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MARIAN TRELA

Gdansk
Deposition of Droplets in Two-Phase Dispersed Flow*

Turbulent deposition of droplets from two-phase dispersed flow onto the smooth wall of a vertical tube
has been studied. A model is proposed which takes into account the difference between particle and eddy
diffusivities as well as the stochastic nature of the phenomenon. The theory is tested against the data
which cover a wide range of droplet size and Reynolds number. A quite satisfactory agreement has been
found in all examined cases.

Numenclature
A, A, — constant coeflicients, v — y-directional velocity fluctuation,
u, a, — constant cocflicients, y — distance from the wall,
b — ratio of eddy dilfusivities, b = ¢,/&,, y* — dimensionless distance, yt = yutfy,
B — ratio of average to maximum concentration, &, &, — particle and gas diffusivities,
B = ¢/ca S w — angular frequency,
L . -
¢ — concentration, p — viscosity,
d — diameter - t — shear stress,
D — coefficient defined in the text, v — kinematic viscosity,
E(w) — cnergy specirum function, ¢ — density.
k — mass transfer cocfficient, k = m/c, Subscripts:
m — particle mass flux, exponent, : e -
n, ny, Ny — exponents, - e
P, P,, P, — probabilitics, o (':n:iulc CEItS,
= 0 — Inital,
R — ratio, R = v, fu*, : - =
— gas,
Re — duct Reynolds number, Re = ud,/v,, » — particle (droplet),

s — stopping distance,

s — dimensionless stopping distance, s* = su*/v,,
u* — friction velocity, u* = (t,./0,)'%,

u — axial velocity,

— turbulent, tube,
w — wall,
— — mean.

i

1. Introduction

The determination of droplet (particle) deposition rates is of interest in many
technical applications such as steam generators, spray cooling and other two-phase
flow situations. A critical examination of the deposition data for wide range of

* This paper has been presented at the Colloquium EUROMECH 162 organized by the Institute of
Fluid-Flow Machinery, Polish Academy of Sciences and the Technical University Karlsruhe in 1982.
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4 M. Trela

particle size has been reported among others by McCoy and Hanratty [1]. They
have presented the dimensionless deposition coefficient (velocity) k/u* = im,/cu*
versus the dimensionless stopping distance s* (Fig. 1). The stopping distance s is
defined as a distance a particle would travel through a stagnant fluid with an initial
velocity u, under the action of a drag force alone. If the initial velocity is equal to the
friction velocity u* then the stopping distance

0, d2u*

L tEpt
s 18, (n

and its dimensionless form _
o9y % 2, ,%2
s W 0,0,d,u

s =
3
v, 18u;

@)
One may distinguish three different regimes of turbulent deposition in Fig. 1. .

For particles in submicron range, s* < 0.15 (regime I) the process is controlled by
Brownian diffusion and the major resistance to particles transport resides in the
viscous boundary layer.

However, a particle 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 rlses still further (s* > 20) the process becomes determined by

' = = r ! 1 LB o ¥ 12

o Jmpoction regime
Diffusion | Fddy diffusion - SEmeh
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Fie. I Revimes of turbulent deposition [1]



Deposition of Droplets in Two-Phase Dispersed Flow 5

the particle inertia. The particles can not attain the eddy velocity, which stops and
then decreases the deposition rate. This is the impaction regime of deposition (111
regime).

Most of the practical applications involving two-phase dispersed flow fall into II
or 111 deposition regimes. A numbor of theoretical analyses exist for prediction of the
deposition rates in these regimes e.g. [2, 3, 4, 5]. They are based on the observation
that the deposition rate is controlled by two processes (Fig. 2):

|

diffusion edge
: centre line of channel
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Fig. 2. Idealized model of particle deposition mode

a) diffusion of the particles in the turbulent core to a region near the wall,
b) penetration of this wall region by inertia coasting, called also ,,a free flight”.
This is due to the initial momentum imparted to particles by the fluid eddies at the

edge of the turbulent core (diffusion edge). :
The mentioned deposition models make usually use of the Fick’s diffusion equation

dc

| m, = -EPE, (3)
which is integrated over the turbulent core with appropriate expressions for the
particle eddy diffusivity and the thickness of the wall region. This approach suggests
that the proper description of the particles behaviour in the core will give good
results. This, however, is not the case. Due to the assumption used some of the
models predict satisfactorily the deposition rate in the eddy diffusion-impaction. re-
gime and others in the impaction one. None of them can be successfully used for
both regimes. It is purpose of this paper to present a deposition model which covers

both regimes.
: &
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2. Analysis

