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MARIAN TRELA
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, - y-directiona! vetocity fluctuation,
y -. distanct from thc wa!l,

y* - ttimensionle§§ dislancc, y+ - yułfv,
r:p, t|ł - partictc and ga§ dilfusivities,

@ - irngular frequcncy,
p -- viscosity,
r - shear stress,

v - kincmatic viscosity,
p -- density.

Stlbscripts:

c - center,
cr - charactcristic,
o - initial,
9 - gas,

p -- particlo (droplct),

t - turbulent. tube,

rr -- wall,

- -- m§tn.

l. Introduction

The deterrrrinątioir of droplet (particle) cleposition r&tes is of interest in manY

techrricłl applicationS such as Steam 8enerators, Spray cooling and other two_phase

llow situatioils. A critical examination of the cleposition data for wide range of

ł Thls papcr has bccn prcscntcd at thc colloquium EURoMECH 1ó2 organizedby the_lnstitu.te.,of

Irlui<l_Flow Machirrcry, Polish Acactcmy of Scicnces and tiig'I'cchnical Univcrsity Karlsruhe in l982,

Deposition of Droplet§ in Two-Phase Dispersed Flqw*

Turbulent deposition of <lroplets from t*o-phasc dispersed flow onto{he smooth wall of a vertica] tube

has been studied. A model is proposed which iakes into account the dilterence betwecn particle and eddy

Jńu.iuiti., as wcll as the stóchastic nature of the phcnomenon. The thcory is testcd against the data

which cover a widc rangc of drop|ct size and Rcynoids number. A quite satisfactory agreĆment has been

found in all cxamined cases,

Numenclature

A, A, -- constant coefficients,

u, al - con§tant cocfficicnts,
b - ratio of eddy diffusivities, b = toft,

B - ratio of average to maxirnum concentratton,

I]: Cl<'u

c - concentration,
il - dianlgtcr,
/] - cocficicrlt dcfincd in thc tcxt,

E(tu) -, cncrgy spcąrum function,

li - nrass tran§lcr coc{l'icicnt, k = mtlc,

łn - particlc tnass flux, exponcnt,

tl, Ą 1, ll2 - exponcnt§,

P, Pb P2 - probabilitics,
R - ratio, R: ,:rlu*,

Rg - tluct RcynolrJs number, Rł - ud,f v",

s - stopping distancc,
.s* - tlimcnsionlcss stoppirrg distance, ,sr = ,su*/v,

u* .- liiction vclocity, u* = F-lł2)''2,
l - aiial vclcrcitv.
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particle size has been reported among others by McCoy and Hanratty [1]. They
have presented the dimensionless deposition coefficient (velocity) kfuł : m,lĆuł
vcr§us thc dimcrtsionless stopping distance s* (Fig, l). The stopping distance s is
iletjncd as a distancc a particle would travcl tlrrough a stagnant fluid with an initial
velocity lu under the action of a drag force alone. lf the initial velocity is equal to the
friction velot-ity u' t,hen the stopping distance

" _ podlu*

18Pc

and its dimensionless form i,

s* _ sl* :qrpr!?,:*' Q)ła l1pŻ

One may distinguish three dilferent regimes of turbulent deposition in Fig. 1.

For particles in submicron rang€, s* < 0.15 (regime I) the process is controlled by
Brownian diffusion and the major resi§tance to particles tran§port resides in the
viscous boundary layer.

However, a particte size or stopping distance s* may be reached above which the
inertia of the particles becomes very high. It means that the velocity given to the
particles by turbulent eddies enhances the deposition rate abruptly. This is the second
regime (II) termed the eddy diffusion_impaction regime. It occurs for the particles in
the range 0.15 < s* < 20.

As the particle size rises still futther (s+ > 20) the process becomes determined by

Diflu.i0fi
re9ińe

lmpmtian regime

Approximale ?egion oI dola

(l)

ł
l!'

.|

Etldg di{fusion-
impelion regime

F!g, l_ lłcpimes of turbulcnl dłpositicln It]



ition of Droplets in Two-Phase Dispersed Flow

the particle inertia. The particles can not attain the eddy velocity, which §toP§ ąnd

then decreases the deposition rate. This is the impaction regime of dePosition (III

regime).-'Most 
of the practi§at applications involving two-phase dispersed flow fall into II

or lll deposition regima" A numbor of theoretical analyses exist for prediction of ths

depositión rates in these regimes e.g. [2, 3,4, 5]. They are based on the observation

that the deposition rate is controlled by two proces§es (Fig. 2):

di|fusion edge

,łaU regiul

turbulenl con

mr-FęE -dcmł--cpał

Fig, 2" Idcalizcd model of particle deposition mode

a) diffusion of the particies in the turbulent core tó a region near the *"tl, 
..

bl penetration of this **ll region by inertia coa§tin& called alsb ,,a free flight",

This is due to the initia! ***"rrń* imparted to particles by the fluid eddies at the

edge of the turbulent co,fe (diffusion edge).

