e_,ue_lal imaue , Iltettc,',v vel__,,:'i_v_as.,umed _,:,be the seedvel_,citv,isthedistanc, _

_lte seed traveled divided by _he pulse _ime. Some al¢ori_hm.- thai determine velocity

require many difi'eren_ ima,_'es laken _ sequential time steps. Other programs require

only two _ime s_e_s Some double pulsina experiment s produce one double-exposed

ima:e. This results in a directional ambiCui_v problem for the trackin_ program.-

_.-kdrian. 1._'8(;: _.,:,unland e_ al.. I'_,.",.',l The ,_,,:,alof PL\" is _c, quantitatively measur,:.

laree numbers of vectors over the full-field, which will require fast. relatively error-free

par_ _cle t rackino., aleorit hre.'..

.-kt the present _ime. no me_hods currently exist for direct me,xsurement of interfacial

shear, and consequently, interfacial drag. Previously proposed criteria for predictin...

interfacial stress did not represent high gas density experimental data (Kowalski.

1987}. Theory does not ernst v.'hich predicts interfacial effects, and development of

correlations t,o model interface interactions are progressing slowly, and sometimes

with unsatisfactory results lOh and Mahalingam. 1987), Knowledge of interfacial



effects is of utmost importance iii nlanv applic,'xtions, such as PWFI accident safety

aualvs,:'.,,. 'and inx'e._Tl_aI,:,rs :Lr_.-'til_din,.z t l_at inlerfacial ,.hear stress ,-,-retributions are

important in deTermi_iu_, s_ratiiied tlow Transilion re_ime._ t \\'au:2 a_d I'(,_,udo. 1._!:b(Jl.

PL\" l.chnique., l_ax'e 1,cen used t,, llleasure h,_,rizonlal flow vel,_,cities. I_ut only with

,in,_,le-t_lia.,,e tl,_,w l'la1111 a_ld 1",_I1,,. 1'.'", ,

I.:I Xlel 1_,,¢1,,1,,-.:v

TI,,- f,:,ll,.,wiIL' _'_,_ w._r_ taken 1,, adX'c_llce PL\" l,.cl_lliqu¢: t,, ali,T,w PL\" measure-

ll_el_1 ,,f iuI<riac1,,i ,,ira'-lIL _, l_,.,r_z,,_al. ,,_ra_itit_cl. )w,,-pl_ase tlow iield:

1 Li_eralure searci_e.- ,:,f PL\ aud associated measurement lechui_lue._ ',','ere performed

'2 Li'(erat ure se._rche..s of tv,',:,-pi_ase interactio_ phenomena were performed, especially

relatin_ lc,interfacial dra_ experiments and correlations.

:; .-kc,:,mpu_er pro_ra_u was developed t,:, _nMvze hi_h-sl_eed, full-field, spatial, flow

da_a ,,i,tained w_h PL\" _e_h,:,cts Tl_i... procran_ u_ilizes cross-correlation tecl_-

tuques ,.,_ binary data w_l_ correlatina re_ons chosen dvnamicMlv lc, _mprove speed

aud reduce computerc(.,s_. Xle_hc,ds were utilized_odouble-check_heveclors com-

puled by the program.

41 The new two-frame, spatial tracking method was verified with synthetic production

of typical fluid flows. The production incorporated random generation of seeds in a

typicM camera view, and flow-field equations to "move" the seeds to simulate data

obtained with PLV methods.
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", ._lethods were developed t,:, all,:,w in_erp,:,latiou of sparse vect,_-,r data imo full-field

I_laps. ,ud ex_rac_ ttow parallleler:. -uch a., s_reamliue aud x,-,r_ici',v The inter-

p,_qatic, ll used tl_e Itardv lllUlll,Juadr:L_lC _Nuatioub qltardy, i'_'71,. .\ method t,,

:tutomaticallv reulc, ve erroue,:,us ve,'Tors was implemented.

, .-\ facility I,, all,.,xv invesli,."ati,:,n ,,f,_ _w,-,-pllase. llorizontal, s_ratl/ied fluid flow witli

PL\" tecitnique- wa_ de_i,'.:ued. ,ull_.._llc[ te.,,ted.

- 11_erpllase _lra,2 tiara ,_,blaint, d wl_iL _ile stratified flow facility wa: ,-,,nlpared witl_

,:urrent ,'orrela_._ _,:, ,ie_ernt_..- :; ii was _ecessarv _,-, dewd,,_, _ew ,'riteria t',:,r

predictin,- iu_eriacial ,.lra,'.

[4 btunn_arv

.\ new PL\" trackin_ aleor_thm wa: develoi)ed which performs particle tracki_o_

ou two. sequential, images ,:,btaiued wi_h either a slow. sino_le-pulsed mode of laser

.:,perations. ota high-speed, doui21e-pulsed, mode ,-,f laser ,-,perati,:qt. The algorithn_

was tested witl_ synthetic data 1,:, i_rc,x'_deerror estimates, and tc, dem,:,us_rate met hod

reliability. A n_e_hod _c, in_erpc, ia_e and remove erroneous v.c_c_rs from the flow

field was developed, and methods _:, extract flow parameters sucl_ as streamline a_d

vorticitv determined. Two-phase. horizontal, stratified, interfacial dra-. measurements

were performed. A new PLV flow channel was construcled to facilitate this goal.

_racking of experimental data with the tracking Mgorithm highlighted the practical

aspect of applying the new method 1o real engineering flows. Current interphase

drag correla.tions used in industry and research were reviewed to see if new criteria

for predicting interphase drag would be needed.



CHAPTER. II

XIULTIFRAME AND CROSS-CORRELATION

TRACKING CODE DESCRIPTION

II." Inr r_,durl i,:,,,

Th_ t_rac_ical itse ,.f Pulsed [,a,_r \'elt.,cimetry ,PL\'t. also l,:now,_ as Particle Iln-

;t_- \,,i,,,:1111e_ry, I'[\" ,. require.,-TIL.-,1.,_,:,fia._I, relial,le, computer-l_ased me thod._ f.,r

lraci.:11:,.',lumerous part ic!e_-sus_euded iu a fluid flow. Two nlethc,.ds f,_,rperformin,.'

;racklu,.:' are presented. ()he me_i_od tracks a particle throuch Inultiple. sequential.

1maces Iminimunl of four required _hy prediction and verification of particle displace-

meta and direction. The ,:,ther me_hod, requiring only two sequential images, uses a

dynamic, bilLary, spatial, cro.-_,-correla_ion ;_,hnique.

II.2 Xlultiframe Trackiu,.: .a.l_or,_hm

The purpose of the mul_iframe particle trackine code was tc, track images throu_}_

_nuttipl_ Iteul time steps , Hassal_ eT al.. l.cJSl(_I. A minimum of four sequential imaae-

are required for this method. The input into the code. which performs a direct poin_-

by-point matching of particles from one frame to the next, is usually the output from

an image analysis program operating on data obtained with a PLV system. The

output from the particle tracking code is a listing of a track (composed of sequential

frame numbers and particle centroid) for each particle tracked. These tracks are

plotted as velocity vectors.
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Tile 10 flies thai are created :ts tl_e ,:,utput ,:_I'tile image analysis _particle deferral-

_latlon _pro'.:ran_ ,,r synthetic data l_roductlon pro,.a'ranl contain ali tile data necessary

t',:,rany trackin,.' ,;theme. Tlle trackin: .-theme tracked particles thr,:)udd four sequen-

llal frames at a time. .-k track was based on the minimum variance of length and

an,.'ie ,referred t,. as tile .,.i:nla 1,,tal value 0",,,:,,:1 ,,[ ali possiblt- tracks frond s,:,ltte

startin,.: particle ,'entroid. The _rackin,.:' was accolnplished 1,3• _he prediction of I1_-.

dist,la,'en_eltl and the direc_ic, n ,:,[ t l_e particle throu,zh t'our consecutive time step,

"Vi..ur,-:. 1 itlus_ra1_'s the Irackidt,..: l,r,:,,'c--durt-. A particle in frame 1 was selectod

I,-. ,_a.": _he Irack .\ .,.,'arcll are:t 11t t'ranle "2v,'a., centered a_ a p,,si_ion deterrnified

Iu" _he frame 1 particle centroid. The search area in the secoud franle for a particle

sTartinc in rho first frame was determined by a r,:,u_h estimate ,:,f tide ma:dmum flow

velocity The searcll areas in _he third and fourth frames were based on a fraction

,:,[ the second franle's search area. The center ,:,f tile searcli-area in frame 3 was

i,:,udld i,v straio..h_-line pro.iec_lod_ ,:,f a possible _rack for a particle found in frame "2

For each particle ttten found llt frame ::;. tile cen_er of a search area in frame 4 was

o . _ . :'_and t lte deviation of'_it_ _de_erxmned us_n., tide le_t,.;th ,-,t _he track from frames ') _,-,

track's an_;le between frame.- '; and 3. A statistical method was used to determine

and dispose incorrect tracks if more than one track shared the same particle. The

following relations are used to calculate ortolan:

[ 2 2 2

! . - (,,_,-'.)
_l- \! (1)

3
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Figure 1. Multifmme Tracking Description
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\v titre

.:_q = ien___lt i_._weei_ p;,rtlcie: 11,.tlk__ ::;rd and 4lh frames.

I

-;_:, = an,.:le },elween [._., ;tIlci ,,'__,,,

.- _ = :m_le between /o .,, :tltd ,', '

averaue ien-_lll between particles = l___-I__a-,'.__4-" 3

O1_ y.,-02_._
= average an_le between vectors =

o.

tr, = standard deviation for _he lengths of 'the vectors.

,-r, = standard devia_ic, n for _he anozles [_etween the vectors.

So_e that the perfec_ _rack would have a crt,,t,,I value of O.t). The division by 7"

_n equation (3)is used _o nondimensionalize the crrotoz value. Tracks originate in

frames 1 through 7. and conclude in frames 7 through 10. After these seven sets of

four-frame tracks are calculated, any tracks which start in different frames, but use

the same particle in their common frames, are added together to form long tracks up

to 10 frames in length. For example, consider 'two four-frame tracks, originating in

frames 1, 2, 3. 4 and frames '2, 3, 4, 5, respecl;ively. If both tracks share common
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r_artlcles ill frames "2.._. 4. and each track has a rr_o_,_ivalue less than some selected

:nlninlum value, the tw,, .,ors ,,f four-frame tracks are ,:c,nibined i11t,, one five-fralite

,.rack..-k new ert,,t,,i value i_- then c,_lnputed lw linear avera_in,.z, ,.,f ti_e original four-

_rack rr:,,roi values. For oxample, assume the t',reviously lnentioned two four-tracks

•i_at were rombined into a five-track ILnd r_..,t_i values of (!.tltll and ,' 5 _e._. a cood

'rack and a poor track i. "l'lte new ,ii' all,z,wed}. combined track o't,,t,.,, value would be

'25,,:'). and provides an c,pportunltv tor later removal of "bad" track.-.

.Xfter track c,)ml_inil_e 1...l,erforllled. _lte tracks aro thet_ crc, s.,. reierenced a_aillsl

--;, .'i_,:,Titer _,, assure t l_at ali t :'acl-,, art-. unitlue, i.e.. 1_o two separate tracks use the salle,:.

!_artlcie. This ,:,ccurrellce i.- called track crossino., and ,_,,"curs infrequently, but ,:,fte_l

enough that it must be _reated. Ifa track crossing has been dmermined, the _rack

x','itlt _he laraest ,'rt,.,,azvalue is assumed t,:, be the incorrect track, and is discarded.

II.:: Cross-correlation Tracl,:in,2_ .-kl,.'orithm

A dynamic, particle trackin: method can 1,e quickly performed I_otween two sequen-

_ial. hio.h resolution 11(124 x 111'_'4x > bit I images, ii" the particle tracer information ;<

first converted to binary data. Tlte binary data conver.,,ion is a lnethod wher,, ali the

.',-bit 1_1-255 gray level) pixels defining a particle have been converted to '2-bil Ivalue _b

or 1) pixels through image processing techniques, e.g. thresholding and connectivity

algorithms. The particle velocity is found by determining the correspondence between

particles in two sequential video frames. This correspondence is obtained through the

calculation of a correlation coefficient between a referenced pattern in the first binary

image and a possible candidate pattern in the second binary image, where the latter



is shifted so tha_ tile centroids of tile possible particle pair coincide tYamamoto et

:LI.. l'..'Sg). Every particle }.,elmt_s T,:,a characteristic group which llas a specific lc,cal

,lisTribu_ic, n pa_ern. One particle in _lle first ima,..,e will correspond tc, the particle i_l

_he .-econd imaae which keeps the most similar patlern, providing, _he local pattern

,-,f the distributed _articles chan_es little t_etween .,,equential video frames.

"l'l_is me_h,.,d i, especially u.-efu] when ,:qllv txvc., .-.equential inta,.a,es are availal)le.

and wtlen the mui;lframe t_article trackino, ntethod Irequiri,ta at least four sequentl:L!

vide,:, ima:es, cann,,_ t,e l_ertormed. The video _echnolo_y currently available I

us can capture nlultit_le, high resoluti,.,n, inlaaes at intervals of approximately ,, ,

frames .-ec. However. imaoe., ,.,[ faster phe,mme,m can be acquired through the us..,-

of two or more cameras, or bv double exposure of a single image with a pulsed

li=ht source. The method described below tmodified for single frame data) has been

successful in analyzing particle velocities on a double exposed image obtained wit l_

a pulsed laser lieh_ source I150 microseconds between pulses/, vieldin_ an effective

frame acquisition rale of I_,_(_i3frames sec IDelahume and Hassan. 1.q,_ltl).