The present model is concerned with particles which have the stopping distance
s* in excess of 0.15. Its basic feature is the belief that the proper description of the
behaviour of the particles at the diffusion edge and in the wall region is of key
importance for the prediction the deposition rate. Therefore the main attention
is focused on this region instead of the turbulent core, as was done in the former
models. ;

The analysis is restricted to deposition from fully developed turbulent flow in
a vertical channel. The concentration of dropléts is small enough to neglect its effect
on turbulent fluid properties. It is assumed that once the droplet strikes thesurface
there is no rebound or reentrainment. Brownian motion, electrostatic, Magnus and
thermal forces are neglected and the process is controlled 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 flow and the inertia penetration of the wall region. Thus for the
bulk flow it is still regarded that the Fick’s Law provides a valid description of
particle dispersion. For the wall region the deposition rate is expressed in another
way by the relation '

m, = Pu,c, . . @

where P is the deposition probability, v, is the initial particle velocity in the wall
direction and c is the particle concentration at the diffusion edge. This formula
reflects the particle behaviour in the wall region and the stochastic nature of the
phenomenon. Simultaneously it is assumed that the thickness of the wall region is
equal to the stopping distance s. This implies that the diffusion edge is dependent on
particle, pipe and fluid properties. In this respect the model differs from others (e.g.
[5—7]), where usually the constant thickness is used. The evaluation of the above
relations will give the deposition coefficient k.

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 statement 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 wall or back
into the turbulent core. Therefore in the present analysis is assumed that P is less
than one and is given as

P=P.P, 6

where P, is the probability for the particle to get the velocity impulse toward the
wall, P, is the probability to reach the wall due to it. Deposition in circular channels
. is controlled by the radial pamcle velocity fluctuation v,, thus P, = 0.5. Determina-
tion of the probability P, is more complicated. Since is has been assumed that the
particles are insensitive to the eddies for y < y,, (Fig. 2), P, is inversely proportional
to the probability of particle collision with other particles during a “free flight”. This
in turn is proportional to the stopping distance and the particle concentration [8].
Therefore the probability P, may be expressed as a product of two functions
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Py =f,(s")1>(0). ©6)
In this paper the analysis is limited to the low droplet concentration and thus f:(6)=1
For the evaluation of the function f,(s*) two cases should be considered:

1. If a particle starts toward the wall from a point within the laminar or buffer
sublayer then P, is near ore. This results from a small distance from the wall and the
ordered structure of the fluid motion in this region. Therefore it may be assumed that
fors* <s; P, =1, where the characteristic value of the stopping distance s is to be
cvaluated. The data of Liu and Agarwal [9] and McCoy and Hanratty [1]
(Fig. 1) suggest the characteristic value to be s& =~ 20, since for higher value of s*
there s a qualitative change in the variation of the transfer coefficient k/u*. "

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

Pz=a15+m, (7).
where the coefficients a, and m are to be found.
The next problem in the analysis is the particle initial velocity v, as imparted by

gas velocity fluctuation at the diffusion edge. The connection between them was
investigated by Tchen (Hinze [10]). The result of this theory is given below as

sa e ®
% JE(w)do
(4

Thus the particle initial velocity v, may be written as the function of the gas velocity
fluctuation v, and particle inertia represented by coefficient b

' v, = 0,/b. ©)
Based on the investigations of Comte-Bzllot [11] on spectral energy distribution in
a turbulent flow the coefficient b, (at the channel axis) was calculated in [8], in the
same way as was dore in [12]. The result is shown in Fig. 3. The paper of Namie
and Ueda [13] shows that the coefficient-b-is almost constant in the-turbulent core-
and falls down rapidly in the wall region. It may be therefore well described by the
power law relation

. b = b.(2y/d)'"™ (10)
which is often used in the boundary layer theory for the approximate calculations
[14]. The use of it is also justified in the light of the foregoing assumption that the
behaviour of the particles in the bulk flow is of minor importance for the deposition
rate. According to Hinze [10] the inertia coefficient b may be written, for the case
e, > e, as ' :

by — . g
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where 1, is the Lagrangian integral time scale. It is mainly 2 function of the Reynolds
number. With the aid of Fig. 3 the coefficient b, may be thus approximated as

b= . - 12)