The nrentioned depo*ition models make usually us€ of the Fick's diffusion equation

nlt: -tofi, (3}

which is integrated over tlrę turbulent core with appropriate expressions for the

particle eddy Óiffusivity and the thickness of the watl region_ This approach.sugge§t§

itrat the próp". description of the particles behaviour in the core will give good

results. This, howevefi; i§ eot the case. Due to the assumption used some of the

models preclict satisfact.ori[y the deposition rate in the eddy diffusion-imPaction-re-

gime an'd others in the irnpaction Óne. None of them can be successfully used for

6oth regimes. tt is pu.p**-of this paper to present a deposition modpl which §over§

both regimcs.

|./ o^. line o{ ńannal

l

i ,,"*,,o,
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The present model is concerned with particles which have the stopping distance
s+ in excss§ of 0.15. Its basic feature is the belief that the proper description of the
behaviour of tbe particles at the diffusion edge and in the wall region is of key
impońanoe for tbe prediction tbe deposition rate. Therefore the main attention
is focusd on this re§on instead of the turbulent core, as was done in the former
models.

The analysis is restricted to deposition from fully developed turbulent llow iń
a veńical channel. The concentłation of droplćts is small enough to Deglect its effect
on turbulent fluid properties. It is assumed that once the droplet strikes the,surface
there is no rebound or reentrainnnent. Browniań motion, electrostatic, Magnus and
tbermal forccs are neglected and the process is controllęd by the particle inertia and
the intensity of fluid eddies.

The model retains the feature that the deposition is controlled by the turbulent
diffusion in the bulk llow and the inertia penetration of the wall region, Thus for the
bulk flow it is still regarded that the Fick's Law provid". a 

""iid 
description of

particle dispersion. For the wall region the depositiron rate is expressed in another
way by the relation

ą: Ptsrc, (4)

where P is &e deposition probability, uo is the initial particle velocity in the wall
direction and c is the pańicle concentration at the di{fusion, edge. This formula
reflects the particle behaviour in the wall region and ehe stochastic nature of the
phenomenon. §imultaneously it is assumed that the thickness of the wall region is
ąual to the stopping distane s. This irnplies that the diffusion edge is dependent on
particle, pipe and lluid properties. In this respect the model differs from others (e.g.

tl-ł), where usually the constant thickness is used. The evatuation of the above
relations will give the deposition coellicient &.

It has been almost generally assumed (e.g. [2,4, 5]) that the particles reaching the
diffusion edge should deposit on the wall. This is equivalent to the §tatem€nt that the
deposition probability P is equal to one. This, however, is not a realistic assumption
since at this locus a particle has equal probability to move toward the watl or back
into ńe turbulent core. Therefore in the pre§ent analysis'is assumed that P is less
than one aod is given as

, P.: PtPz, (5)

where P, is ńe probability for the pańicle to get.the velocity impulse toward the
wall, Pz is ńe probability to reach the rvall due to it. Deposition in circular channels,
is controlled by ńe radial particle velocity fluctuation uo, thus P1 = 0.5. Determina-
tion of tbe probability P, is more cornplicated, Since is has been assumed that the
particles are insen§tive to the eddies for y < y- (Fig. 2), P2 is inversely proportional
to the probabitity of particle collision with other particles duńng a *free flight". This
in turn is proportional to the stopping distane and the.pańicle concentration [8].
Tberefore tbe probabili§ P, may be expressed as a product of two functions



Deposition of Droplets in Tr^,o-Phase Dispersed Flow

Pz: ń$*lfr{ćl, (6)

In this paper the analysis is limited to ńe low droplet con€ntration and thusń(i) = l,
For the evaluation of the function/r(s+) two ca§e§ should be considered:

1, 
'If a Particle §tart§ toward the wall from a point within the laminar or bulfer

subJayer then p, is near orie, This results from a smalt disrance from the wall and the
ordered §tructure of the fluid motion in this region. Therefore it may be assumed that
for s+ ś sł Pz: t, where the characteristic vłue of the stopping Óstanoe sj is to be
raluated. The data of Liu and Agarwal [9] and Mcćoy and Hanratiy [l](FiS l) §u8gest the characteristic value to be sj = 20, since for higher vatue ofli
there b a qualitative change in $he variation of the transfer coefliciint łlu+.

