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Abstract—An analysis of annular-dispersed flow is presented in which the flow is modelled as a two-
dimensional film and a one-dimensional, droplet laden gas core. The focus of the analysis is droplet
interchange between core and film and its associated momentum transfer. The intensity of droplet deposition
and entrainment governs the axial velocity of each drop size and allows calculation of a maximum stable
drop diameter, in good agreement with Wicks’ measurements.

An exponential radial void distribution together with a modified universal velocity profile through the
film allow calculation of mean and film crest thicknesses from a given film flow rate. These agree well with
Harwell data as does the calculated film crest velocity. Interfacial friction factors due solely to profile drag
are also calculated and found to agree approximately with Wallis’ values for flows with negligible entrain-

ment.

NOMENCLATURE D, droplet diameter; D, = maximum
skewness parameter, equation (21) drop diameter [ft];
[dimensionless]; D*, = D/D ., [dimensionless];
cross-sectional area of channel, = E, transverse entrainment flux, dE =
7R? for a tube [ft*]; for droplets of diameter D to (D +
core cross-section, = n(R — T)? for AD) [1b/fts];

a tube [ft*]; £ friction factor, f, = interface, equa-
thickness of liquid base layer, B* = tion (35) [dimensionless];

Bu*p, [u, [ft]; F,, drag force on all droplets per ft> of
constant, = 0-4, equation (10) [di- core [1bf/ft*];

mensionless]; Z, drag force on one droplet, equation
constant, = 63-5, equation (10) [di- (8) [1bf];

mensionless]; g, gravitational acceleration, = 322
drag coefficient for a sphere [di- [ft/s?];

mensionless]; 20> conversion constant, = 322 [Ib ft/
constant, equation (34) [dimen- Ibfs?];

sional]; H, distance from wall to film crest H* =
volume fraction of spray of diameter Hu*p, /u, [ft];

D to (D + AD), in Lagrangian co- k, mass transfer coefficient for droplets
ordinates [dimensionless]; of size D to (D + AD) [ft/s];

as above but in Eulerian coordinates k, mass transfer coefficient averaged

[dimensionless];
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over all drop sizes [ft/s];
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kg, sand roughness height [ft];

M, transverse deposition flux, dM = for
droplets of size D to (D + AD) [Ib/
ft3s];

n, constant, = 0-8, equation (10) [di-
mensionless | ;

P, perimeter, = 2zR for a tube; p; for
the core, = 2n(R — T)foratube[ft];

P, pressure [1bf/ft? abs];

q; coefficients, equation (20) [dimen-
sionless];

r, radius [ft];

R, hydraulic radius, R, = hydraulic
radius of core = (R — H) for a tube
[ft];

Re, Reynolds’ number, Re, = 4W;/py,,
Reg = superficial gas Re (based on
ii; and R) [dimensionless];

T, mean film thickness, T* = Tu*p,/
p [Ht];

u, velocity, u;, = of droplets size D to
(D + AD) [ft/s];

i, average velocity based on area occu-
pied by the phase in question [ft/s];

i, superficial gas velocity, W;/(psA)
[ft/s];

u*, friction velocity, = \/t,g./p, [ft/s];

ut, = u/u* [dimensionless];

ug, = /godP/dp., the sonic velocity in
the core region [ft/s];

U*, relative velocity [dimensionless];

v, refer to dv;
w, flow rate [1b/s or Ib/h];

We,, critical Weber number [dimension-
less];

Vs coordinate normal to wall y* =
yu*py/py [ft];

z, axial coordinate [ft].

Greek letters

a, local void fraction, a, = core average
[ft® gas/ft* of channel];

&, cross-sectional average void frac-
tion;

B, constant, = 5-5;
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d, size distribution parameter, equation
(21) [dimensionless];

A, increment;

6, = 7/2 for upflow;

U, dynamic viscosity [1b/ft s];

0, specific weight [1b/ft*];

o, surface tension [Ibf/ft];

T, shear stress [1bf/ft*];

1 von Karman constant, = 04 [di-
mensionless].