1 dz d 0.15 o
1%wlpﬂgg mmﬂ
18 %y, dso ‘

where dyg = 50-10"° m.
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0 1 2 3 4 s 6x0° Fig 3. Ratio of eddy diffusivities of water
Duct Reynolds number Re droplets and air at atmospheric pressure

A gas velocity fluctuation v, in the turbulent flow was investigated among others
by Laufer (Hinze [10]) and Lawn [15]. According to them the ratio v,/u* =R
varies rapidly in the wall region taking the value R ~ 0.7 at y* = 20. Subsequently R
rises slightly showing a certain maximum and then falls again to about 0.7 on the
channel axis. Because the turbulent diffusivity coefficient of the gas varies near the
wall as [10]

- Ayt - (13)

V‘ -
with the exponent n, = 2, then a similar relation for the ratio R may be postulated
‘ R=ay*™ - (14)

With the condition R = 0.7 at y* = 20 one obtains
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R = 000175 y*? (15)
for y* < 20. For-the range y* > 20 the constant value R = 0.7 is assumed. -
In order to determine the deposition rate m, the droplets concentration should be
known at one stopping distance from the wall. Beal [3] showed that in the turbulent
core, i.e. for s < y < d,/2, the concentration and velocity distributions are similar,

,\1/n
r£=i=(_2l) . (16)
c U d, ‘ v
He also pointed out that the power law relation of the droplet concentration is
equivalent to the linear mass flux distribution m, in this region, which has been

frequently used (e.g. [5]). For the above distribution the ratio of the average — to
— maximum concentration it the channel is given by [14]

2
e o a7
¢ (m+1)(2n+1)
Taking into account eqs (4) to (17) with the condition that y = s one obtains
PRu* (2s 1.5/m
- ot ¢ 18
from which at n = 7 the deposition coefficient is given by the relations:

—0m10-4 (2} B (19)
4 :

o

for s* < 20 and ,
k e 2s 0.214 -
— / 20
u* : (dr) bc . ( )
for s* > 20. The coefficient D equals D = 0.5a,R/B.

If one assumes P, = 1 then according to the model m = 0 and D = 0.43. Thus
equation (20) changes to the form

0.214
. 043(25) b @1
u* d,

The accuracy of the proposed theory will be tested below by comparing the calcula-
ted results with tlre existing experimental data.

3. Comparison with experimentel.data -

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

K 325.1045+2 22)

for the eddy diffusion-impaction regime. This relétionship shows the best fit to all the
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data in this regime. Fig. 4 presents the comparison between the proposed theory, the
above correlation and the data of Liu and Agarwal [9] known as the most reliable
one. It is seen that the predicted values of k/u* after eq. (19) almost coincide with
those after eq. (22). A very good agreem‘ent/ with Liu and Agarwal data is also noted.
The last one indicate that for s* > 20 the exponent m should be equal to about —
0.1 which gives D = 0.579. Thus eq. (2) changes to the form

0214
= 0.579s* °"(%f-) Jbe (23)

For larger particles the theory may be compared with the data of Cousins and
Hewitt [16] who performed a measurement of water droplet deposition on two
vertical tubes. They investigated the following range of parameters: the Reynolds
number Re = 37 500 to 56 500, the Sauter mean diameter d;; = 40 to 79 pm for the
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Fig. 5. Theoretical and experimental values of deposition coefficient in vertical pipes

tube d, =9.35 mm and Re = 150000 to 200000, d5, =70 to 110 um for the
tube d, = 31.8 mm. McCoy and Hanratty [1] presented the Cousins and Hewitt
results in the form of the deposition coefficient getting k/u* =~ 0.095 for the smaller
turbe and k/u* ~ 0.068 for the larger one. Since the effect of the Reynolds number is
relatively small, the average Reynolds number were taken in the comparison with the
theory. The results are shown in Fig. 5. The calculated values of the transfer
coefficient k/u* are practically constant within the range 20 < s* <10° and fall
afterwards. Within the range designated in Fig. 5 as R1 and corresponding to the

Cousins and Hewitt data on the smaller tube the mean value E/u* ~ 0.105. For the
less extensive set of measurements of deposition rates on the larger tube (R2) the

calculated value is k/u® ~ 0.046. It is seen that the agreement is quite satisfactory.