Tlte alzorithm ,s illustrated in Fig. 2. Acquisition of two video frames has ,:,,"-

curred, and ima..ee processing of gray level information lnoise removal. _hresholdi,L::.

tracer particle labeling, and binary conversion)completed (Hassan et ai.. 1990). Two

separate frame arra.vs are "'filled" with 0's and l's. The fill pattern is an outward spi-

ral centered at each particle centroid, with the spiral stopping when the total number

of pixels in the particular particle being "filled" is reached. The arrows denote the

expected flow field direction and magnitude.
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Figure 2. Cross-correlation Tracking Description



.-\rectan_.uiar,,In&,/,_t_re_ic,__sl_own1_x"_he solidlinelIs,'enteredin frame '2at

[_ixel location _".",.25J. Imsed ,:,l_the ,.'entroid ,_,{particle .\ Ipi:.d 1,,ca_ion 25.251 in

frame 1. Tllc ._iz,"alld sll,lpe ,,f TiLl.,.,,eardl ree2on is ]_asecl on tile lllaximum possil)lc

part icle x'el,:,cltv ,-_xpe_'ted. Ali part icles t hat lie wit hint his , ,.Tndt,l,lt,. re_ion in frame '2

are _hen delerlllllleC!. Five l_,:,ssil,ie ,'andidate.- have been f,,und, c,,nsistinc: of varyin ,2

ltuml_er ,,f plxel.- TILey ;tr,:.... iell,,le¢l l,v tile letter.'. I'4. BBB. S. EE. altd AAA. Ali

_tlese l_article_ l_,:,wI,ec,-.,me candidates for l)airin,.:' with particle .-\ 11,.frame 1.

Next. a ,/u_,zm_, r,__e_i,.Jni: pl_Lce-1in frame '2 ..,,, lhal i_ ia cemered a_ each ,:,f _l_e

l_,:,s.,ii_le p_ir canci_d;_te., prex_.,_.,iv ,le_ermlnecl. Then. _his ,i_,,,,_c region size i¢

adjusted t,:, ,.,}_ta_l a ntinimun_ ...! five part,ties. (',:,rrelations are' performed betwee_t

_he dyT_am_c reeion centered on particle A in frame 1 and the dqnam¢c region centered

,:,n each of _he candidales in frame 2. The cross-correlation ,:oefl-icient on binary

inla,.,'es. (",,). between dy_am_c rez_ons in frames t and '2 is c,"dcula_ed from

where

FI_._ = binary pixel value a_ position x,y in frame 1.

F'2,_ = binary pixel _alue at position x,y in frame 2.

B1 = total number of pixels with value 1 in frame 1,

B2 = total number of pixels with value 1 in frame '2,

L = length of dynamic region in pixels,

H = height of dynamic region in pixels.
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The numerator ,2:ives tile sum of lhe logical products of the binary data between the

it/n,tm_, re__ioils in tile _wc, ilna_es. The l,:,:ical prc, ducl i- a _esl wilich is only true

ii' tlLe c,,rrespondin,.:,' plxels ill _he ,iunaml," re_lons are b,.-,th ,:,f value 1..Xc, le that t31

and ]3'2 determin_ the tol;tl nulnl,er ,,f pixels for ali the particle.- in _heir respective

i_mam_c re_lons. Remember _ha_ a plxel with a value of l denc_es _hal it is part of

:, particle, and a p;xel will_ value ,' _mplies n,:, particle at lhat I,:,Ca_i,:.,IL.

lleiernn, z _' "l' Fi,.' "2. _he sum of Tll_ 1,:,'_'icaiproducts I)elween lhe ,i,lna_ntc regiou iu

:tame 1 ,solid lin_-_ and the ,t!ln,tn_t_ re,."ion in frame '2 _also sllowll tw _he solid lille

•._zllered ,.,u particle _ is '_'.,,. I1_.--xalut-,,f B1 is l(I.t_. ;tnd /3"2 is l,,.i,. This ,,4_x'es:_

. vaiue, a.- calculaled witl_ equa_,:,n _4_. equal tc, ll.2t_U I1_,._e _Ite _,:,_al nun_ber ,-,[

pixelsin tlie dunam_c re¢ion _s 4._,_ However. the ("ta value for the,tvnam_cregiou in

frame '2 Idashed line cemered ou particle Ali- 1.()(11.1.a perfect correlation.

The velocity for a particle is de_ermined by the particle movemen_ divided by the

lma,_.'e acquisition _ime. The caudida_e pair wi,h the lar-.est ("., value is identified

•.s _he correct parlicle pair ma_,:h. (;_ven an irro, a_ional ttow. larae values ,:,f ('..

,close _,_-,1.tl_ are obtained for tltt-, correct particle corresp)ndenco l_ re._ions of hio.h

vorticitv, lhe (', values can be much smaller, and _he identified matches are nc,_

always correct. Another means of checking is required to remove erroneous vectors.

Two checks are performed. The first check calculates the sum of the dist ances between

all overlaying particle centroids. For example, in Fig. 2, during the correlation between

the frame 1 dynamic region Isolid line)and the frame 2 dynamic region {solid line),

two particles in frame 2 are overlaid with particles from frame 1. B-K (particle B in

frame 1 and particle K in frame 2) and A-S. The sum of the distances between the



";el

,,veriald cemroids is approxlula_elv '2 plxels. F,-,r _lle ,'orrelatiou I)elween _he [r,_me 1

,tx'llan_lc reuloll Is,:,lid lineJ aud _he s¢colld t'raule '2 ,Ix'nallllc re,.,ioll _daslled line l. :_ll

five particles 111irall_e '2 are perfectly c,verlmd with parlicles Ireful frame I.yieldiIl'.'

zero f.-,r The sum of the dislauces i,etweell file c,verlaid ce_ltroids.

Tile ,e,rolld check delermlnes a reliability i1Ldex. /q', for a pc,ssi}-,le ,'andidate pair

This ,'ileck Is t_ased c,ll 11Lenunlt,er .,f t_arlicle: which overlap..\.,. :tlld _he uuml,er

,,f ,,veri:tppt-d pixel.,, wltll :_ l,.,'-'lcal pr,:,duct ,:,f !..-t,,. whicll occur when checkin,; a

•,,rre,:,,:,nde_ce f,:,r p,.,.-:i})l,- l_nlr _-i .k,_'n_t. Fit:. "2-l_ow, _wc, ,',-,rrosp,_,_tdence che,'k._

lt_al i,-,wee_ candidate pa_r .\-h _i r:t_t. _ dx'_ta_n_c re,.'ion, sc_,lid liuc _and frame "2 ,ly-

l_a_lc re,.'_o_ _..-,:,lid line,,. ;t_ct A-A , iram_- i ,:lvnat_ic reei,:,n lsolid li_e_ aud fram_-"'

dvuam_c re:_on _dashed liue_I. For the A-S caudidate pair. two particles have over-

lapped , B-K and A-S _. with a _o_al number of two overlaid pixeis. The .\,., counters

i,:,r i,,:,_i_ pairs B-K and .-k-b are _,cremen_ed by i isince the pa_r bein,- checked v.iiI

alv,'avs ,,verlap. i_ is _ot used i_ _lle .\': calcula_ic, n l aud the A. counters for 1,,-,_1_

pair- _., _ncremen_ed by '2. F,:,r _he A-A pair check..5 pairs overlap _A-A. B-B. ('.l

g D-E'. aud S-5_ w_lh a lotal ,:,f II, ,-,verlapped pixel,.. Therefore. ll_e .\.. counters t,,r

each ,:,_the .5 pairs are incremented by 4. a_d each .4,_ pair counters I)v 10.

As otimr particles in frame 1 are corresponded to possible pa_r ma_ches in frame '2.

the counters for the A-S and A-A pairs may also increase, since each particle usually

belongs to some local group. When ali correspondences are completed, the reliability

index R,_ is calculated using
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where

.V., = Itunll)er ,,f overlapl_ed l_arllclt-'_.

.-!,, = immber ,.,I c,verlapl_ed t_ixels.

I'l_e p_,ssil,le pair wllh llle ]ar_esl (', value. _he lar,.z"est h',, value, hud tile smallest

'_unl ,,f l li,-' dis_altce- I_tx'_'eelt cen_r,._ld.,-, is uenerallv f,.,uILd t,, i,e _lle correct match.

N,,te ,ltnt this al-.,.-,ri'thnl v,'lll lind ;t c,,rresp,:,ndeuce _nc,T necessarily correct_ for :L

par'tlcl.-- iu tranle _. T,, _ l_ar11,.'le iu fra.nle 2..";onle nteau:, musl t,e devised lc, a.-,.-,.ss

:iii' :_ccuracv c,f ,:ai,'ula_ed v_'ct,-,rs, aud i... _lte sui_ject ,-,f tile follov,'in,.a, chapler.



CHAPTER III

TRACKING C()DE TESTING AND ERROR ANALYSIS

lll.1 lilt r,,d uc_2,:,zz

The practical u.-_ ,,t Pui.-ed I. t,er \,,l, ,,'inlet rv t PL\', requires I11¢.use of fast. ro.

lial_i_. ,',_lnp_l_,'r-l.:_,_._[ ll_Ti_,d, t,,: _r;_,'kiu,.' mlnler,:,u: t)artlclw- ,_lsl)_,uded iu ;L fluid

tt,,w 1, i_,_>:Tr_l_l._i\,lifli,'_i' _..,'>:l_vrlutell_ally t)r,-,duc_.a flc,w l llaT ..:I_ I,eaccuralelv

pr,:_dlc_ed l,, xv_i_ln >ex:.rnt !_e:'.','nl , 5Iex'narT. 1!,_:-;,. Since ali al'.',,rlthlll', ability _,,

track complicated fi,,w., mus_ i_ verified, error analysis ,:ql a PL\" Tracor tracking pr,:,.

aram should I,e performed usiu_, svuthetic data t:_le.vnart. 1,u_3: A,.'ui and Jimmlez.

1_)_7: Sheno. 1_'5,.', (;uezennec aud Kiri_sis. 1_090). The nmltiframe _racking (._IFT)

alo.:orithm and the ,:ross-c,._rrela_i,:,_t trackin,-f('('T_al_orithn_ were tested with svn-

the_ic data and experimemal data The synthetic data was computer _enerated and

_l_e experimental data was ,.,i_ta_ned w_l_ traditional PL\" me_l_(.,d- This allowed

error a_talx'sis and Iest_n,_' ,:,t t lie.tlo.oritltms ....n real engineenn,.: flows

III.'2 Syntl_etic Da_a Product_,:,u

The production of synthetic data is necessary for the validatiou of tracking methods.

There mus_ be a standard se_ of particles with known positions moved through several

frames. This produces a known particle track. The tracking method can then be

performed using these frames of data to produce particle tracks, ('omparisons are

then made between the tracks produced in the method and the known particle tracks.



"3.

Tile synthetic data .,et. used far testin,.:,, simulate.- invlscid flow about a cylinder

_i,_.'n,..'. l!'.'_*b. Particles are ral_d,.,iniv piaced c,n a I!r24 x i(I'21 !,Ixel image Tc, .,111_-

',_iale an imatae acqulre'd wiTl_ Ill_-,i_l,.ai_res,:,lullon ,'allwra. ['l_e,,,e l_ar_icles are lhet_

I_t,.wed ill sllbs,-'tluenl frame.- I,v u.,,ln,-' the f,z,llowin_ equatiolls, l:ir.',t, a transt'orma-

:l,.,x_from a rectan,zular I,, p,.,iar c.,,_,rdinale system i_,llecessarv I,. u.,,_'tile equation ,:,f

',_lxll,.,rlll..-,trea_ fl,,v," ar,-,u_d :,-;._,,_arv. circular cvIi_der. [ht. ,.'arlesian coordinate

•.,nlr,,_d .r,...qc '-'f a l,art_cle v,'a, .-.hif_,-,dI,., ,_.,..!i,, idue t,:, tl_e cen_er-i,a.,ed polar coor-

i_:_alt-' ,.v._tem _. Tlti... et[ec_v_.lv _,,ves Th,: ,,ri,-'iat t,:, the cenler ,.I ;it, - I_icture. Next.

:I_:- w;_,, ,.,.,_,,'ert_.,l 1,. ;, , vtin,:.ir_,'al ,:.:,,.,rdi_a_,-' ,,,, ',,. Th,-" radial and cir,'umferem_al

',,.-i ,,:_tv c:,m i_o_enl- u .. i', were It_.--'nde_ ern_ined. The lmrllcle, wa.., I i_en nmved wil h

c, :_me slep ..XI I,., ;_ new cvii,tdncal ce,ordinate r,:.e,,,. Finallv. ihi,, c,:,,::,rdinate was

:ra_sforn_ec.1 _,., ,1',,. q,: _,:,corre._p,-,nd _','_tl__he c,ri,.zinal carles_an .,.vs_em.

,c,. : ,v,- - .51'2 I,; i

.q,,= y,-- 51 '_. ,,,

r,, = \ ,rg - 9'2, l.*t

t4,= arctan(9°) (91Xo

(R, )u,. = U ""v - 1 cosOo (10/
r;



2.t

[?2

t',_ -= [" ( --'_,, - 1 ) '7,i111_,, i IIp,,,
j,

..". = :' c.:,_ -,1'2 l.t

,_,:= v,, sill _,: - ,512 _1:;

where

.:,. - ,:,ld cartesian coordinate in x .

/, = ,:,ld cartesian coordinate 11_v.

.t,. = shifted ,:,ld cartes2an ,-,-,,:,rdlnaTe ll_ X.

!;,. = shifted old car_eslan coordinale in v.

",, = old cylindrical coordinate in r.

% = old cylindrical coordinate in O.

u, = radial velocity component.

¢'a = circumferentiM velocity component,

I" = freestream velocity.

R = cylinder radius,
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'_'5

.._l-" tllne _tep par_llleter,

,'.. = lww cviln<incnl c,,,.,rdinn1_ in r.

_. - ilew cx'tllLdrical ¢,',,:,rdin,_1,' 1li _.