Subscripts (unless otherwise specified among the
main symbols)

core;

droplets;

film;

gas;

aty = H;

at film—core interface;
liquid;

maximum;

aty=T;

aty = 0.

ampe

=

ENRB I
o
k>

INTRODUCTION

THIS PAPER presents a model of the ‘annular-
dispersed’ flow regime, commonly observed in
cocurrent gas-liquid systems, and of practical
importance in boiling water reactors. Droplet
interchange between film and core is the focus of
the analysis which leads to equations for droplet
slip velocity and a maximum stable drop dia-
meter—neither of which could be predicted from
previous theories.

Of the several analyses proposed in the litera-
ture the more recent ones include tiquid entrain-
ment [1-3, 5, 6] while others, especially the
earlier ones, do not. Levy [1] and Wallis [5]
proposed annular-dispersed flow models which
have a two-dimensional, all-liquid film and a
one-dimensional core. They lumped entrained
liquid with the gas into a pseudo-fluid travelling
at gas velocity. Wallis pointed out [4] that his
interfacial friction factor and Levy’s dimension-
less correlating function are similar. Both are



A DROPLET INTERCHANGE MODEL

empirical inputs required to correlate the
parameters Wy, T, (—dP/dz) and 4.

Biasi et al. [3] introduced

(i) a linear void profile through the film, and

(i) a two-dimensional gas core.

They calculated the velocity of the entrained
liquid at the expense of an additional input for
which they chose @. Since & is usually one of the
unknowns, requiring it as input detracts from the
usefulness of their model. Nishikawa et al. [2]
described the film and core in much greater
detail than any of the other investigators but
found that many of the input parameters such as
mean roll wave volume and wave velocity are
unknown. Pogson et al. [6] obtained an empirical
correlation of film thickness in terms of dimen-
sionless flow and property parameters and then
used single phase diffusivities to obtain a film
velocity profile and hence film flow rate. Since
they were interested only in film behaviour, they
did not specify how to convert calculated T, W,
and t,, into (dP/dz) and &.

The relationships between input and output of
the various annular-dispersed models (for given
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Fi16. 1. Annular-dispersed flow model.

Correlation Input

Output

Levy [1] (—dP/dz), dg/up = 1-0
Wallis [5) Wy, tigfitp = 10
Biasi et al. [3] (—dP/dz), &

Nishikawa et al. [2] (—dP/dz), Wy, k, B, etc.

We, T, &

(—dP/d2), T, &

W, H, tig/ii, #+ 10

Base film flow rate, roll wave flow rate, etc.

overall flow rates, fluid properties and tube
diameter) are summarized below :

DROPLET INTERCHANGE MODEL
In our model, the flow is divided into a one-
dimensional, droplet-laden gas core and a two-
dimensional film, as illustrated in Fig. 1(a). In
comparison to the above models, ours requires
W, and k as input and yields (—dP/dz), &, i,
up, T, H, D, etc. as output.

Film analysis
To relate film thickness, film flow rate and
interface velocity, void and velocity profiles

through the film are required. We made three
main assumptions and supported them with
experimental evidence where possible.

(1) A continuous liquid base layer of thickness
B, in contact with the wall, supports an
intermittent layer of thickness (H-B).

Figure 2(a) shows measured base layer thick-
nesses of five investigators [2, 7-10]. They
observed that gas velocity and not liquid flow
rate has the dominant influence on B. Their
results cluster in a band which can be empirically
correlated by

B

7 = 105 x 10°Re; ™", (1)
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FiG. 2. Base film thickness and void profile data.

The data of Hanratty and Woodmansee [10] fall
above this band probably because the peak in
their velocity profile was distorted towards the
smooth ceiling wall of the duct so that the
characteristic length is greater than the channel
half-height R.