A further comparison was done with the data of Farmer et al. [17] obtained on
a2 12.7 mm vertical tube. They were recalculated by McCoy and Hanratty [1] and
expressed in the form

u* = B 11/2 & (24)

The best fitting value of the coefficient 4, was found to be 14. In this case the
deposition coefficient after Farmer retains the same trend but takes the values about
100% higher than the predicted ones. This is partially due to the undeveloped
droplet concentration:profile during the experimental investigation.

In order to find the influence of the probability P, on the coefficient k/u* its
calculated values after eq. (21) are plotted in Fig. 5. It is seen that they are

slightly higher than those predected by eq. (23). This is well understood in view of the
presented theory. ‘
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Finally Fig. 5 shows the values of the transfer coefficient piotted after formula
k/u* = 0.17, recommended for practical use by McCoy and Hanratty [1]. It agrees
well with the presented model within the range 20 <s™ < 2000. The model may be
also applicable for the prediction of the deposition rate at the burnout conditions.
This is shown in the paper [18]. -

4. Conclusions

Deposition of large particles (s* > 0.15) is controlled by two processes: a) tur-
bulent diffusion in the core region, b) inertial projection across the wall region, The
model is proposed in which both of these processes are particle-inertia dependent. It
takes also into account the stochastic nature of the phenomenon. This model is very
simple, showing simultaneously a satisfactory agreement with experimental data for

a very wide range of values of the stopping distance s*. It may be therefore
recommended for practical use when a two-phase dispersed flow is considered.
Received the Editor at February 1984, =

i

References

[1] D. D. Nchoy, T. L Hanratty, Rate of deposition of droplet in annular two-phase flow. Int,
J. Multiphase Flow 3, 319-331, 1977.

[2] S.K. Friedlander, H. F. Johnstone, Deposilion of suspending particles from turbulent gas streams.
Ind. Engng. Chem. 49, 1151—1156, 1957

[3] S. K. Beal, Deposition of particles in turbulent flow on channel or pipe walls. Nucl. Sci. Engng 40,
1—11, 1970.

[4] L.J. Forney, L. A. Spielman, Deposition of coarse aerosols from turbulent Jlow. Aerosol Science S,
257271, 1974.

[5] E. N. Ganic, K. Mastanaiah, Investigation of droplet deposition from a turbulent gas stream. Int.
J. Multiphase Flow 7, 401—422, 1981, =

6] P. Hutchinson, G. F. Hewitt, A. E. Dukler, Deposition of liquid or solid dispersions from turbulent
gas streams, a stochastic model. Chem. Engng. Sci. 26, 419—439, 1971.

{71 M. W. Reeks, G. Skyrme, The dependence of particle deposition velocity on particle inertia in
turbulent pipe flow. J. Aerosol Sci. 7, 485—495, 1976.

(8] M. Trela, Deposition of droplets jrom turbulent stream. Wirme und Stoffiibertragung 16, 161—168,
1982.

[3] Y. H. Liy, J. K. Agarwal, Experimental observation of aerosol deposition in turbulent flow. Aerosol
Sci. 5, 145—155, 1974.

[10] L O. Hinze, Turbulence. McGraw Hill Co, New York, 1975.

[11] G. Comte-Bellot, Ecoulement turbulent entre deux parois paralleles. Pub. Sci. et Tech. du Ministre
del’Air, No 418, 1965. :

[12] P. O. Rouhiainen, J. W. Stachiewicz, On the deposition of small particles from turbulent streams.

rans. ASME J. Heat Transfer 92, 169—177, 1970. :

[13] S Namie, T. Ueda, Droplet transfer in two-phase annular mist flow. Bull. ISME 16, 752—764,
1973.

[14] H Schlichting, Boundary layer theory. McGraw Hill Co., New York, 1955.

[15] C. & Lawn, The determination of the rate of dissipation in turbulent pipe flow. J. Fluid Mechanics 48,
477506, 1971.

T TN



Deposition of Droplets in Two-Phase Dispersed Flow 13

[16] L. B. Cousins, G. F. Hewitt, Liquid phase mass transfer in annular two-phase ﬂow droplet deposition
and liquid entrainment. AERE R 5657, 1968.

[17] R. Farmer, P. Griffith, W. M. Rohsenow, Liquid droplet deposition in two-phase flow. Trans.
ASME J. Heat Transfer 92, 587—594, 1970.