,:',_ _ lleW carteslali co,rdillale !i1 x,

!_,: - 11exv cart'_Siall c,,,_r(Illl;iI¢' i11 v

Five lluudred l_:,r:Icle: were ralld,:,nllv 1,laced ill til,.-tirst ima,ae I,, simulate a fi,-,w

tieid ...,-.ed¢¢iwlli, "racer parllcie.- Pa|'tlcle densities rauued from lq_I,, :.It}(}_lpart|el,.,-

l,er inlay,-' [-aciz :,arTicl..e wa- a,-I,zlle_l a raltdcqll avera,-,e Inxel urn.v level _5_-1.',,,,

;uld area 4".,-_.,""pl::el.-i Partlcie nl,:,venlenl iu the lollowiu,.: "sequential lime" imaue.-

was accomplished by settin.,z the _ime step parameler kt and the freestream velocity

(" The analysis with synthetic data set R equM tc, 15(I pixels. {" equal to 1. aud

_t raneed fr,:,ln " t,, 1'2.', This provided a particle nlovement I,etween image-,f

approx|ma_elv 7, l., 125 l,_xets. Fi,.zure 2, shows _he 7_ s','uthet_c particles I_e_:

n_oved iu t|me,_kt = l()l lhrou_lt _e_ frames. This fi,zure overlay.- _he ten svnthe_,"

data files, t,:, allow flow v_suaiizat|o_t .Note that the flow _uoves froui rl!aht tc, leP,

III.3 Interpolating Scattered Vectors into a Full Vector Field

A method for interpolating sparse, scattered, velocity data was needed to produce

a vector at any given point in the flow field. The interpolation method that was

developed is based on the Hardy multiquadralic equations {Hardy, 1971 ) as discussed

by Narcowich and Ward (1991). The basic equations are
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Figure 3. Synthetic Data Overlay. Frames 1-10
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,Vt i= (.,.t') itr,,

_ ._..,,t = X___.;\ l-. (.,.-., ) -(._,--.,,,. ,l-,
-z ,

W il ":'I'e'

X: i = V_"i,:,CI1X \,,,'l,-,r al ,' .... l,i[lll:llt -_ .: ..q..

,' -- X t'olltpOll_lll ,,i "_=i.

_ = v c,?mp,.-,uenl ,.,f \:i.

.\" = uunlber of vec_,:,rs _.,,ed _I_ ll_terpolatlou.

,r, = x coordinate c,f \7i.

:,,. = v c,:,ordiuate of \7.i.

t -" X ,'OlllpOllelll ",-'llSlalll a

t, -- V ,'OlllpolLelll ,'C;llSl&lll,"

For each vector component, tile ttardv equatlous involve a set ,:,f .\ simultaneous.

equations, with .\" unkno,,vns Ithe constants a, aud b2). Solutions to these equations

can be found by a variety of matnx operation techniques, such as Gaussian ehminatiou

or Gauss.Siedel methods. A Gaussian-elimination matrix solver was written utilizin_

full ',,cMing and implicit partial pivoting to find the constants a2 and b2. Using these

constants, and their associated a"2 and Y2 position coordinates, the velocity can be



.:le,ermined at any p,',znt ill tile flow iield by replacinp...r; and Y, ill equations (17t alld

1.',, with tile .v and ._ coordinale cdfinteres_ \'c, rticitv and flow streamlines can _l,,_n

;,e derived usin,,.. Tl_e equations for t lte interp,:,iaTted vector field.

.x.n example usin,.' equations i I_;Ithroudl,lS_follows. Assume Two. horizontal vec-

_,,r: ,-,"ien_th l_t are known, the first ,-,ri,.,inatl_l' al .r. u = 10. li_ itrnvelinz left lo rizllt I

and "he _econd ,-_ri._]natinc ,at .v.!/ - "_(I.'2tJ ,above the first travellnz rider tc, leil _.

Tl_i_ -:luulaTe: two plate- slidin'.: i]_ ,,ppos_te (iirections across each c,ther. Therefore.

.,. I,. ',, = l,' _.., II,. 1_,, = _!. and ,.2_'2II.",,,_ = -lit. t'.,12_.2(,_. = _' Solvin,*. _1_,

[-Iardv :qua_i,:,i_s tts_n,.: t!_e.-e ,.w,, v,:.,'_,:,rs ,.:ice: ,_. = -t_.7.',,._. ,_...= _.i_. !,, -- 0.7.',',".

a_d . -- ,,.1_ \\'ith _l_ese corpsman,.-, a velocity of zero las expec_edl is determin,ed

at .r. u = 1.5.15. a o_ain usino., the Hardy equations.

III.4 Tracking. Svmhetic Data

Fleferr:no_. _o F;p_.. :;. allhou,.'h 7(_t, spot, were placed in frame 1. only 4_15remain in

frame _'. 4>2 spc,_s remain through frame 4. and 455 spots remain in the view are:_

_hr,:,u,-'i: all ll_ frames. This is due _,:,motion of spots out of the imatr, inary viewing are,

by tt_.,-flow field. Further scrutiny will show tha_ there are high density regions iupper

riah_ s_del and low density regions _directlv t',elow the c.vlinderl of particles, alon,:

with a mix of straight and curving flow regions. The multiframe tracking technique

uses ,'di ten frames of data (only the first four frames are used for analysis purposes _.

while the cross-correlation ,xlgorithm is performed on the first two frames of data.

Figure 4 and Fig. 5 are produced with the naultiframe tracking program. Figure 4

shows the particle trajectory tracks through ali 10 frames, essentially 'connecting the
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,:tots" from some :tartin_ particle. Figure -I plots "instantaIle,ms" vectors, b.v pullin_

,-,u_ _i_e piece ,:,f ,". track wltich -tarte,l i1_ (rame l. and st,:,pl_ed in frame '2. "[1_,..

ve,c_or nla_nitude: ila_'e ]:eeI_ n_l_ltii)liec] ])x"::. Tlle tail ,:,f :_ v¢,ctor ";Lrrow" marks 1lie

point ,.,f the veic,cl'v coordinate..-\ ve,l,:,citv -cal_ i.', provided, and can be used in _lle

f,.,ll,.-,w11_,.'iLl_tnne:" If _lle len,-'ttt ,,f :, v,_i,z,citv vector is 1.5 tinle.,, tlle....cale length, lit,:..

v,_t,.,ciTv Itla".all_Ucir ,:,t _tLal vector i.- 17, l_lxel- fral_le. Neither of these figures discarrl.,

_tnv _r_tck.- due I, iti,-'h ,'r.o,,,_ value-. \\'he_ tl_er_, are two, l,articlt, s adjacent t,, ,,_,.

zt_t,:,_ttwr i_ :_ ii,,','. v,'l_h ci_a_,.'i_,.' x,,rt_ci_\'. :it_ l_ro,_,ram t_a_" track across difl'er,._l

,p,:,_.- _hr,:,u,."h _it_-;urn. This cre, ares _iifficttl_x in combininc .,e_s ,-,f four-tracks. _¢1

:tl.,,., _ clele_in,-' _racks which ;nc,:,rrectlv sl_:tre a comn_on Sl,Ol. Tltis is evident will_

_he small incorrec', _rack startin,- with the little circle near the lower left hand porti,_,_

of the c','linder shown in Fi,z.. 4. The small circle indicates thai this track started i_

frame 5. ,:,bviousiv incorrect since :til tracks started in frame 1. and therefore _t,.,_

shown in Ft-.. 7,.

F'i,-'ure ,; was produced t._x"l)lotting _he output ,:,f the cross-correlation pro_ra_t.

Tl_e cross-cc_rrelat_on pro_ran_ _hows _nore vectors leaving tl_e view area al lhe lt-ft

side of Fi_. 6. as compared to Ft:..5. This is due to the less stringent requirement

of only two seqt_ential frames, vice four frames for the multiframe tracking program.

Also. Fig. _3shows thai the cross-correlation program correctly determined the two

vectors missed Ipreviouslv mentioned) by the multiframe tracking method. However.

there are two vectors (near the bott, om and top righi portion of the cylinder) missing.

Cross-correlation uses the overlaying of neighboring particles bet, ween frames. The
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C',amera view" 10°4 x 1024 pixels

Figure 4. MFT Method on Synthetic Data, Frames 1-10



Camera view' 1024 x 1024 pixels

Velocity scale' -- 10 pixels/frame

\,'ect or multiplier: 3

Figure 5. MFT Method on Synthetic Data, Frames 1-2



,D. )

dynamic correlation re,zion will expand tc, ensure at least 5 particles are included ill

lhe c,,rrelation f,-,r a specific particle thatch. The l_rogram did find tltese vectors. I_ut

1i,e reliability index for _hese particle pairs were lP.li, due I,:, n_, cl,0se lleighbors, all(l

,-,:,nsequel_tlv not plotted.

T1Lere are many parameters that can affect the functionin_ and computer speed,,f

tile _racklltu r,-,u_llles. Tile tirs_ t;arameler. _ha_ will ],e discus.,ed, l.- the Number ,,["

Sp,:,_.- v,er lnla,'e _NSII...\., w,,uld I o expected, if there are int.,re spots, it will lake

_he ',rackin- programs l,>itaer _,., _;':tck all ,:,i _hem.

Fi_,--_-c,_,lld t)arallleter l.- littnll,er ,.iensltx .Number density i, l lit- Immber of Sl_,,l,

l_er :_rea For _he _rackillu l_rc,urall_ a_alvs_s, area was defined in .,quare pixels becau.,_-.

_he d_:i_al ima_er used to ,.,b_ain experimental dala l_ad a resolution ,0f 1024 x 1i.12-1

pixels I_ _s irrelevant, to tl_e trackin_ programs, whether the camera was ",'iewin_

a St! ,:m "_area or a 25 cre" area. The number of square pixels remained the same.

.Nu_nber density is a concentration measurement, whereas. N$I-is a measurement of

_lle _.:,tai seeds captured..Number density was defined in lerms ,,f number of spots per

1024 x lil24 image. Thu_. if 5(11_spots were evenly distributed o_l a 1(.1'24x 1024 imaae.

_he number (lensi_v and .NSI are ec_ual tc, .'.,0(_.If the 500 spots were present only on litr.

righ_ half of the image, the number density (for the right half of the image) would be

1000. and the NSI would remain 500. The number density is an important parameter

to the tracking programs. The cross-correlation algorithm requires adjacent spots for

its tracking, and the locM number density could significantly affect the results.

A third parameter is the spot movement between sequential camera frames (or

images). This is the distance, in pixels, that a single particle travels between two



('amera view' 1024 x 1024 pixets

Velocity scale: -- 10 pixels/frame

Vector multiplier: 3

Figure 6. CCT Method on Synthetic Data. Frames 1-'2



,'oltsecu_ive ima,..:es This i.. particularly ilnt)ortan_ ii" _l_e flov," has si_nificam /,,,,,

x,_r_l,:l'rv Fills Inlplies tidal l,,cai l_atter:l ,lislrit_u_l,:,n.- will ,'tla11,ae ,-really betw,.,,ll

frames. ,_,speciallv "_'_'i_li lar,.2'_.I,ar_ Icl,--.nl¢.,venlenl I,,_Tw_'.,:-'l', iraglL_-'-.\'ielcliu_ poor parl i,'l,

'.,'l'"_llp correlal I,.n-

B,:,lh _rackiu,.: '_le11_,:,d: w.-,r,. :_I_al:'ze(l for "..'_eldand rellai,ili_v !'l:-/,/ was defin_,:l 1.

t,e ll_e raT1,., ,_,flhc _ul_l)er ,.f l,,la[ vec_,c,rs delermllled 1,v ;Lrrnckin,z method T,, TI_,.

llulii},er,.,f ac'_ua] x_c_,-,rs avaiia},lc h'_h,_t_bl_/ i, 11_ _t.,asur,:.,,fll_e' accura.cv,,f I1,,.

_e_l_,.,d divided i,x _t_e 1,-,_;,i _u_i,er ,-,t \ect,_-,r de_eru_ned I,v _l_e _rackino: me_l_,,,.i

51ul_ply_n_ II_ _lumber ,,f xec_,-_r.,-_ au ima,_'e I,v _he rei_abilixv will aive the m_n_i,,.r

,:,t accurate ',ec_ors produced 1,x-_he _rackine proeran_.

Figure 7 compares 'the effects of spot movemen_ for the _wo tracking me_hod-.

.:r,>ss-,rorrela_on _rackin-_ ¢'('T, and multifran_e_rackin,zl.XlF'I_.,::,n thecylindn,':,l

ft,_w field. Spo_ movemeut defines various frees_ream vel,:.,cities, i e.. a spot movemel_l

..,f 1_ sinmlales a particle trees_rea_ velocity ,:,f 1_ p_xels f'ra_ne _n lhe .r direc_,_,_,

I_ order _c, accurately compare. _l_e trackiue methods, particle- were randomly pla,:_.,i

isimulating a tracer seed release! near the cylinder ibounded lw 511 . ,r . 1_1":;

and 256 < y ,: 757). This allowed the seeds to remain in _he picture through a_

least four sequential frames, even with large pixel movement, which is a requiremen,

of the multiframe tracking method. Analysis was made with movements of 5. li,

15. 20. 25. 50. 75, 100, and 125 pixels between frames. NSI was a constant 127,

particles, and number density was held constant at 500. Reliability and yield i'or



tracer movement (pixels)

Number density constant at 50(I tracer particles

Fieure 7. Movement Analysis of Synthetic Data



l_c,Th trackin_ techniques were _reater thaw 7(1"_ for movements a.,, larce as 51_p_xel.-

})e_weell frames. Tl_e I_ultit'ra_le t rackxn,.: E_letllc,d was ,:,utperf,:,r_lled by the ,'r,,,,.-

,',:.rrelation technique fc,r particle in,:,vements :rearer thau ';.", plxeis. This wa._ du_-

:,, _he tracer seeds movino, in somewhat "b-shaped" patterns arouud the cvliuder.

wr,us simple "l'.,ILaped" patterns for snluiler Sl_,-,t movements. This w,r,uld vl,_.ld _,

i:tr'._'vvalue for tile devlatJ,,ll t'rolll t i_v l_leaxl ,_,fit1,.-'vector anules l_ClUat_,__n1'2il. allcl

-ut,,,._tluentlv a i_,.... r value l,,r the t,,tal track deviation _equation _:",,,.

.7_:ure ', -,-,1_pares t l_e. :_f|'e.,"t: ,,t number ciousitv [,:,r t l_e _w,-, tra,.'kiu:: method.-., ,t=

_i_,_."viiudricM fl,:,w Tl_ .._,,,t.. _,:weu_eut wa: kept constaut at l,, p_xel.- per fra_..