(2) The local void fraction is zero in the base
layer but increases exponentially to core
void fraction at y = H, as illustrated in
Fig. 1(c).
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Hewitt et al. [7] and others observed that the
needle probe indicated less frequent contact with
liquid as y increased. This fact is approximated
by

a=0 for0<y<B

y—B

l-w)=(1—-0)"8 forB<y<H. (2

(When all liquid is in the film, «, = 0. To obtain a
finite profile, an arbitrary limit is imposed by
specifying o, < 0:9999.) Figure 2(b) shows data
of Adorni et al. [11] who observed that (1 — )
drops exponentially near the wall and is nearly
independent of radius in the core, as assumed in
our model.

(3) The liquid velocity in the film follows the
‘universal profile’ from the wall to mean
thickness T. From T to H, the profile is
linear, as illustrated in Fig. 1(b). Wall
curvature is neglected.

Since there are no measurements applicable to
annular-dispersed flow, all previous investiga-
tors assumed either a velocity profile, diffusivity
or friction factor based on single phase flows.
The present assumption is a compromise be-
tween ‘double’ and ‘single’ universal profiles,
first suggested by Anderson and Mantzouranis
[12]. We agree with their suggestion that the
real profile lies between these two because the
free liquid surface is not damped to the same
extent as one in contact with a solid boundary.
There are no direct data which could be used to
support this hypothesis, but McPherson’s
measurements [13] show conclusively that, in
horizontal shear flow without entrainment, the
single universal profile underestimates film
velocities.

We chose Spalding’s expression [14] for the

universal profile in the region 0 < y* < T*
because it is continuous in y~,

+

yT=u" + CXP(—XB)[CXP(XW) -1 —qu”
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At large y*,
1
ut >~ ;ln vyt + B,

therefore y = 04 and § = 5-5 to agree with von
Karman’s turbulent profile. The validity of this
representation is discussed at the end of this
paper.

Aty* = T7,the velocity and velocity gradient
were matched to a linear profile, so that for
T <y* < H',

+
u+=u;“-I-(y*—T*)'Zdu+ ] 4
dy™ ,eope

The flow rate in the disturbed film can now be
obtained by integration,

114 + T+
—£ =JB utdy”* +J (1 —outdy”
puy 0 B+

H+
+J‘T* 1 —autdy™. (5

The first and third integrals can be evaluated
analytically, but a numerical integration is
required for the second.

Finally, we defined a mean film thickness T
such that an all-liquid, smooth film having a
universal velocity profile has the same flow rate
as the disturbed film,

T+
o[y ©
PiL 0
where u™ and y* are related by equation (3).
Equations (1-6) provide sufficient relations to
solve for B*, T, H* and their corresponding
velocities, by iteration, for given Wy, Reg, 7,, and
o.. The next section provides relations for o, and
other parameters.

Core analysis

Photographic and other studies, performed at
several laboratories, indicate that there is con-
tinual interchange of liquid, by deposition and
entrainment, between the fast-moving core and
the slow-moving film. Therefore, in a fully
developed flow, the entrained liquid must—on

the average—travel slower than the gas and thus
be always in a state of acceleration. This concept
departs from previous analyses and provides
equations relating drop size and drop velocity to
known parameters.

We assumed that the entrained liquid is a
cloud of spherical droplets of various size,
travelling at different axial velocities, depending
on their size, in an infinite, one-dimensional,
turbulent gas stream. The number of droplets
per unit core volume, dN, of diameter D to
(D + AD) is given by
6(1

61 — o) dv (7

dN =
D3

and the drag force on dN is

dF, = #dN
where
1 {nD?
7= | CD@(EG ~ up)*. @)
21 4 go

The drag force per unit core volume is then

! CD(aG — uD)Z dU (9)
0 D

Karnis et al. [14] reviewed the literature on drag
coefficients for accelerating particles and found
that ¢, values obtained by some researchers fell
below the steady state curve while those obtained
by others fell above. Therefore, we chose the
steady state drag coefficient and approximated it
by the relation

Fp=3(1—-a)2¢
go

cp = ¢o(l + c1Rep") (10)

where
Re;, = pglig — up)/ug

and for 0-5 < Re; < 10°, approximate values of
the constants are

Co = 04, n = 08.