2. For the particles characterized by s* > 20 the probability decreases wben the
stopping distance increases, tbus one may write the following relation

P2 : 41§* ', (7)

rkre,tbe coeflicient§ 4r and m are to be found.
The next problem in the analysis is the particle initial velocity r, as imparted by

gas velocity lluctuation at the dilfusion edge. The connection beiween ń". *"i
investigated by Tchen (Hinze [10]). The resutt of this theory is given below as

O

t ń2 l rrp\d(D
2=2-o :b. (8)8l 0: i rrp'la.

o

Thus tbe Particle initial velocity apmay be wńtten a§ the function of the gas velocity
lluctuation u, and particle inertia represented by coeffrcient b

B"of o.n the_investigatigns 
"f 

c"hr"%_;.';"{i;r, on spectral energy oismuution?
a turbulent flow.tbe coeficicnt'Ę (at ńe channel axis) was calculaied in [8], in the
§ame way a§ wa§ done in [l2]. Tbe rcsult is shown in Fig. 3. The paper óŃamie
and ueda [l3] shows ńat the eoeffrcicnt sisa,lmost eons=tant in tńełurbulint core
and falls down rapidly in ihe wall region, It may be therefore well described by tbe
power law relation

b =b,(2y/djn (t0)
whict is often used in ńe boundary layer ńeory for the approximate calculations
[t4]. The use of it is also justifred in the libht ofthe foreg9i.n€ assunptig,n ńat the
behaviour of the particles in ńe butk tlow ii orńinor.ń;;;;* for ńe deposition
rate. According to Hinze [l0] the ineńia coeflicient b may tie u,ritten, for ihe case
Qp >> €9 aśl

b=
,oftn,ft

(l l)
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where tł i§ the Lagrangian integrat time3c.ale. It is mainly a function of the Reynolds

number. with tbe "iJ;i 
iig. fthe coefficient ó. may be tbrs approximated as

br=

ryhere dsa:50,10-6 m,

(12)

f,"to§ Fig 3. Batio of oddy diffusivitics of watcr

droplet ad ril at atnospbcric pit§§ulę

15

04

§
ą
a

d

0L
0 12915

Duct Reynolds number Re

A gas velocity lluctuatioD lr, in the turbulent flow was ibvcstigated amon8 otber§

by Laufer (Hinze rro:l "iaŁa_ln [15]. According io ń9m the ratio tlr|u, : R
varies rapidly in tbe *ai,"g* taking thJvdue R = 9.] 

* r-. : 20. §ubsequęntly R

fis€s §li8btly showing a oertain maximlm and tben falts again to about 0,7 ou the

chlnręl axis. Becau; §r; turbulent difiusivity coetfrcicnt of the gas varies near ńe

*ill as [10]
8!: 1r*'t
Ve

with tbe e8poncnt nt = ż,then a simitar relation for tb ratio R may be po§tulatod

f, : ayt'l O4}

With tbc @!dit!on B - 0.? tt y+ - 20 one obtains

{13)



Deposition of Droplets'in Two-Phasc Dispersed Flow

R = 0.00175 }*2 (l5)
for y* ś 20. For.{he range y* > 20 the constant value R :0.7 is assumed.

In order to determine the deposition rate ą the droplets concenti-aii-oń should be
known at one §topping distance from the wall. Beal [3] showed that in the turbulent
core, i.e. for s ś y < dJL, the concentration and velocity distributions are similar,

(16)

Hc also pointed out that the power law relation of the droplet concentration is

ąuivalent to tbe linear mass llux distribution rn, in this region, which has beęn
freqwntly used (e.g. [5]). For tbe.above distńbution the ratio of the average -'to
- maximum concentration in the channel is given by [1a]

ć 2n2

ą:ffi:8, (l7)

Taking into account ąs {4) to (t7) with the condition that y: § one obtains

ł=ł: (?)''

PRu* /2s\r.5/i',: , l.Ęl JĘe
from which at n : 7 the {eposition coefflcient is given by the relations:

ln: ro.rr.10-as* 'ff)""" J'
for s+ ś 20 and

JĘ

*:o.ł(ł)"'"*6. (21)

(18)

(l9)

(20)ł: or-',(ł-)o,"o

for s* > 20. The coefficient D ąuals D :0.SatRlB.
If one as§ume§ ,P2 

= l then according to the model m :0 and D : 0.43. Thus
equation (20) changes to the form

The arcuracy of the proposed theory will be tested below by compdńng thę calcula-
ted results with th existing expeńmental data.