.-\, _i_i.- fi_ure ..,i_ow_. i_t_l,er density doe.- lic,t aftect the accuracy ,:,f the trackil_,_'

me_h,.-,ds tc, any sienificant decree, except that the cross-correlation method cauuot

track properly ii" there are very few spots on au image. This was because there are

uc, adjacent spots tc, correlate, which then ¢ives a reliability index R, value equal _,,

,_,,. aud subsequently not tracked

Fi:ure u _hows the ('PI" ,'ost analvs_s for the tracking me_hods us_no.,a VAX ',,;ll_

computer. Eveu thouo.h the biuarv cross-correlation trackinp., method is generally

more reliable than the multiframe trackine, method, it can cost c,:,nsiderablv more

('PI" time. lt should be noted, however, that the binary correlation uses far less ('PI."

time as compared to an 8-bit gray level correlation, where the number of floating point

operations can be significantly higher (Yamamoto et al.. 1988). This figure demou-

strates the expected effect that increasing movement and number density increases

the time for analysis.



Spot movement constant at 10 pixels/frame

Figure 8. Density Analysis of Synthetic Data



al Number density constant at 500 spots
bi Number density constant al 500 spots

c l Spot movement constant at 10 pixels ,' frame

di Spot movement constant al lO pixels ,'frame

Figure 9 CPU ('osl Analysis of Synthetic Data



TalJleI _uinm_nze._the aualv._t,fortiletw,,trnckin_met hod.,. I'hesimulations

t_ave siiown that ,'ach trackiuu _etll,,d l_as unique ad','anta_es a11d disadvanta_:c..,.,.

Tile nlatn advauta_e f,,r the ._IFT ltletll__,d l, _peed..\m:,tller a,lv:,llta_e, due to the

requirement ,-rf4 ..,_quentlal fratne:, is that the additional data lleip: confirm a track.

"I'lle requirenleu_ ,:,f-t ,_etluenllal '.'ranles is al.,,., the hie,gest clisadvanta¢e, especially

wtr 1_htuh vel,:,citv flows where -t travle_ cannot I,e ,:'aptured. l_ additi,:,u, the sta.tistlcal

:_l_z,:,rlthni which c,,Inputes _!_,. '_e.,t track' breaks dowu with colnphcated, turbuletlt.

tl,:,ws .-\1,,,,. :, little _l_,,u_t_ ,,_ _l_r ,luestion 'What if the allc,wed ,catch radius':, for

tae ._IFT _lietl_c,d are Io,, iaru:" v,'_ll _l,,'e the answer that l_erfe¢_ , aud completely

wr,:,t_...! Iracks ,'a_ be !,:,und. ['1_, _s due.',:, t l_e statistical prol_at,ility that particle

posit_ons can I,e t,.,uud, u_veu laro.e search areas, which _ives a ,..ood a_o_t value

_especially for hi_.h seed cc,ncentra_onl.

The main advama-.,es for the C'CT method are that only '2 sequential frames are

required, and that the n_e_hvd is more tolerant tc, large particle n_ovement between

tra_t_es t ltau the ._IFT me_ h,:,d. Tl_e major disadvant a_e is slower ruu times. Anot Iter

possil_le disadvan_aae is tlta_ a vector will almost always b_. fi:,und for each particle
t

_u _!ie firs_ frame,iul_ereu_ _u _lte method l. This vector may not I,e correct, show_

later by the trackina of experimental data. Lastly, a good vector cau be found by the

('CT method and wrongly discarded, if the reliability index for that vector is poor

due to a low local seed concentration.

Since both tracking methods have demonstrated an ability to track 'clean' synthetic

data (a noise-free, extremely smooth flow field) accurately and efficiently, it. becomes

necessary to test them on experimental data.
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Table 1.. Analysis Summary f,_,r"frackine Methods
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._lultiframe )rackin_ number density analysis
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Tabl,-' 1 (' ',:,ni inued

_lultii'rame Trackino.: s "_ot movement analvsl,,

pixel movement NSI total vectors good vectors yield reliability cpu
,,,, ,,

.7 124 124 124 i. u(l_I I .r.lo 3.3.,

l_i 124 12-t 124 1.(.)(10 1.[lllll 3.3.5

i ", 124 1"2'2 1'2'2 b. t-b_:-; i ,_t,q_ 3.42

2tl 1__'_' 1.1'3 113 k).till.... 1 tlOCI 3 4',

": 124 lil_, 1()9 ().57,_, 1 IIUl) 3 '_''n,_ .... _,

."_(I 124 t,1. _'". r_.73"..., 'l .t)l)l 3 7.5

75 124 74 55 0.596 u. 743 5.04

lt)l:) 124 59 34 0.475 0.576 6.64
,,,,

125 124 50 11 0.403 0.220 9.10
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III,.', Trackinu Experimental Data

TI_" *vtlthetic data produced f,_r this r,'.por't was very ,'leall Ii.e. ,,lie particle mo','e_l

-in,,,-,thlv from ,-,he franw _,-, _lle Itexl. particles _iid 1_,.-,_;tppeztr c,r disappear ill _he

lniddle ,:,f _he picture, altd ll,:,ne ,:,f the ,.'iven data was actually ll,:,ise that could l_e

,'ailed a particle I,x"!i_e imazin,a s','.qems i. Experimental data. lte, matter how carefully

t he experimenT is performed, will usually have lhese,,,,urces,:,ferror. ['nfortunatelv.

the actual v,-.c_,_rs are _,,t known and quantified error anaivsi: cann,:,1 be performed.

tt,,wever. I,v visually ",-,nlp:_rin,.: l tie :aiculated v,--cT,-,rs,i,-'_ernlined },v the tracki11,.:'

l)r,:,,.:.rams wi_h _lle ,.::perinlen;al ,tara ,v,'erlay picture.-, a quah_alive evaluation of _.he

,-enerai l_at_ern ,:,f fl,,w ,'an t,e extracled.

The experimemal data was obtained with a Pulsed Laser \'elocimelry setup (Hassan

and Blanchat. 18._,1_shown In Figure iii. A pulsed laser lioahl sheet was obtained using'.:

a Spectra..Physics .NdYA(.; hieh energy laser and a series of four cvlindrical lens: a11d

directed t,:, the flow remon ,.-,fstudy by five mirrors. The laser can produce a 1 .J pulse

wi_i_ a ,.',ns pulse w_dth. This experiment i_na-.ed flow produced by a .jet localed 7, cm

above _hebc, ttom ofalar_etank _herebycrealinc, a step flow. The cameravie',vpoin,

was 19 cm above _he flow step and 1,5cm from _he _ank inlet. The tank was 44 cm

wide, 9°.cm long, and ._°°,cm high._ Water. pumped a_ 5 gpm, entered the jet inlet

region, where a series of screens produced a distributed flow at the st ep. The principal

flow path was out of the step, up and to the righi, where the water would flow over

a w,-dl to a pump suction plenu.::. However, three recirculation regions were found

t.o e.'dst. The first, directly below the step, was small _nd had a clockwise rotation.



' A-/
Z

in y-z plane

in \-z

C_ lindricrli Len.',

Step
50 gallon lank

Flow Restriction
Meter Valve Pump _'_

Camera

Figure 10. Pulsed Laser Velocimetry Step Flow Setup
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The second, directly above the step. was much lareer, and had ;_ c,'mmer-clockwise

r,-,_at ion. The h,_ca' ,,f this second recirculation re_ion, where _he water flowed left

:,hd down. was where _he li,-"ht ...beet was direc, ed. coplanar lc, t lte two-dimensiolial

pathlines. The wa_er flow was seeded wi_h _:;t_m diameter, neutral density, polystyrmle

t)article tracers l l.tl2 specific :rax'itx'l. The images were recorded wi_h a Mega\'ision

_n_a,.,ino_system usi_t_, a hie lt res,.,lu_ion I 1tl24 x 11124 x .', t_its} \'idicon camera w_tlL

l_s !_rillcipal axis t_ormal to the l;_ser sheet. The camera viewing area of the light

-iieet was 7, x 5 ,'iu. The ._le,.,a\'islon ima_ina syslem provides realtimeacquisitiolt

and pipeline pr,:,cessine ,:,f 1_2-t :: i,.i24 ilnataes, and performs many s_andard imaae

pr,:,,:essin_ i'unctlons. _lultiple lim_- frame digitization was achieved using a 1.51, m.,

_ime separation between laser pulses, and obtained by allowin: a vertical drive camera

sicnal to ex_ernallv fire the laser.

Distributions of the track values are presented in Fig. 11. which compares lhc

multiframe O'totol values of tracks between the svmhetic data si.mulating flow around

:, cylinder and experimental dala ,:,brained from the step flow facility. This figure als,,

compares the cross-correlation melhod (',, values of tracks usino.; synthetic data and

experimental data. Given sxnlhetlc data ti.e. ilo noisel, the majority of the o',o,,,.

track values should be approximately zero. and the majority of the (',._ correlation

values should be near one, as shown in Fig. 11. It is readily apparent from Fig. I1 that

the sources of error in the experimental data will shift the distributions: o',_otalvalues

move away from zero and ('is values move toward zero. The consequence of these

shifts makes it harder to differentiate between 'good' and 'bad' vectors. Remember

that perfect vectors have 0.00"totat _,,'aJues and 1.0 Cii ",",dues.
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Figure 11. Multiframe and ('ross-correlation Track Distributions
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Distributions ,:,( track pair reliability index values are presented ill Fig. 12. Thi.-

ti.:ur,-" ,:,:,nlpares tile synthetic rs. _,xperimental data tr, values for ,-'aclt track c,btaint-_i

witll _lte cros.,-c,-,rrelatic, n t rackin,..' 1net h,.,d. _lranlaticallv showin,.,, t he effect n,,i._.

Itas ,:,n the ('('T znetllod, t':acl_ data sel l_a.d approximately .'_(10 tracks, and th,-.v

were .,,-,r_ed ;tlld _,l,:,_ted in ,,rder ,:,f reliability index. The R::'s f,.-',rthe noise-fret

syntlletic data t.vI_lcallv are. very l;tr_e, l_rovidin,.:' a llleasure ,,f c,,llfidence for the,..,-

track :_air.,.. l"l_v :lllalier h_,,.,, f,:,r the _-'xperilltental da,a intrc, duce an uncertainty lnl .

l tie c.:.nfidence ,.-,ftheir track.,.

[i_ Fi,.z'. l:,,. iea c.:,nsecutive e×penmental frames are overlaid tc, produce a "multit_i,

exposure" picture .N,-,le lh_-noise a_ the image 'top. I,ottont. and ri_ht boundaries

This was clue Tc, the camera tube beginning to fail due t,:, a small crack, releasilt-.

the vacuum. .ks mentioned previously, flow issuing from the jet was from left I,-,

ri-.:'h_, which produce_, a recirculation paltern flowin_ down and tc, the left. in rh,-.

,-amera view area located above _hejet. Streamlines of the flow. predicted by the ?,-[_

computational fluid hvdra.ulics code FLUENT. u.lon_ with the position of the ima,.:',_

plane of the can_ra, are also sitown in Fig. 13. i1 was relatively easy lt:, visually track

most of the seed with little ambiguity, except at the edges v,'here noise was located

and the flow was nearly stagnant. Figure 14 shows the particles that were tracked

through ali 10 frames. Figure 15 and Fig. 16 show instantaneous vectors (magnified

by 3 for claritvl for particles found between frames 1 and 2. Figure 15 has 132 vectors

on it, ,'although it appears through visual comparison with the flow pattern shown in

Fig. 13 that maybe 15-20/% of these are probably incorrect. Figure 16 shows the effect
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Flow direction in camera view (50 x 50 mm) is right• 1o left and top t.o bottom

Figure 13. Experimental Data Overlay, Frames 1-10
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,,f usin._ a rrtot,,., cutoff" of _l.lJll4 ,,n Fie.:. 1.',. teavinu .St_vectors. Figures 14- lt_ show

'lte re,_ults ,_,fThe lnultifraIlle t rackln,: _Y,IFT, ;tl,,'oritltllt ,,xi )l{e experlmemal data.

Fi_,:ure 17 i.,, ali ,,verlav ,_t' franlc- 1 and 2 ,:,f llie experilnental da_a. Figure 1*

._l_ows 4,_'-_.vectors tma_nified by .,"_. wiTlt nla3"he'_'l_,-_o'_'_-,apl_earine incorrect. There

were ",l vectors which llad a ¢'. value ,:realer _han Ii..'5 qrefer l,, Fi ,a. Ii i. These were

plc,l_ed in Fi,a. 1'.'. and ali c,f lllelll _lna_nlfied t_x":-_)appear lc, I,_: c,_,rrect. Nole _hal

Ki.,s '7 t!J presenl _tata used I,x. and results from. tile cross-c,-,rreiat_on tracl;.inu

_'I'T _llelllod.

!.)l',eral,.,r ;t.,,sislallct-. ill all;ti'_'zi11,.: :_lld cleanillu _he dala i sul_.j_cTiv_lv removin,a ,-,r-

r,:,lte,:,us vectors, i.- tediou.., and undesirable The above nunlbers su,,.a,,.:esttha_ tile

cutoff" values t rr,o,,,i. (',,i can t_e used _c, initially "clean" the data. However. they also,

eliminale many accurate vec_crs L,z,okino, a_ Fig. 15 and Fi,'..:. 1_. many vectors ap-

pear :c. l_e wron:. Thus. a computaliOl_al means for cleanina tile da_a was developed

usin: suggestions from Landrelll and .-kdria_ lC08bi.

III.,:; In, erpolatino:. Cleanina. and Presentation of Experimental Data

T,:, de_ermine the accuracy ,:,f _he Hardy equations l equations I lI!;-1S_ I. they were

firs_ applied to the vectors from frames 1 _o '2 of the svnthetic data. A vector mapof

the interpolated vector field was produced. Verification of this field was performed by

applying the flow equations (equations (6-15)) Io the same locations as the vectors

in the vector map. A comparison between what the flow field should have been, and

what the interpolated field produced, was then performed. The mean of the errors in

the x and y directions were 0.0112 and 0.0104, respectively, and the standard deviation
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Camera view: 50 x 50 nun

Figure 14. MFT Method on Experimented Dala. Frames 1-10
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Camera view' 50 x 50 mm

Velocity scale' 10 mm/s
Vector multiplier' 3

Figure 15. MFT Method on of ExperimentaJ Data. Frames 1-2
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Camera view: 50 x 50 mm

Velocity scale: 10 mm/s
Vector multiplier: 3

Figure 16. MFT Method on Experimental Data. Frames 1-2 (with Cutoff}



53

Camera view' 50 x 50 mm

Figure 17. Experimental Data Overlay, Frames 1-2
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Camera view: 50 x 50 mm

Velocity scale: .....10 mm,, s
Vector multiplier: 3

Figure 18. CCT Method on Experimental Data, Frames 1-2
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I

v

Camera view: 50 x 50 mm

Velocity scale' 10 mm's

Vector multiplier: 3

Figure 19. CCT Method on Experimental Data Frames, 1-2 (with Cutoff)
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in the x and y directions were 0.0468 and 0.t_400. respectively. These results are very

,.,c,od and. suggest that tile interpolation scheme is accurate.