Another relation for F, can be obtained from
a momentum balance on the droplet cloud in
fully developed flow. The forces under considera-
tion are:

¢, = 635,
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Buoyancy

1
= — £|:J. (1 —a)p, — pG)vaAch sinf
8ol Yo

Gas drag = FpA.dz

E
Entrainment = [f u,,dE:l pdz/g,

0
M
Deposition = — [f uDdM}pidz/g0
0
By definition, E = M, hence

Fp=5 (1= a)py — p)sin f do

8o

gORJ (up — u)dM. (1)

To continue with the analysis, we assumed that
the size spectrum of droplets leaving the film by
entrainment and entering the film by deposition
is identical to that of the droplets in the core.
Under this assumption, the deposition flux of
droplets of size D to (D + AD)is

dM = p {1 — o )kdo. (12)

The mass transfer coefficient k is not normally
known, but an average k over all drop sizes has
been measured by, for example, Cousins and
Hewitt [16]. They defined

M = kpWp/Wg (13)
from which
kPG
dM = W, 2 dW),. (14)

Now, the continuity equations for the droplets
and the gas are

dWp = prup(l — 2, )Adv
WG = pGaG&A
so that

(15)

E. O. MOECK and J.
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In annular-dispersed flow, the factor (4.,/xA) is
very close to unity since the area available for gas
flow. &A, is about the same as the area of the
core, A,. Consequently,

k ~ E (16)

=1
&'

Equation (11) can now be rewritten as

g 1
Fp=—=p(1~- occ)j [(1 - ») sind
&o 0 L

2
+ (—Akul_) )(uD - uH)]dv. (17)
&Rl
When equations (9) and (17) are equated and
differentiated with respect to dv, the following
relation between droplet diameter D and velocity
up, is obtained,

3RypgllG ¢p 1 — Up :
8ok | D iig
8R;, sind Ps
= — 1 _ —
2kitg Pr
+ oo |% Bﬁ) (18)
Ug \ig g

The slip velocity (iig — up), implied in this equa-
tion, increases with drop diameter, so that the
dynamic gas pressure on the large droplets can
become sufficiently large to overcome the
restoring surface tension force and cause droplet
breakup. The relation between these opposing
forces is given by a critical Weber number,

. DmaxpG(aG - uD)Z

crit
8o

where We,,;, has the classical value of 13 or 22
[17].

The maximum stable drop diameter, D,,,,,, and
its velocity u,_, can now be obtained from
equations (18) and (19). In terms of velocity, this
gives

We (19)

U*4+

max

+ q qSU:;:x
- q5+n[Umax - qIU:mx + 44] =0 (20)
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where
Uber = (1 - “———lim“); 6 = (2 - 5‘1)
Ug Ug
s = 3Ryep LColls . G = gac He \"
: 8pk 7 } 2 Pcﬁa)
R;,.g sinf Pe Uy
=] - =] + {1 ==,
Ga 2kiig P Ug
ogoWe
qS — ,,,gi_( crit
Pclﬁé

and the root of interest is in the range

0< U* 1—1_'«”)-

max

<
Ug

To test the core analysis, we require measure-
ments of D, (or u,__), k and uy in addition to
the normally recorded flow rates and fluid
properties. The film crest velocity uy is expected
to be a minor factor, so that principally D,,,, and
k are required. We know of no simultaneous
measurements of these in fully developed annular-
dispersed flow. Wicks [9] obtained the most
detailed drop size spectra, while Cousins and
Hewitt [16] measured k and obtained approxi-
mate drop size distributions. Fortunately, they
found that k was independent of air velocity, tube
diameter and air pressure. Therefore, we made
the key assumption that their k also applies to
Wicks’ experiments and solved equation (20) for
Wicks’ conditions:

R, = 1/16 ft (zero film thickness)
pe = 00750, p, = 62:4 Ib/ft?
te = 1212 x 1075 1b/fts
o = 494 x 1073 1bf/ft
uy = 007 ii; (assumed)
k = 0-8 ft/s (assumed)
We_,;, = 13 (assumed).