3. Corrparison with experimente.l.ilata .

An extensive review of depositing data has been reported by McCoy and Han-
ratty [1]. Basing on it the authors suggested the correlition

k

; :3.25,10-as+' (zz)

for the eddy diffusion-impactlon regme. This relationship shows the best fit to.alt the



{0 M. Trcla

I
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B}§b
§
6oą
e,a

1+ ***

k/./"- !25Ą§'3'2

Fig 4 Thcoretical snd cxperimentat "",* ", 

j"lT,fi"'ffirrl 
vcrtical pipcs

data iD this regime. Fig. 4 presents ńe comparison bctwecn tbe proposed theory, ńe
above correlation and the data of Liu and Agarwal [9j tnown as the most rcliabte
one. It is seen that the prcdicted values ot klu. after ą. (l9) almost coincide wiń
rhose after ą.(22l. A very good agreement with Liu and Agarwal data is also noted.
The last one indicate that for s+ > 20 ńe exponent n should be equal to about -0,1 which gives D : 0.579. Thus eq. (2) changes to the form

4 : 0-579s- -",,(')",", łb,, ę3)

For larger particles the theory may bc compared with the data of Cousins and
Hewitt [16] who performed a mea§urement of water droplet dęosition on two
vertical tubes. They investigated the foltowing range of 1nrametcrs: the Reynolds
number Re : 37 500 to 56 500, the §auter mean diametsr d32: _40 to 79 pm for the
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'3ł
.ll
o
u€
G,
C)

§o
,9
.)
Cro

trl

l0 , 1a" 0' $|
Stęplng dislance s'

Fig.5. Theoretical and experimentat values ofdeposition coefficient in vertical pipes

tub€ d,:9.35 mrn-atrd Re: 150000 to 200000, dgz:70 to l10 um for the
tub€ dl : 31.8 mm. McCoy and Hanratty [t] pre§ented the Cousin§ and Hewitt
results in tlre forrn of the deposition coeflicient getting kfuł = 0.095 for the smaller
lurb€ and kfu* - 0.068 for the larger one. Since the effect of the Reynolds nurnber i§

relatively small, the average Reynolds number were taken in the comparison with the

theory. The results are shown in Fig. 5. The 
'caleulated 

values of the transfer
coelficient kfu* are practically con§tant within the range 20< s+ <l03 and fall
afterwards. Withirr the range designated in Fig. 5 as Rl and corresponding to the

Cousins and Hewitt data on the smaller tube the mean value kfuł = 0.105. For the

less extensive set of mea§urements'of deposition rates on tbe larger tube {Rż) the

calculated vaiue is ilu* =0.046, It is seen that the agręement is quite §atisfactory.
A further comparison was done with the data of Farmer et al. [l7] obtained on

a l2.7 mm vertical tube. They were recalculated by McCoy and FIanratty [1] and
expressed in the form

k A,,

ó:;T;7l, Q4l

The be§t'fitting value of tbe coefficient c, was found to be 14. In this case the
dcposition coefficient after Farmer retains the same trend-but takes the values about
l00% higher than thb predicted ones. This is pariiaily due to the undeveloped
Croplet concentration,profrrle dpring the experimental investigation.

In order to find the influence of the probability P, on the coeffrcient k/uł its
;alculated values after eq. (21) are plotted in Fig. 5. It is se€n that they are
iinghrly higher than those predected by eq. (23). This is well understood in view of the
prcsented theory.

azF
hlu'-0.a?łI?slĄ) YĘ

klu' u lsr'ht./7

31§x a'', t?Sl

Q,7 r$', Nl
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. . FinallY Fig. : shows the values of thę trąnsfer coefrlcient plotted after.formula
kf u* :0.17, recommended for practical use by McCoy and Hanratty [l]. It agfees
well with the preseńted model within the range 20 <;" < 2000. rne mia]a *"-y u.
also aPPlicable for the prediction of the deposition rate at the burnout conditńns.
This is shown in the paper [l8].

4. Conctusions

DePosition of large particles (s+ > 0.15) is controlled by two processes: a) tur,
bulent di{Iusion in the core region, !) inertial projection u.ńr, the wall ,.giń rń
model is ProPosed in which both of these proce§se§ are particle-inertia depindent. It
takes also into account the stochastic nature of the phenomenon. This *Óa.t is very
sinrPle, showing simultaneously a satisfactory agree;ent with experimental data for
a very wide _range of values of the §topplng distanoe s+. It may bc therefore
recommendd fp, practical use when a two-phase dispersed flow is cónsidered.
ReivqJ rhe Edilo, ąa F-cbrury l9tl4.