Tile Hardy equations were then applied to the experimental data from tile cross-

correlation trackine method using the initial cutoff value. Fig. 19. tc, produce the

interpolated ",'elocitv field (multiplied b.v :31. shown in Fi_. 20. Once tlle initial inter-

!,elated flow field ilas been made. and the constants used with the Hardy equations

s_,:,red. _he clean:n,: process can be perf'ormed. This involves checkino_ every vector

from the initial ,,uTput of the trackine program against the interpolated vector field

at that samepoin" If _he maenitude of the difference of these two vectors iswithiha

few pixels, it is considered an accurate vector. These vectors are then used to produce

another, more refined, interpolated field, which is used to 'clean' the original picture.

This iteration process is continued until :ao new vectors are added. Fig. 21 and Fig. '22

present the final "cleaned' instantaneous velocity plot and the refilled interpolated plot

(bm h plots rnul_iplied by 31 of the experimental data by the cross-correlation method.

A tinal number of "") . ,o,_ vectors was produced A flow field streanfline plot. Fig. 23

was produced using the refined interpolated plot. Note thai there is no proof that

these final flow fields are correct, and that only a qualitative evaluation with the

general pattern of flow as presented by the experimental data frame overlays can be

performed.

Wkile perfornfing this analysis, it wa.,; discovered that the cross-correlation method

performed significantly better (i.e. had a higher yield, compare Fig. 15 and Fig. 18)

than the muMframe tracking technique on noisy images. This is due to the fact that
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ol

Camera view: 50 x 50 mm

Velocity scaJe: I0 mm/s
Vector multiplier: 3

Figure 20. initial interpolated Vector Field of Experimental Data
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\

Camera view: 50 x 50 mm

Velocity sccde: 10 mm/s
Vector multiplier" 3

Figure 21, Final Instantaneous Vectors with Experimental Data
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Camera view: .50 x 50 mm

Velocity scale: - l0 mm;s
Vector multiplier: 3

Figure 22. Fina] Interpolated Vector Field with Experimented Data
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Camera view: 50 x 50 mm

Figure 23. Experinaental Data Streamlines
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large amounts of noise will provide tile multiframe tracking technique with many

possible particle ,'iloices, Statistically. this will increase the probability of producing

an incorrect track by the mulliframe trackine: met hod. (.'ross-correlation lechniques

inheremlv avoid this pitfall, due to the fact that it is statistically improbable to

produce the same noise patterns between sequential frames.
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CHAPTER IV

STRATIFIED FLOW THEORY AND EXPERIMENT

I\',1 [ntroductl,:,ll

lnvesti,."atic,n ,:,fa two-phase, i_orizontal, stratified, flow reaime i.- being I)erformed

_,_-,delermine tile interface drag force, and correspondingly, ll,e dra_. coefficient. The

drag. force is due 1o tile relative motion between tire two fluids a_ the interface.

This drag force canno_ be solved wi_h anal vtica.l methods, bu_ can be experimentally

determined.

Interphase drag plays an impor_an_ role in two-phase fluid regimes. Study of two-

phase (and similarly two-component ) flow regimes is necessary lo properl,v understand

and model complex fluid flows..Many computer codes which predict two-phase fluid

flow must determine imerpllase drag force. Typically, a drag coefficient correlation is

used which was empirically determined. One such code is RELAP5 MOD2 (Ransom

el al., 1985). This code is used extensively in the nuclear power industry lo sinmlate

a wide range of steady,state, transient, and accident conditions in pressurized water

reactors. Some researchers have found that two-phase thermal-hydraulic codes do

not model two-phase flow very well (Analytis et al., 1987: Hassan. 1987). Part of this

deficiency has been attributed to an over-prediction of the drag force, which may be

caused by nn inappropriate drag coefficient (Putney, 1988).
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Two-phase stratified flow informalion was delermiued with tile pulsed laser re-

1,,clmetrv _PL\'} melhod. This technique is a full-field, two-dimensional, noninvasive

flow ",'lsualizatiou lechnique.._Ian.v i1_vesti_alors have u_ilized this and similar imag-

ing techniques to ,:,blain full-field vel,:,catv measurements.

Dlrec) di,,..itization of tile s)ra)ified flow images was accomplished wi_h a hidl-

resolutiou imaein-..; system i1(_24 x 1J_24pixels x 8 bit \'idicon camera l. The data

was anaivzed wilh ima_iu_ sv._TeIllhardware and a ..eries c,f llew izlla_e processing

and _rackin-. aualvsis software i,eill,.: developed for two-phase flow experiments, PL\"

",'arboures'" particle.- in _he flow a; ,,lie instam iu time.._Iultiple ima,,..esof the flow

feld v.'ere acquired by pulsin,'.: _he laser and storine _he digitized images..\nalysis was

perf,z,rmed la_er wit h the _rackinc. software which was developed t,:,ma1ch the particles

from each of the consecutive imao:e frames into tracks of the particles through time.

I\'.2 Interface Shear Stress Theory

All .-ases and most sin:pie ftulds obey New_ou's law of viscosl_v.

d_'"

rye"= Pdy (19)

This states that the shear force per unit area is proportional to the negative of the

local velocity gradient. The shear stress {shown in Fig. 24) exerted in the z-direction

on a fluid surface of constant y by an adjacent fluid surface is denoted by rz_, with/7

denoting the z-component of the velocity vector. Shear stress may also be interpreted

as the viscousflux of z-momentum in they-direction.
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Fi,=ure '_'4. ('ocurrent Equilibriunl .'stra,.itied Flow in a Pipe

Consider a cocurrent, equilibrium, stratified flow ill a pipe as shown in Fi_,...24.

(4as. liquid, and interface average velocities are denoted by /_',_.17"/.and U,. Gas and

liquid flow areas normal to the flow direction are represented by .4_ and .41. Gas,

interface, and liquid surfaces are given by. "-g'c'Si. and -¢1.The pipe diameter is D and

the liquid heieht is H/. The interfacial shear stress can be evaluated in a conventional

manner ,Tai_el and Dukler. 1_1751.based on the Fannin_ friction factor

ri = f,Pq( _'q - _'i)_"._ (20)
a=

with pg denoting gas density and f,. denoting the interfacial friction factor. The gas

friction factor fg is evaluated from the Blasius equation, and given in terms of the

Reynolds number Re,

[ [1fg = Cg PgUgD'q -,n = Cg Reg (21}
#g
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with D9 being the gas perimeter and P.0 beimz tile ,.zasviscosity. Tile coefficients ('_

and m are delermlned from theory or correlation, depetLdine ,-_,nwhether the flow is

latmnar or turbulenl

lt has been established IGazley. 19491 land conventlonall.v used _hrou_hout the

literature_ thal for smooth s_ra_ified flow, .f, = .[.o. Tlle ,'.:ashydraulic diameter is

determined from

4.4,.
Dt7 --- 1°'_1

" (S_, - 5il "-

Thu.,. _he _as i_ visualized as tt,-,win=in an closed duct. From laminar prpr flow theory.

_t w_l] be shown titat appropriate coefficients are ('._.= 1,;. and m = 1. In order tc,

compare experimentally delermined values ,:,fshear stress with equation {20), it mus_

be determined if these coefficients are appropriate for laminar channel flow.

Friction factor f is typically defined by

Fz. = .4K f ('23)

where Fa.is the force exerted by a fluid on a surface due to kinetic behavior. K is the

characteristic kinetic energy of the fluid per unit volume, and .4 is the characteristic

area bounded by the wetted surface. For example, consider a gas-filled pipe of length

L and diameter D (.radius R = 2DI. The area is given by .4 = '2:rRL. and the

characteristic kinetic energy per unit volume is given by K = 1/2pU_. A momentum

balance on the pipe gives a force caused by the pressure drop of F_.= rrRa(Po - PL),

where Po is the pipe entrance pressure and P/: is the pipe exit. pressure. Therefore,

the pipe friction factor is given by
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An an,aJyticai solution lo the pipe problem _Bird et al.. 1961_)for the average or bulk

::as velocity is elven by

f ,l = - _ Pgi_'r R' i25)

5ubstituling equation ,'2.'3tisstc, equation (24)yields

l 1';

f = II; [: - Re_. _261
, t,

L l'o . D!: _ ..

which verifies _he _.'_._-,:,ns_:tutused with the Blasius equalsosl for laminar pipe flow

wllh ,z = I

Performln_ the sanle anai3sss for ,tri enclosed duc_ ,-,rchannel filled with gas havislg

dimensions Height H. wid_ll II .and len_:th L'.4 = 2(H-II'iL K= I .p_.and

the momentunl balance ot_ the channel gives F_ = HII'IPo- Pt ! Therefoz :. the

channel friction factor is ,,-iven by

" _H - II'! \ /L p/_._

Averaee flow velocity for the channel can be found usln_- the Navier-Stokes equations

for continuity and z-monlentum t reciangular geometry with ,r. ,q. aud " vector com.

,, . °

portents of velocity Vgi [ 9.19" |I g)). For constant density Pg, the continuity equation

will give(for steady-state conditions and 1_ = 14_ = 0)

0 (29)Ox
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5inularly. the a.-monlent um equat ion

,Jr ,j f'_.,'_/',. I;.,'Jt _, ll',.,'pt _.
49 ' ' ' _ ' "

'ii ('_,r D.q _'f.: / P,t' _I,r , 'II:' ,_"

will yield Polsson's equation

1 ,':_P I31)
_"::[ 'J = p,j ,'Lr

.kn analytical velocltv .,c,lu_ic,xxl,> the rectano.,ular pipe problem is no_ easily deter-

mined since lhe equation ,:,fa rectan:lr does not have a constam Laplacian. However,

_i_r,._uztta coordinate transformatic, n and separation of variables, an analytical solu-

?1,:,I1 CC-'llSlStill'..l'')[' a lntini_e series inv,,lvin_ hyperbolic sine and cosine functions can be

l,qlnd i Lan_lois. 1'.-,/_41This solution :lte, uot readily substitute ira,, equation 1'271.

and ii was decided tc, numerically solve Poisson's equation. First. it was necessary t,o

define an expression for average velocity for the channel similar to equation {'25).

• 1t _ - ('g l_.qdx R'H {32)

The i_vdraulic radius RH is equ_! to twice the hydraulic diameter, and usine the

s_andard defiaition that lhe hydraulic diameter is equal tc.,four flow areas over the

:H_" Inserting: these expressions imo equation (27/wetted perimeter, yields DH - , H-li" ,'

yields a equation similar to the Blasius equation for laminar pipe flow

fg--2('9[Pg] 2C9 (33)p, [TD H = R e'_g

Numerical an,xlysis of Poisson's equation will give a gas velocity /:'9 for an input

forcing term (_ _z )' and the constant Cg solved for from equation (32). Note that

this "constant" is oaly applicable for the specified geometry. A program solving



Poissons velocity equation (Appendix Hl was written. Average velocity and peak

,b.'_ "velocity wore determined tc, be_..J.o zn s and,l.,_55 m s for a forcill_termof-1000.

this yields a value of" " ',.._._ for tile o-,nstant C,, usln-., the channel dimensions (H=0.07_2

xa. it'=li.152.1 m_.

The PL\" test facility channel velocity ,,:,In,ion is _raphically sllown in Fi_. '25.

'qubstitutint:(', into equation l:;:ll vields.fu = 15._t_ R_:j. Tllese results indicate that

z_sll,:,uld },e possible to compare experimental .,hear stress clala ,-,l)t;al_ed from a test

•ixannet ,llavina ti_e ab,-,ve dimensl:ql,_ t,:, shear stress predicted from laminar pipe

flOW Tlleorv

I\'.2, Design of the PL\"Stratified Flow Test Facility

A flow test facility was construcxed to allow full-field velocity measurements of a

horizontal, two-phase, stratified flow with Pulsed Laser \'elocimetrv techniques. The

.'_g?channel flow test facility is illustrated iii Fiz...,.

The enclosed transparent horizontal channel, constructed with 12.7 mm thick Plex-

i,:las, is .3.1._.5ni lon.. 150 mm wide. and b_.)mm tall. The channel lid is remm,,'able to

allow for cleaning and the insertion of experiments. The lid has two 1 4 inch taps

_only one shown) to allow attachment of a vent valve and a 3-5 p.s.i, relief valve. Noz-

zles. with plastic screens and flow straighteners (plastic straws), are placed at both

ends to ,allow quick production of a two.dimensional flow. The nozzles convert the

flow from the inlet tubing cylindrical geometry to the rectangular channel geometry

quickly and smoothly. The nozzle design is illustrated in Fig. 27.
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Figure 25. Numerical Velocity Solution for the Test Facility Channel
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Figu:e 26. PLY Stratified Flow Test Facility
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Figure 27. Nozzle Design for the PLV Stratified Flow Test Channel
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Waler, seeded with 6 ILnl diameter, polystyrene, particle tracers I1.02 specific grav-

ifve. is metered to one end of the channel from a constant pressure source provided

iw a constant head supply tank i55 ga] capacity ) "located 2.36 m above the chan-

nel. This provides a constant 2.5 p.s.i, water head to the t'hannel inlet, The constant

ilead supply tank consists of an inner pipe surrounded by an outer annulus. A 30 gpm

pump ensures that the inner pipe inside _he supply tank remains full. maintaining the

constant heacl, with the overflow into the outer annulus returning to the water return

_ank t!,,_ o.al capacit.v). The water pump also ensures a uniform seed distribution in

_ile wa_er by recirculation through the pump bypass, A garden hose with quick dis-

c,.-,nnec_allows filling of _he svs_em from l_Lboratory demineralized i D.I. Iwater supply

or s','stem drainage (expedited by the 3(I gpm pump) through a valve connected to

buildin_ drains. A flow control station, encompassing valves, pump controls, and air

and water rotameters, was built. The gate and globe valves were used to shut off and

_hrottle the flow. respectivelv,

Air. seeded with air-flied particles or "microballoons". (viny!idene chloride. 30 _lm

diameter. 0.036 g/'ml densit.vl can be metered to either end of the channel to allow
4

cocurrent or counter-current flow experiments. The counter-current flow experiment

is setup by reversing the air hoses at the cha,mlel inlet and outlet, A modified wet/dry

shop _acuum cleaner (2 H.P., 10 gal capacity) was used to obtain both uniform seed

distribution and provide the closed-loop air source. The modification consisted of at-

ta&ing tees to suction and discharge ports of the vacuum cleaner to ,allowinstallation

of a air bypass line. This produced a high internal recirculation which ensured seed

mixing, emd, at the s_.me time, provided _ low pressure bleed air flow to the chromel.
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Tile vacuum filter and the float ball and ball cage were removed. All water and air

lines were constructed usinz I in i.d. clear plastic t.veon tubing.