Figure 3 compares experimental and calcu-
lated maximum drop diameters. The data are
correlated very well by the reference curve
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except at the highest water flow rates of 4000 and
5200 Ib/h. Wicks noted that liquid bridging
probably contributed to erroneously large
apparent drop sizes at those liquid rates.

To test the influence of the assumed values of
We...» k etc. on the solution, each parameter
was perturbed in turn and D, calculated. The
results are shown in Fig. 3 and are further dis-
cussed in the section “Discussion of Main
Assumptions”.

mm

y, =0~

L 7 doubled”

Symbol ¥/

Ib/h
o 500
a 1000
o 1800
v 2500
- 4000
x 5200

Maximum drop diameter,

Ol L gl

20 40 60 100

200 400 600

Air velocity, ft/s

FiG. 3. Theoretical maximum drop size, reference curve
equation (20), compared with data of Wicks [9].

To calculate the droplet drag force F, per unit
core volume a drop size spectrum is required.
The one adopted in this study was proposed by
Mugele and Evans [18]. It is called the ‘upper-
limit log normal distribution’ and is of the form:

dv' D, .0
dD  D(D,.. — D/«
aD

2
[l o

exp
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Equation (21) is one of the many spectral
distributions that could be used, but it is the only
one which takes into account the presence of a
maximum drop size. Its validity for annular two-
phase flow was conclusively demonstrated in an
exhaustive study of Wicks [9] who was able to
correlate very well his experimental measure-
ments of drop-size spectra by means of equation
(21). From his measurements the following values
of a and 6 can be obtained:

a=40, 6=0738.

We assumed that these are applicable to other
flow conditions, and used them in our model.

Although it could be argued that the numerical
constants may not be universal, no reliable
results are at present available to suggest other
values, and if such results do become available in
the future, they can easily be incorporated into
our model.

W. STACHIEWICZ

whore

1
ip = f up dv. (23)
0
This conversion can be done numerically. Figure
4 illustrates one set of calculations for air-water
upflow, run 509 of Gill et al. [19], for which

dia. = 1-25 in.
W, = 500 Ib/h

W, = 1020 Ib/h

b/h
Momentum and continuity equations
The formulations presented up to this point
could be incorporated into the continuity and
momentum equations for fully developed, in-
compressible, adiabatic flow. This would repre-

|dP/dz| = 2877 Ibf/ft>
pg = 0-1141 Ib/ft3

k = 0-8 ft/s (assumed)
max = 1034 u (calculated)

D

35 160
H %\ — 2 _
\ [ (22 A
301\ dv’ -0 140
w8 .
do0* pNI-0*WT
251 {120
UD
20 oo <
* -
33
~ — .+ Droplet velocity 2
5 s AN T 80 «
a T 3
3l = g
10F 60
05
1 1 | i : ! | w
0 ol 02 03 04 05 06 07 08 09 10
Dt D/D,

max

FiG. 4. Calculated drop size s
Run 509 of G

Before this spectrum can be applied to the
present analysis, it must be converted from
Eulerian coordinates dv’ to Lagrangian co-
ordinates dv, according to the relation
(22)

dv’ = up dv/uy,

pectra and drop velocity for
ill er al. [19].

sent the simplest case. However, a search of the
literature did not reveal any suitable data with
which to compare predictions. Therefore slowly
developing, compressible, adiabatic upflow in a
round tube will now be modelled and compared
with three sets of data.
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The following forces are considered:
(a) For the entire cross section

8

Gravity = — 2aR?dz[pg

8o

+ (1 — &) (pr — po))
Wall shear = —2nRt, dz
Pressure = —7R2dP
Acceleration =

AR SRR ]
il [0 R P (Y7 Q.
( dz) R gopL L

1 d - _ _
+ W -d’;[WGMG + WDuD + WFuF]~
(b) For the gas core
Gravity -2 nR2pg dz
8o
Interfacial shear = —27(R — T)r;dz
Pressure = —n(R — T)*dP
Dropletdrag = —Fpn(R — T)*dz
W,
Acceleration = ——2diig
8o
dp g R \?
-t F
( dz) gOpG(R = T) Tt R
+ — s
(R — T)*g, dz