,i
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§eparacja kropel w przeplywie dyspersyjnym

. -§treszczenie

W pracy tozvt,ażano zagadnienie separacji kropel (cąstek) z turbulentnego przepływu gazu na ścianki
kanału. lntensywność tego zjawiska zależy od beŹwladności kropel, którą reprezentuje wietkość zwana
drogą hamowania s+. Dotyczy to §zcz€góInie kropel, dla których s" > Ot5, a więc kropel występujących
najczg§ciej w przepływie dwufazowym o struktune dyspersyjnej (mglowej). Dla,takich kropel przedsta-
wiono w pracy ńodet separacji. Opiera się on na §postrzeżęniu,żs proces separacji kontrolowany jest
przee turbulentną dyfuzję cząstek w jądrze przeplywu, inercyjną penetraqię cząstek przr;z obszat przylegly
do ścianki. GęstoŚĆ strumienia cząstek w jądrze pnepływu opisuje równanie (3), natomiast w ob§zarze
przyściennym zależność (4), która uwzględnia stochastyczny charakter zjawiska" Na podstawie teorii
przepĘwów turbulentnych obliczono prędkość początkową kropel orez ich koncentrację w obszarze przy-
ścicnnym. Doprowadzilo to w konsekwencji do zależności (l9) i (23), określających wielkość współ-
czynnika separacji dla'kropel.spelniających warunek s+ > 0,15.

Model ten skonfrontowano z badaniami ekspe,ryńentalnymi dla szeregu przypadków, uzyskując za-
dowalającą zgodność.

. Cenapałrłfl KąneJIb B A}rcnepcrronnoM Teqeilrtn

Pe3loMe

B Pir6orc PaccMoTpex Bonpoc cenapallrłil xanełb (racrłru) rłr ryp6yłenrHoro Teqegfiff ra3a Ha
greHli}r xaHaJa. I'lxrencnnrlocTb 3Tofo rtB.nenilfl 3ar}tcłT oT HHept.1lłfi KaneIb, xoTopyto onpeAenreT
b€JHqłHa Ha3HBaeMa' nyTeM TopMoxeHrłc S*.3ro orHocurcl oco6exxo r xanłf,Ml AJtf, KoTopbtx
S* > 0,I5. T.e. Kane;rb qaule Bcero BblcTynapqnx B AByxóa3HoM,reqeHlłlł, xapa*rep'3ytorq'Mcs At{c-
nePcuonHofi (l'Yrrłarrrroń.} cT pyxlypoń, Ąłr raxnx KancJIb B pa6ore npeAcTaBJte1a MoAeJIb cenapa11łH,
OcHosHraercg oHa Ha gadłpAcHrtx. 9To npoqecc cenapaux}l KoHTponrłpyeTcn ryp6yłenrxoi
łn4lÓYgrłcfi YaL.]'Hq rr fi,ĘPc TerleHilr, rłHepĘ|oHHl,|M npo""*nou""ra* qu.-"u"ap"33oxycMexHytorcTeHxe.
Fl'rOrnOCTS nOTOlta 'lłCTłr( B 

',ltPC 
TeqeHX' O]Ir4c,1,1BileTc' ypaBHeHrreM (3), a a npxcrexnofi 3oHe 3a_

BHcI{MocTL}o (4},xoTopafl yquTHBaeTcToxactnqecxtłfi xapaxTep,BJreHrtr,Ha ocHoBe Teopfill ryp6yłeH-
rgs;.ł telclrufi Bł,r.rrcJleHbl Hayalbna, cxopocTb xaflcJlb Il l|x l(ouuexTpaqłfl B ńprcrerrnof, soHe. 9ro
lĘlrBero B nocjle,[cTBHll K 3aBilcl.{MÓctrłl (l9) u (23), orrpe4ejlrloĄxM Be.rlrrqnHy xoet}Quuuexra
ccllapaunu AJu xancJl& co6llloAarouux ycnoBxe S+ > 0,t5.

iJra ,lloAe,rr cono§T,aBJleHa c frcneprłMeHTa.JrbHbrMrł uccreAoBaxrłcMu Mn prAa cfly.raeB. Ąoctu-
rll_VTa y.qoBJleTBoprltoułafl cxoAl{tlloc.r.b.