A typical experiment usually is setup by first checkiu¢ that ali valves are closed, and

then filling the water return tank approximately three-fourths full from the D.I. water

source through the drain'fill water valve. The water pump is started and the pump

bypass opened tc, begin recirculation. The pump discharge is opened to send water

tc, the water suppi.v tank. and the inner pipe is checked full by checking for flowi_t,.,

wa_er in the overfl,:,w line. \Vater flowrate to the channel is _hen controlled usin,z the

water rotameter and chanxml wa_er inlet throtlle valve, .-\ water seed mixture is added

thr,:,udl a nozzle connection after the water is flowing, steadily through the channel.

The seed is prepared by ultrasonic mixing of 1 gm of seed with 5(1(Iml of D.I. water.

Usually, half to ali of the mix is added, depending upon desired seed concentration.

The air flow setup begins with 1-'2 cups of dr)" seed placed inside the vacuum cleaner.

The vacuum is started with the air throttle closed and the air recirculation valve fully

open. Air flow to the channel begins by fully opening the mr throttle for a minute or

two. and then throttling to the desired flow'rate.

The laser used is a Spectra-Physics D('R-3G Nd:YAG high energy, pulsed laser,

It has been calibrated at a peak throughput energy of 1.0 J/pulse for its primary

wavelength of 1064 nm (infrared). The pulse width is 8 ns with a variable pulse

frequency of 1-24 pulse_/sec. The laser can also operate in a "double-pulse'" mode,

splitting the energy of a single pulse into two pulses with a variable separation from

50 to 350 microseconds. Due to a large absorptivity of water for infrared light, a
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frequency doubling crystal is used to produce 532 nm liT-,ht (greenl. reducin_ the

nlaximunl energy To approximatel',' qJ..5J pulse.

Tile lenses and nlirror setup is illustrated ill Fig. 28. The 7 mm, circular. Gaus:fian-

distributed, light pulse is directed to tile point of interest Icenter of the channel. 96

cm from water exit nozzle, h',- a series of four mirrors, and shaped into a 1 mm thick.

76 mm wide. sheet of light with a series of three cylindrical lenses. All mirrors are

3 cm in diameter, wi_h hio_h-energy coatings. The first mirror in the beam path i.,

a harmonic beana splitler, designed 1c, pass the infrared t,., a beam s_op. and reflect

the _reen light _, _he lens setup. Lens dimensions are :ives as length, width, and

thickness: followed hv a focal len:th f. Lens =l is .Stl._ x 5rib x O.17 mm, with f =

2(10 mm. lens ='2 is 60.0 x 51.1.(Ix 8.89 mm, with f = 100 mm. and lens =3 is 5(I.8

x 25.4 x 12.79 mm. with f = 25.4 mm. The sheet is produced by first removing ali

lenses from tile beam path. and centering the beam in ali mirrors to the view point

of interest. Xlark this reference point on a sheet of paper. Ii is best to keep beam

power low and tc, use black paper for the beam targe_ to reduce reflection. The first

lens is inserted into the beam and centered: centering is insured when tile distorted

beam is returned to tile reference point. Care must be taken to prevent damaging

the optical components with the high energy laser pulse. This can be prevented by

ensuring that the focal point of the first lens does not reside on the mirror, and ali

components are clean. This process is repeated with the second lens, and then the

third lens. The final adjustment is made by fine-tuning the distance between lens #2

and lens #3, until the desired light sheet thickness is obtained.
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Figure 28. Lens Arrangement. for Thin Sheet Production
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The sheet is passed through the channel lid Inormal to its surface)into the moving

fluid, coplanar to tile flow pathlines, at tile camera's focal plane which is imaging

the flow through the side of the channel. It is best to apply a nonreftectivecoatlng

tc, ali surfaces inside the channel near the I_eam path to reduce light scattering from

surfaces. Flat black electrical _ape was applied tc, the inside bottom, inside top (with

a slot removed to allow the beam into the channel_, and inside back surface (opposite

I,:, the canlera} of the channel. A slot was also removed at the taped channel bottom

surface This ',,,'as necessary t-,ecause the ener_v of the sheet was c,-,ncentrated enough• _ . .,

_,:,"'l_urn ofF" tape particles, whicl_ the camera then imaozed as seeds appearing to.rise

off the channel bottom due to the local heat production. This was a very interesting

phenomena in which further study may be appropriate. Removing the slot. ,allowed

the sheet to pass through the channel bottom, finally striking a flat black painted

board, which supported the channel.

The pulsed laser light is scattered from the seed. and the camera directly digitizes

imaees ot the flow tracers. A short time later, a second laser pulse is introduced, and

another flow image is required. \'elocity calculations are then performed after deter-

mining particle positions, matching appropriate particles in the consecutive frames.

and dividing by the time increment between recordings,

IV.4 Light Scattering by Small Particles

lt is of interest to the PLV experimenter t,o know the scattering properties of

various particles in relation to the particle image mode of PLV operations. The

following theory and conclusions (Adrian and Yao, 1985) summarizes the scattering
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properties based on monodispersed particle populations and _lie's scatterin_ theory

for scmlerin_ frc, ni spherical particles.

The imat_e plane intensity distribution can be de_ermined by tile followin_ equa-

tions. The inten:itv of the li,ht in the image plane XI,\', Y)of the recording camera

at time t is Jt.\'. lt II" m'-", and the exposure is _iven bv:

,

giX_ : 3_X,t)dt ,341

The _ntensitv c,i "lLe imaee c,f the ,'tl, particle, located at the poim ,r,t/) in the fluid.

IS'

57_1/ _= lot .r,. t IJot X - .li a., ) , ::_5_

with lot,ri, tl = imensitv of illummating beam. and Jo(X- .li,vi) = 2-D intensity

distribution of _he blurred particle image per uni_ illumination intensity. The function

Jo. also considered the transmissivitv per unit incident intensity, normally has a

mammum at the zero value of its argument. The expression for Jo states that a

particle at .vi is mapped into an imaoe al X : -.II.v,. reflectin_ the imao.e inversion

produced bv the lens of a camera havina magnification ,1I.

Jo is given by the magnitude squared of the convolution of the point response

function of the c,'mlera lens system and the geometric image of the particle. The

details of these functions determine the precise shape ,_nd diameter of the blurred

image. The diameter ,.7o can be estimated from the nominal image di_meter, d,

d, = (M2dg * d_)1/_" (36/

d,-- 2.44(M + 1)f#,X (37)
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where d, is tile diameter of the point response function of a diffraction-limited lens

measured at tile first dark rin_. oi' tile Airy disk intensity distribution, dr is an ap-

proximate ,luadrature representing tile combined effects ,:,fmagnification and inla_e

blurring iii determinin: the final diameter of the image. ,lr i* the particle diameter.

f= is lhe focal lene_h ,:4 lhe lens divided by the aperture diameter, and .\ is the lio.:ht

waveleugt h.

The niean inieilsltv ,-,fthe illl particle image, avera,.,ed ,,ver an area ,:,fdiameler d,.

is defined t,:, I,e:

.J: r:,t; . . jl',d.Y dl l :_bl

Tile integral oi"equation 13..',1is tile energy flux crossing the image plane, and nmst

be equal lo tile energy flux through the camera lens of tile light scattered by t.he itlt

particle, given by:

,.7,dX.d]" = Io(xi. tlJod.\'dl" = IolXi. t) (3.ql

*) _

with er, = Xlie scatierine coefl:icient. /,'= wave number t= _ J. and 9. = solid ano_.le

subtended by camera lens, Thus"

,.7i(t) = rrk:d_Io(z;,t) e_d.q (40)

The image plane intensity distribution is found by integrating equation (40) over the

image space.

Once the image plane intensity distribution is determined, the mean exposure of the

imaging medium, the scattering power, and the particle requirements can be found.
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Assunung the illuminatin_ intenslt.v 1,, of a pulse with total energy II' is uniform ill

rectane:ular dimensions of length ..S_/.thickness .Az. over a pulse duration bf. _hen

II"
I,, : (41)

and

: [ I,,dydz,tt 421
_I

/

[l:erefore. lhc equation [or the nlean exposure over _he ima,*e plane is:

Thus. the mean exposure oi"a s11t,.a'ieparticle image depends ,:,li three factors: illumi-

natin_ intensity _ li, _ I. scatterin,= power (,['°'"2df_). and imao_e energy concentration

Adrian and Yao 11985) invesTicated these parameters as applicable to particle image

PL\" a summary of their findings follows. The largest effect on mean exposure is due

tc, changes in diameter and refractive index of the scatterino; particle, and changes

in the refractive index of the fluid. Scattering from particles in water is sienificantly

weaker in water than from in air. In the Rayleigh scattering reeinle _dp ,% .\),

scattering power is proportional _o dp. For (d v _- A), scattering power is proportional

to d_,. and d, is proportional to dv. Thereis an intermediate range between these limit.s

(particles sizes from 1 to 10 _m for typical PLV experiments) where d_ is independent,

Of dp, the image diameter is dominated by diffraction from the photographic lens and

controlled by the frf_ of the camera lens. The optimum particle size is a compromise

between two opposing trends; the first being a large particle is desired because it. is
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easily detected, and the second being a small particle is desired because the accuracy

,,f velocity measurenmn_s and tile 5palial resolution increases wilh decreasin_ particle

,_lze. They suggest particle sizes in tlle 5-10 prn range are appropriate for most particle

imaee PL\" experimems.

The particles used in the stratified flow PL\" experiment were in the ran_e dp "_. _\

This n_eans that the nlean image intensity approaches a constant, iudependent of the

particle diameter. The air and water seed particles both showed imaee diameters

,.:,re:_or l lLan particledianlelers TlLein_ensity of the images of _he air par_icleswere

_realer than the water particles, due to the differeuce in refractive index of the two

fluids This suggests thai a smaller diameter air seed can be used However. for

other reasons (availability. seed injection method, and personnel safety), the 30 pm

diameter particle was used.

I\'.5 Stratified Flow Data Acquisition

Seeded water was introduced into one end of the channel at three flowrates" I,

Isimulating a stagnant, half-filled open duct to the air flow). 1. and '2 gallons per

minute IGPM). ('ocurrent seeded air flow was also introduced at _nree flowrates: 5.

10. and 30 standard cubic feel per hour (SCFH}.

Five problems were immediately evident. It, became apparent that the exit noz-

zle screens and/or flow straighteners were preventing water flow at the air/water

interface. This was probably due to surface tension. Water under the interface was

moving as expected. To correct this, the exit flow nozzle was modified by removing

the screens and straighteners, and inserting a dam. The dam (a strip of plastic half



tile height of a screen l insured an approximately constant interface height (38 mms.

rerardless of the water flowrate. Prior t,-,clam placement, it was noted that interface

l_el_ht would increase with increasint_ water flowrate. After dam il_stallation, water

velociT.vprofiles assumed the expected shape

The second prc,blem that ,:,courted was Thai condensation wcmld appear on lhe

inside channel wall in the air re_lon wlLenever the water was flo_int:. This reduced

The laser light intensity enterinv. _he t,-,p ,:,fthe channel, and also ,.,bscured the camera

view of tile air fl,:w The D.I. water i., dehvered warm lo the lab. and the "foggin.C was

att ril,uted t,,, the difference between warm water and cool. air conditioned, laborat,.,rv

air. lt was believed that lettin: the water se_ for a few days would allow temperature

equMizatioll, preventing the problem. However. condensation still occurred. A simple

sc,Iution was lc, warm the channel in the area of interest prior to running the system.

.-kfew minutes wi_h a incandescent lamp or a hair dryer prevented fogging for many

hours.

The _hird altd fourth problems, somewhat serendipi_ousl.v, had a common solution.

The air seed concentration would quickly decrease, coating all inside surfaces. Besides

the obvious problem of losing tracer material, it would also obscure the camera view

after a few runs. It is beliexed that the air seed or the channel acquires a static

charge while air is recirculating. The use of an acryclic cleaner, polish, and "static

remover" on the inside surfaces of the channel and vacuum container linfited the seed

deposition.

The fourth problem was that a large meniscus at the air/water/plexiglass interface

would form, climbing from the water surface up the channel w,'dl, obscuring tae view



of the air near the water surface, A small, inverted meniscus could be formed by

,'areful fillin= c,f the channt.l with water, providin_ a clear view. However, the surface

w_ts unstable, and the meniscus would eventually "'fall", especially if the system was

bumped or shocked, lt was believed that some material could be applied to the

plexi_lass surface lc,chance it.- .¢,urface tension, and it was :t surpmse tc, learn that the

plexl_lass cleaner was that material.

The lasl pr_,blenl was that the _r recirculatin,.:, inside the vacuum cleaner would

t,ecome very warm after many hours of continuous opera_ion, especially at low air

flow bleeds. In fact. i_ l,ecame s,:,hot that it destroyed a vacuum cleaner (a tygc,n

hose collapsed, completely blocking recirculation, and the plastic bucket deR,treed

and collapsed!l. Thereafter. the vacuum cleaner was shut off after data was collected.

Nine experiments were performed, for a total of 0¢, flow images, Seven sets of

images !with 10 consecutive images per set) were captured with a 1024 by 1024 pixel.