[18] M. Trela, Heat and mass transfer in two-phase dispersed flow (m Polish). Zeszyty Naukowe IMP
PAN, No 154/1069/83.

Separacja krépel w przeplywie dyspersyjnym

‘Streszczenie

W pracy rozwazano zagadnienie separacji kropel (czastek) z turbulentnego przeptywu gazu na Scianki
kanatu. Intensywnos¢ tego zjawiska zalezy od bezwladnosci kropel, ktdra reprezentuje wielko$é zwana
droga hamowania s*. Dotyczy to szczegolnie kropel, dla ktérych s* > 0,15, a wiec kropel wystepujacych
najczesciej w przeplywie dwufazowym o strukturze dyspersyjnej (mglowej). Dla takich kropel przedsta-
wiono w pracy model separacji. Opiera si¢ on na spostrzezeniu, Ze proces separacji kontrolowany jest
przez turbulentna dyfuzje czastek w jadrze przeplywu, inercyjna penetracje czgstek przez obszar przylegly -
do scianki. Gestos¢ strumienia czastek w jadrze przeplywu opisuje rownanie (3), natomiast w obszarze
przysciennym zaleznos¢ (4), ktora uwzglednia stochastyczny charakter zjawiska. Na podstawie teorii
przeplywow turbulentnych obliczono predkosé poczatkowa kropel oraz ich koncentracje w obszarze przy-
sciennym. Doprowadzito to w konsekwencji do uleznoscn (19) i (23), okreslajacych wnelkosc wspot-
czynnika separacji dla kropel spelniajacych warunek s* > 0,15.

Model ten skonfrontowano z badaniami eksperymentalnymi dla szeregu przypadkdw, uzyskujac za-
dowalajacy zgodnosc.

’

Cenapaunu KaleJib B JARCNECPCHOHHOM TeveHNHH
Pesiome

B pabote paccMOTpen BONpOC cemapauuu kanenb (4acTHi) u3 TypOyJIeHTHOrO TeueHus rasa Ha
CTCHKM KdHAMa. VIHTCHCHBHOCTL OTOTO SBJICHMS 3ABHCHT OT MHEDUMM KaMEJib, KOTODYIO ONpEAessicT
SCIMUMHA HA3bIBACMAR TIYTEM TOPMOXEHMS S*. DTO OTHOCHTCS OCOBEHHO K KanisM, IS KOTOpBIX
ST > 0,15, T.e. Kunenb Yalle BCEro BHICTYNAIOWUX B ABYX(A3HOM TEYEHHH, XAPAKTEPUIYIOIMMCS JHC-
MEPCUOHHOH (TYMuHHOM) CTPYKTYPOH. JNsi TaKHX Kanesib B paBOTe NPENCTABMEHA MO/CIb CENAPALMH.
OcHoBuiBacTC OHa Ha HAGIOACHMM, 4TO TpoilECC Cenapauni  KOHTPOJMpyeTcs TypOyneHTHOH
Audidy3uei YACTHI 1 SAPe TeueHns, MHEPUHOHHLIM HPOHMKHOBEHWEM HACTHIL YEPE3 30HY CMEXHYIO K CTEHKE.
[L10THOCTL MOTOKA YACTHIL B SAPC TEHCHMS OMMCLIBAETCH ypasHeHnem (3), 4 B NPHCTEHHOH 30He 3a-
BHCHMOCTBIO (4), KOTODAS yMUTBIBACT CTOXACTUYECKHI XADAKTEp ABJACHHA: Ha OCHOBE TeOopHH TypOyJeH-
THBIX TCYCHUH BLIMMCIICHBI HAMAJIbHAN CKOPOCTH KANEb M MX KOHUCHTPANMA B MPHCTEHHON 30He. DTO
IIPUBC/IO B MNOCHCACTBUM K 3aBucumocTsM (19) u (23), onpenenstoum Bennunny koadduiucHTa
Cerapalny Aas kaneiib cobionarouwmx ycnosue ST > 0,15,

T4 MOZEb COMOCTABJIEHA C IKCTEPUMEHTASIBHBIMA HCCIENOBAHHAMH LA piaa ciiy4acs. JHoctu-
FHYTY YNOBJIETBOPHIOLIAS CXOAUMOCTD. ;