.',-bit. \'idicon digital camera in conjunction with the MegaX'ision imaging system at

a image rate of 6.6,3 frames per second 115(I ms between laser pulses I. These sets were

named 0wba (0 GPM water flow. 5 S('FH air flow}, 0wl(la, lwSa. lw5as (a second

set with the same conditions), lwl0a, 2w5a, and 2wl0a. Two set of images (with

13 consecutiveframesperset)wereobtainedwitha 640 by 480 CCD Sony digital

camera at, an image rate of 18.94 frames per second (52.8 ms between laser pulses).

The images were stored on a 4 MByte EPIX frame grabber board. These sets were

labeled 2wl0am and 2w30am.



\'olumetric water and air fl,:,wrate information were ,,brained from 1heir respect3ve

rotameters durin_ each experiment, alon_ wilh channel water and air flow tempera-

ture Temperature: were recc,rded Iw insertin_ wire thermoc,:,upies into the ilo,,,,' by

way of the upstream channel vent valve tap.

[\'_; Inlaue.-kl_aivsis

Tlle trackin_ prc,cess lleeds Ir,_-er lnf,:,rmatlon fronl tile di._ital imaees _tracer parti-

cle cemroid and areal _,:,calcuia_, vect,:,r ini'ormation. The _le_a\'isi,:,n hardware and

_,,.,fiware is ideal ['or_1_i-purp,.,s_-. :lnc_. iI perf,.-,rms lt!2-1 x l_J2-tpipeline processin'.:' in

real time. and allows interactlve _hresit,.:,ld and filter functions.

The basic ima:e analysis sequence is discussed below. See Appendix B for detailed

processin,,., values and programs. The firs_ step tc, process images obtained with tl_e

\'idicon Mega\'ision camera is to rec,xll a stored Ifrom P(' hard drive or floppy disk/

raw image into a memory board. A sharpen filter is applied ro enhance the density

:radiem and clearly define the tracers from the background. This filter sharpens a

p_cture by subtracting an .>x ,_ pixel averaged filter from au accumulated picture. A

ne,z.ative or inverse of the image Inecessary for the following s_epl is then obtained.

Then, an interactive median filter is used to further define and separate the tracers

from the background, meniscus, reflection from channel sides, etc. This filter uses a

basic kernel and size(i.e. 17 pixel daameter circle), and then the basic kernel can be

manipulated to obtain the desired results. An image is then obtained, with a 255

gray level (white) background and 0 gray level (black) particles. Again, an inverse

is performed, to get a "cleaned" picture of white particles on a black background
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which is necessary for tile final processing. This final processing provides the tracer

information for the trackin,'.: programs. It uses the "'cleaned" picture as a "mask"

which is overlaid on _he original picture. Anv connected pixels in the original *-

bit image thai appear under the mask are determined lo be particles, and various

parameters, such as x-centroid, v-centroid, area. aver,_,ge gray level, shape function.

etc.. can l_e calculated. The,-,utput data can be manipulaled on the monitor li'or

e::ample, particles can be segregated I_x"size or :ray level/ or the output stored ilta

file.

The inla_es obtained with _he ('('D camera and EPIX frame ,zrabbers are analyzed

simiiarlv, with one exception. They are loaded into a clean memory board in a certain

position, flipped about the x and v axis. and then magnified by two. This is done to

make them appear similar to the MegaVision images. The reason is twofold. First,

the tracking programs and final vector presentation plots are set up for 1024 by 1024

resolution images. Since the ('('D camera has a 640 by 480 resolution, these programs

would perform well. but the output would appear small. A simple modification _o

the programs could remedy this. The most important reason to magnify by two is

that the interactive image threshold and filter operations are difficult to perform with

the smaller images on the high resolution monitor, and ii. is crucial that this step is

performed correctly. The twice magnified image now has a 1280 by 960 resolution.
..

so that some of the x-dimension data is removed (approximately 128 of the original

picture's pixels). For some images this may not be acceptable, however, for the

channel pictures taken with the CCD camera, little useful data was lost in the analysis.
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A overlay of tile ten processed images I binary and inversed) for the channel exper-

_ment 2w3(Jam is _iven in Fi_. 29, clearly showing the air seed at top. the interface.

and seeded water flow al l_ottom.

The final processing of tile ima_:e data occurs after the data flies are transferred _o

the eneineerine mainfranle c,:,mput ers (VAX's I. usine the Et hernet line connection _,-,

_he laboratory P(' with FTP t File Transfer Protocol/software. A program t Appendix

B_ takes *lte ori:inal dala. splits i_ into .-eparate air and water data flies I1,-, t;e

di:cussed in a later secrion l. ,:becks for errors, and performs coordinate transforms.

if desired. The ._Ie¢a\'isi_.,it camera _akes data at a slight tilt. probably due tc, a

_ube misalignment, and it _s desired to rotate the data to the horizontal for esthetic

reasons,

I\'.7 \'ector Tracking

lt has become evident that some means to analyze images, process and track the

sequential data. and produce visual and mlmerical output, both quickly and automati-

callv, must be devised. We can now take 26 images ( EPI.'_I or 10 images I MegaX'ision }

within about 1 sec. The data quantity is enormous (-._ 10MByte), and the process

can be repeated in a few minutes, linfited only by storage limits. The problem is that

we can now take more data then we will ever have the time to manually analyze. The

driving force behind this work has been to get a handle on that, beast (information

overload, which appears in most fields of study), and process the data automatically

as a set of frames vs. individual frames, to make the problem more tangible.
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Flow direction:

Camera view: 94 x 94 mm

Figure 29. Binary Inverse Overlay, Set 2w30am



87

Tile firsl step to process data as a set has already occurred. Tile program mentioned

in tile image ana.iysis section has separated the air and water particies _based on

relative position Io tlie knowu iuterface coordinates l. The input requirements were

the set uame. number ,:,f files in the set. coordinates of air. imerface, wa_er, channel

top or bottom, or ,:oorciinate transform, if relevant.

This data is tracked air aud v,'ater separately l by the cros.,-correlation tracking

program t.-kppe_tdix (' .-\u'ain. t he lnajor input is t he set name, set type l air or water ).

start and stop frames ior part_al _racking). aud _he caudidate aud dvuamic search

re_ion dimensiou_ ,liscussed in l lie tracking, code chapter. The major output is a file

wit li t he best caudidat e vec_ ors alon,.:' wit h t heir respect ire correlat ion coefficient s and

pair confidence values. Each file Ill) water and 10 air files for a set of II I images) will

also have a set average and standard deviation cross-correlation coefficiem and pair

confidence value. The program was setup on the CRAY-YMP. with typical run limes

varying from a few hundred cpu seconds to as much as an hour. for those images

with laro=e seed concentrations .\ppendix A includes a cross-correlation data sheet

for each set.

A method, discussed in _he code testing chap, er. has been devised to automatically

"clean" vectors. This method has been further enhanced to clean a set of stratified

flow vectors obtained with the tracking code. The program, Aut, oCleanSet (Appendix

D), reads an input file with the name of the set, start and stop frames (for partial

cleaning), ,air and water percent difference (PD) cleaning values, and boundary con-

ditions (BC) (location and number of points for top, interface, and channel bottom,

if desired).



88

The autocleaning is best described through example. Assunle that the three BC

l,:,ca_ions have been identified. The complete uncleaned water reciter file is input. The

},es_ veclors are identified I_hose with correlation coefficients grea_er than lhc frame

average plus frame standard deviation and pair confidence values creater than franm

s_andard deviations. This usually is aboul 1(_-20_5 of the total. The channel bc, tlom

zet,-,_velocity, or "'no-slip" BC is imposed with the addition of .o__"high quality [per-

fect veclor_ zero velocity vectors at the h,:,ttom location. The Hardv-Xlultiquadratic

_qualions (equalionsllG181i are used tc, make a full-field water flow equation. The

,,neinal file is checked a,aainst the equation. Think of the PD value as a circle of some

diameter centered at the arrowhead of a vector in the flow equation. For example, a

10_'_PD clean value would be a circle of 1 pixel radius centered at the lip of a 10 pixel

long vector. If any vectors fall within the PD value, they are added to the "'cleaned"

file. and the process reiterates until no new vectors (or some perc emage, currently set

_,-,"2c-(I is added. The water file is now cleaned. The water equation is extrapolated to

t tie Interface(usually a few pixels above a water vector}, and 128 interface velocity BC

vectors determined, lt was delermined the somewhat large number 1128) was needed

tc, smooth the air velocity gradient at the interface, giving more accurate shear stress

results. The interface BC vectors are added to the original air file, imposing the BC

that air and water velocities must be equal at, the interface. The channel top "no

slip" BC is added (32 vectors), and the air file cleaned, The output consisted of a

separate, cleaned, air and water vector file and full-field flow equation for each frame

pair (i.e. flame 1-2, flame 2-3,...) of the set.
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A program was writlen to plot as a set the final results of the automatic cleamn_

process t.-kppendix G). Fie..:ure30 shows tile cteaned air and water vectors from frallle

1'2-13 of set '2w3fbanl. These pictures simulate a view from the 1024 x 1024 camera.

and the size of the view frame is given. Since the channel lop and bottom were visible

in the view plane, thev are represented, aic,n,.: with a line depictine the interface. The

vectors are shown without magnification, and a vector scale lused for both air air an_t

wa_er vectorsl is provided. \'eloci_v and shear profiles along lhe vertical y-axis Ifrom

datataken at camera cemerlille, x=.',l'2 pixels_areshown. The profiles are multiplied

bv a factor determined so that the maximum width of any profile in a set does l_,:,l

exceed 20(I pixels. These profiles are no_ draw to scale. The purpose of the profiles is

to allow tile experimenter to quickly perform a visual anMysis of tile data. Velocity

profiles are reviewed to check for steady-stale, fully-developed flow. and to insure the

boundary conditions used in the analysis were correctly applie d . The shear profile is

studied near the air water imerface" for ideal flow conditions should set the boundary

condition that the air shear will equal the water shear at the interface. The makill,:

of these profiles is discussed in the shear results section.

The necessity to separate air and water was determined bv the B(' (which was n,:,t

imposed) that tile air and water interfacial shear stress should be equal. Shear is equal

to viscosity times velocity gradient,, If viscosity is unequal at the interface (and. in this

experiment, it is by two orders of magnitude due to the difference in fluid properties I.

then, this implies thai the velocity gradients of the air and the water at the interface

be discontinuous, lt was first attempted to process air and water files together, but.
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Camera view' 94 x 94 mm

Vector scale: -- 50 mmls

Velocity and shear profiles not to scale

Figure 30. Velocity and Shear, Set 2w30am, Frame 12-13
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the Hard',, equation which resulted provided a smooth velocity interpolation at tile

interface. This was because few air particle.- were ima,.:'ed near tlte interface, hence.

few air vectors were delermixled I,v the trackin,:; program. The smo,:,lh interpolation

was fine for the imerface velocity B(', but completely unsatisfactory for the interfacial

, shear.

I\'.5 Interface Shear ('alcula',ivns and Results

Flow parameters, such as voi,.,,'itv, vorticitv, and shear, can I,o calculated at any

point in the flow field once _il_"tinal flow-field equation i.- known. The shear theory.

equation (2(11 and equation L'21,. is based on knowino., averaee ibulkl air velocity and

imerface velocity in the flow fieid.

A program was written I Appendix El to take the final air and water flow-field ve-

locitv equations, differentiate them. and produce profile data files of velocity, vorticity.

and shear. Shear stress is based c,n temperature dependent air and water viscosity.

winch needs to be determined Temperature dependent viscosity l in poise) of air

can be found usin: Sundertands i Anderson. 1.L_41 correlation, which is based on air

l viscosity at STP condi'_ions _p,. = 1.7894 • 10 -04 at T,.,= o,,,bb.l(; A" c,,,_',ecJ

( T )1"5 ( T°- llO ) g (44)p = 1.7894 .. 10TM Too T- 110 cm aec

Temperature dependent viscosity (in poise) of water from 0-100 C is found using

g at, T = 20 C) For waterCttC tables (note that p20 = 1.0019414 × 10 -°_ em ,,_

temperature less than 20 C,

1301.0 g
- 3.30233 (45)

_ = 998.333 4- 8.1855(T - 20) + 0.00585(T - 20)'_ crn see
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For water temperature greater than 20 (',

• 3._'2¢2c,c,-TI-OOOIO53(T-2012 _1

I'= I'".o' 1_, _r-los.0 (46)

The set profilin_ pro.fzram uses a set name. start and stop frames, laser pulse separa-

tl,.,n time. a flag to ¢letermine the appropriate itna_ing system (_Ie.,za\'ision or EPIX)

:,lone with lhe imace analx'sls ma,_'nification factor, the camera view area. tempera-

lure of air and water flow. the x position where t lte vertical profiles will i,e de_ermined,

and _he channel _op. interface, and bottom locations. It will then determine velocity,

x-_,i,:,c-iTx-¢radiem. vorticity, a:_d shear al rectues_ed locations.

Tes_ section average air velocity and interface velocity for frames 12-13 of set

2w3IJam are shown in Fie. 31 and Fi,,'. 32. Since the data _especially tile air_ does not

encompass the entire camera ,clew area. data is onl.v used for profiling and calcula-

tional purposes in the region over the average z position plus or minus the standard

deviation of all the cleaned air vectors. The channel average air velocity was deter-

mined by sampling every 25rh y pixel position between the imerface and the channel

top, and every 25rh x position Itypically between the 200 to 800 pixel position), or

approximately 500 points. Figure 31 presents data showing a small fluctuation in

average velocity of tile air over a small section of the channel. Tile average of the air

velocity data (denoted by exp average) is the parameter ['g, used in equation (20).

The large standard deviation from the average is due to the parabolic nature of the

air flow field.

The experimental interface velocity and air shear were determined at every pixel

along the interf_e, over the same width as the sir velocity calculation. The average
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1O0

x position (pixels)

Figure 31. Average Air Velocity, Set 2w30am, Frame 12-13
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,.,f the interface velocity data...,hown in Fi_. 32 _deuoted by exp average), is tile

parameter [',. _zsed ill equaTlOll 1'21)). Air shear stress was determined using tile

differentiated Hardy velocity equation I hetween the interface and one pixel above

the interface _o determine _he velocity gradient), aud the temperature corrected air

viscosity value. Tlte interface _hear for frames 12-13 of sel 2w31)am is shown in Fig. 3:I.

Eacl_ fi_ure al,,o present _,lhr- average value. _he average plus the staudard deviation.

aud the averaae It_iuu., the _,taudard deviation. In addition. Fi.p.,.::;:;als,-, presents lhc

value of the the,z,re_lcal interIacial shear stres., I_ased ,:,n experimental conditions, rts

calculated uslna equatlou t'2!'J.

Another program ,Appendix F I ,,','as written lc, take the data from the profiling

program, and compute the theoretical shear. Air density, used in equation 1201 and

equation i'21 _. was temperature corrected using the ideal gas law

(r,,)po = po -f (47

where po = 1.22.5l, 9 m z at "25b.1¢, K. The output was a plot comparing the theory

to the experimental data Iwith standard deviation), along with a linear least-square

fit line through the theory points for the set. Figure 34 shows this plot with one

data point removed [from frame 5-6. where the profile showed the the air flowing

backward, see complete data in Appendix A). A file containing experinaental velocity

and shear data for the air and water flow. and theoretical shear calculations for each

frame in the set. is shown Fig. 35. Other pertinent, information for the experiment.

such as camera view area and magnification, fluid properties and dimensions, and gas

Reynolds number and interface fraction factor, is also presented in Fig. 35.
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Figure 33. Interface Air She_r, Set 2w30am, Frame 12-13
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Figure 34. Shear Experiment. vs. Theory Comparisons, Set 2w30am
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Profile and Interfacial Shear Calculations for set: 2w3Oam

959.0000 TUP of channel (pixels)

582.0000 INTERFACE of channel (pixels)

76.00000 BOTTOM of channel (pixels)

3.696000 Camera view height (inches)

2.000000 Camera magnification factor

5.2800000E-02 Laser pulse rep time (sec)

24. 50000 gas temperature (C)

24. 60000 liquid temperature (C)

I.185943 gas density (kg/m==3)

1.8347882E-05 gas viscosity (kg/m-s)

1.5471131E-05 gas kinematic viscosity (m-=2/s)

3. 187500 channel height (inches)
6.000000 channel width (inches)

3.4567226E-02 gas height (m)

0.1524000 gas width (m)
O. 1524000 interface width (m)

O.2215344 gas perimeter (m)

5.2680452E-03 gas area (m==2)

5.6352608E-02 gas hydraulic diameter (m)
539.9324 conversion factor from m/s to pixels/pulse

frame water U interface U wa_er shear air shear +/- sr.der, air U

m/s m/s N/m=-2 N/m=-2 m/s

I 2 0 258E-01 0 330E-01 -.348E-05 0.860E-05 0.812E-05 0.343E-01

2 3 0 250E-01 0 346E-01 - 138E-03 -.822E-04 0.863E-05 0.739E-01

3 4 0 252E-01 0 334E-01 - 198E-04 0.161E-04 0.605E-05 0.271E-01

4 5 0 247E-01 0 323E-01 - 990E-04 -.173E°03 0 375E-04 0.I08E+00

5 6 0 243E-01 0 325E-01 - 729E-04 0.749E-04 0 180E-04 -.484E-02

6 7 0 254E-01 0 349E-01 - 243E-04 - 107E-03 0 141E-04 0 900E-01
7 8 0 245E-01 0 317E-01 - 351E-04 0 244E-05 0 398E-05 0 359E-01

8 9 0 248E-01 0 322E-01 - 960E-04 0 376E-05 0 868E-05 0 377E-01

9 I0 0 259E-01 0 360E-01 - 729E-04 - 160E-03 0 282E-04 0 I06E+O0

i0 11 0 258E-01 0 351E-01 - 163E-03 0 254E-04 0 113E-04 0 172E-01

11 12 0 252E-01 0.316E-01 0.776E-04 0 406E-05 0 863E-05 0 358E-01

12 13 0 251E-01 0.331E-01 -.117E-03 - 591E-04 0.204E-04 0.689E-01

velocity (m/s) and shear (N/m-*2) SET AVERAGES +/- STANDARD DEVIATION

average values along interface from (man,max) (X = 212 - 777)
0.252E-01 +/- 0.516E-03 U water (bulk)

0.334E-01 +/- 0.147E-02 U interface

0.525E-01 +/- 0.361E-01 U air (bulk)

-.637E-04 +/- 0.666E-04 shear water (interface)

-.372E-04 +/- 0.783E-04 shear air (interface)

frame Ug Ui Keg fi shear (thy) shear (exp)
mis mis N/m=.2 N/m**2

1 2 0.343E-01 0.330E-01 125 0.128 -.128E-06 0.860E-05

2 3 0.739E-01 0.346E-01 269 0.059 -.544E-04 -.822E-04

Figure 35. Profile and Interfaci_/She_ Ca/culations_ Set.2w3Oam
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3 4 0 271E-01 0 334E-01 99 0 162 - 381E-05 0 161E-04

4 5 0 108E.O0 0 323E-01 393 0 041 - 138E-03 - 173E-03

5 6 - 484E-02 0 325E-01 18 --0 908 0 750E-03 0 749E-04

6 7 0 900E-OI 0 349E-01 328 0 049 - 879E-04 - I07E-03

7 8 0 359E-01 0 317E-01 131 0 122 - 128E-05 0 244E-05

8 9 0 377E-01 0 322E-01 137 0 117 - 209E-05 0 376E-05

9 I0 0 I06E+O0 0 360E-01 386 0 041 - 120E-03 - 160E-03

I0 II 0 172E-01 0 351E-01 63 0 255 - 485E-04 0 254E-04

11 12 0 358E-01 0 316E-01 130 0 123 - 128E-05 0 406E-05

12 13 0 689E-01 0 331E-01 251 0 064 - 485E-04 - 591E-04

Shear theory average */- standard deviation 0.203E-04 +/- 0.235E-03

Figure 35. Continued
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This process was repeated for the nine experiments. All data was processed and

presented iii Appendix .\. For _he purpose of comparison of theoretical shear to ex-

perimental shear, three sets were removed from tile final results plot. Two sets. 2wSa

and 2wl0a. were suspect since they were obtained immediately prior to the discovery

,:,f the "melted" vacuum cleaner..\nother set. 2wl0am. was very unstable (average

air veloci:v reversin_ direction drastically }_etween frames l. Oftlle six sets used in

the final comparison plot, one ,:,tiler point (frame '2-3 of set (Iw._ai was removed due

,,,.. negative air flow. The six sets that were used were 0w:'Ja. itwl!ia, lwSa. lwSas.

iwlUa, and "_ "_woham. The complete comparison of theoretical wit h experimental shear

¢3 .

stress results, usin_ &l measurements, is presented in Fio,..,o6. This fi_ure shows that

heoretical and experiment ally obtained interface shear results compare favorably.

It has been determined that two conditions can exist where theory cannot predict

actual shear, If ['o - _, {_. and ('o . O. than the theory will predict a sign error.

It mus_ be admitted that this condition rarely e.xists in most flows. This is the cause

,:,f the large difference between theory and experiment highlighted by the furthermost

left point on Fig, 36.

The other condition which can easily exist in unst, able flows, such as that caused

by a pipe break, and will certainly cause problems for 1- or 2-dimensional codes.

is the condition that flow near the interface is transient, and dissimilar from bulk

flow. This condition of interface flow reversal is seen in many of the images of set

0Wl0A, an example is shown in Fig. 37. The experiment rightly determines a negative

velocity gradient (implying positive shear) at the interface. However, since bulk air
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Figure 36. Shear Experiment vs. Theory Comparisons, All Sets
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Camera view: 84 x 84 mm

Vector scale: -- 20 mm/s
Velocity and shear profiles not to scale

Figure 37. Velocity and Shear, Set OwlOa. Frame 5-6
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is positive, theory will predic_ ueo_ative shear. This pheuonlena causes the cluster of

o

t_ositive experiment shear vs. ue:a_ix'e theorelical_hear uear (,j - ('; = Ii. shown on

Iri,.,. :_,_
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CHAPTER V

CONCLUSION

Two methods have l_een described which perform trackino, of seed particles in a

ill a two-phase flow field, uslno__he Pulsed Laser \'elocimelrv method. One method

tracks particles _ilrough f,:,ur or ntore t'ranles. The ,.,Ther nlvthod involves correlating

,:roups of particles between tw,:, sequential frames. These met llods llave I,een proven

to t,e lasl and reliable.

A novel lnetllL,d has }_een proposed which eliminates ledious, undesirable, manuM

operator assistance in removin,a erroneous vectors. Tiff,,, method uses an iterative

process involving an imerpolated field produced from the most reliable vectors.

Since both of the trackin: techniques presented in this paper can be performed

quickly, it is recommended that experimental data be analyzed with both methods.

if possible. This should be r_erformed to verify tile results.

It is felt that the lar_,eest c,:,ntribution of this work has beeIL the .,zreatly reduced

time it now takes tc, process lma-ze data. not only individual frames, but also complete
t

sets of images..Xluch of the work has been performed with this goal in mind.

A stratified channel flow facility was used to conduct two-phase interface studies.

Flow visualization data was directly digitized with high resolution cameras using

PLV techniques, and analyzed with new tracking software. Direct determination of

interphase drag coefficients was performed. The interfacial drag experiment clearly

shows that P LV can be an investigative flow visualization instrument. This was

proven by the matching of interfacial drag theory to experimentally obtained drag
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results. III addition, iii reference to this work. PLV has dramatically shown where and

,'hulwith full-tield flow visualization }. certain theory t_ased ,.,n lnacroscopic, space-

averaeed behavior, i., not applicable.

PL\" has proven to be an accurate, full-field, noninvasive, quantitative velocity pro-

Klin_ technique applic,,ble _, a wide ran_e of flow patterns. The adven_ ,:,fincreased

-peed and resolu_i,:,n of compuler-based ima::inr: s,,'s_em_ has allowed _he direct dig-

itlzation and analysis of particle lma_e_... Though many. improvements are possible

11_1Ills field, th_- lecl_.ni(lue: development at this _imt-may lnake it the preferable

_ethod for obialnino., reiiable vei,:,city information about experimental, transparent.

ttow problems.

Recommendations for fu_ure work continue to stress the need to analyze and present

data quickly and accuratelv .\leo a\'ision software should be written to enable the

user to enter the pertinent image analysis routines for a set of images, and walk away,

w31hout having to imeractivelv enter each image manipulation for every image in a

._el.

Further. it is recommended that a "'imaging" workstation be acquired, with the

increased gains in interactive image manipulation and the zero cos_ l after overhead)

of tracking and cleaning, more than offsetting the purchase cosl. ('omputer time is

money, and it took approximately 10-15 CRAY cpu hours to perform M1 the analysis

pres, nted here.

Speaking specifically on the PLV shear experiment, two facts are evident. Wide

fluctuations are seen in air velocity, especially at very low flow. Therefore, the sir side

seed pump and recirculation system should be redesigned, possibly in the following
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manner, lt is still believed that a closed loop is desired. Therefore. to achieve a

,:loser representation tc, a constant pressure air supply, the tasks of pumping and

reclrc'ulation should 1,e separated. .-k possible suggestion would be a inixin_ box

with an interned fan for recirculation purposes, and a separate blower for forcing the

air seed mixture through the mixinc [,ox and channel.

>econdly. another means ,:,f "illuminating'" lhe flow field must be obtained. Due t.o

la_er limitation.,,, we can ¢,nlv lake data in .511-3_0 Its and .5t_.13{) ms time scales (or

l,:,l_'.'erP This leave a large llnle reeion. 3 orders c,f Ina_nitude. where we canno_ study.

11_.:._l_er words, we are forced T,:,design an experiment to fit the equipment. Tliis

liml_ation could be remedied with the purchase of another laser, or some other light

source, possibly a high intensity "arc" strobe. This. by far. is the most important

problem which rous, be solved, in order Io advance PL\" studies at Texas Ak:M

l.'niversitv.
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NOMENCLATURE

.4 = area. number of overlapped pixels
B1 = mlmber of l-valued pixels in c,_rrelation region in frame 1
B2 = number of 1-valued pixels in correlation region in frame '2
B(' = boundary condition

(' = correlation coefficient. Blasius friction factor constanl

('C'T = cross-correlation tracking
D. ,t = diameter

f = friclion factor, focal len,zt h
f= = f.,cal lell_tlt divided 1,y camera aperalure

F' = force
F'I - binary pixel value in image frame 1
/='2 = binary pixel value in ima_ze frame '2
.,t,. = Cravitational acceleration in x cordinate direction
H = lieluhl of re:ion
/, = wave number

Ii" = ,'haraclerisTic kille_2c enerzy per unit v,,lume
I = vector length

L = ten=rh of reeion
ni = Blaslus [riction factor constam
.li = camera magnification

._IFT = multiframe trackin,a
.Y = number of vectors, number of overlapped particles

XSI = number of spins Ior particlesl per image
P = pressure

PD = percent difference _cleaning parameter l
R = radius, reliability index

Re = Revnold's number
5 = surface, perimeter

= time
T = temperature
u = velocity
_' = velocity

\rig" 1" li') = vector velocity wi_h x,y.- components
.r.y.- = rectangular spatial dimension components

XI.\'. 7t'} = image plane vector coordinate position

Symbols
= differential increment

:X = increment
£ = exposure
I = intensity of illuminating beam

Or = intensity oi"particle image
A = wavelength
p = viscosity
t, = kinematic viscosity
fl = solid angle
0 = partial differential increment
r = 3.1418
p = density
a = multiframe tracking parameter, Mie scattering coefficient,
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S u bsc ri p_S
,' = ,'emrnid

-" lllla_e nOlllilla[

y = vapor phase
i = inlerface, interphase, particle or frame index
.] = _}arTlcle or frame index
I = liLtuid phase

/. = outlet
I_ - lieW

,, = ,,id. _lllet. STP valu.,v

p = l_ar_icle
_... - ,-vlindricalradial and circumferentialconlponents

., = poin_ respo1_s¢ |'l.lll¢lion

,:,. !_.- = roc_au_ular spali:d dimension components
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