(c) For the droplet cloud
Terms given in equation (11) plus

1
Acceleration = "o d(Wpiip)
0

g
Fp=—=(1—oa)pL— ps)
8o

INTERCHANGE MODEL

1
- Ed[WGﬁG + WDaD + Wpﬁp]
0

(24)

+ —gO(RZ_ T)[ LM updM — f i dE]

N 1 d(W yiip)
gom(R — T)>  dz

(26)
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(d) For the liquid film, the momentum balance is
implicit in the three equations just presented.
The continuity equations are:

W = constant, W, = W + W, = constant.

(27)
Therefore
We
_— 28
“e panR? 2
Wy
P 29)
D pL(l — O!C)TE(R — T)Z (
dWo _ _dWr _ 5 (R — TYE — M)(30)
dz dz

The average void fraction is obtained by
integration of the assumed void profile across
the tube,

. (R-B)
nR%*% = n(R — H)*x, +J 2mro dr

(R—-H)

which for a, close to unity gives

HZ
&:ac(l _E) +(H — BJ2R — H — B)/R?

H-B

o [R-B
- 2a“[R In(1 — ac)] [1 * (H iy

In slowly accelerating flows, the d/dz terms
(except pressure gradient) usually do not add
more than a few percent to the largest terms.
Furthermore, velocities 4, and i are expected
to remain very nearly constant with z, because of
compensating factors, so that only dWy/dz and
diig/dz are retained from here on. Hence equa-
tion (24) simplifies to

In(1 — ac)]-

(31

R R IR
——) = — 4+ = 1 —-afl —==
( dz) R 8o PL PL
WG % (aD - uH/Z) dWD (32)
gonR? dz gonR?  dz

where, for simplicity, iip was set equal to uy/2.
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The dii;/dz term was evaluated as follows: For
dilg _ goilg

a perfect gas
dP
dz = peu? | dz

while dW,/dz was correlated empirically. We
obtained the following equations from data for
air-water upflow in tubes of 3/8 in. dia. [20],
1/2 in. dia. [21] and 1-25 in. dia. [22],

dwy/wy) w{_._df_.]
_—d(z/R) = cwpligRep TdGR) (34)

where cpp = 279 x 1078, 544 x 107% and
1127 x 1078 s%/Ibf for the three tubes, res-
pectively. Figure 5 compares the experimental

(33)

2107 ,\
o5,
107 o ;
o 2 3/8in. tube [2Q] °
1 o (72 in.tube [21] O A
e |i/4 in.tube [22] “
A\J —
NS
Qi
SHY
T io
©
Q
B
3
[=
L
.
th(|()‘6 ¢ i e | i L et L
-5 -4 ~3 -3
o) 10 107 2xi0
d(%/up
Experimental
d(Z/R)

Fic. 5. Empirical correlation of net entrainment rate.

entrainment gradient with values calculated
from equation (34). The right hand side of that
equation was evaluated at an axial location far
from the inlet (where pressure and entrainment
gradients are constant), namely at 96, 107 and
209 in. for the three tubes, respectively.

E. O. MOECK and J. W. STACHIEWICZ

This completes the system of equations. They
were solved numerically, by iteration [23], as
follows: For given pipe radius, fluid properties,
We, Wi, We, (—dP/dz) and k, the average film
thickness T and crest velocity ug were calculated
from the film analysis. Average drop velocity &,
was obtained from the core analysis, and drag
force Fj from equation (26). Void fractions «,
and & were also obtained. Iteration on o, and T
proceeded until 7, from u* used in the film
analysis, matched 7, from equation (32). At this
point T, uy, iy, 2., & Fp, t;, etc. converged to
satisfy the momentum and continuity equations.

Analogously to single phase flow, we defined
an interfacial friction factor from the shear stress
T:

i
T,

L (35)

zlpG - 2
2*gg(“c up)

f;

which was also an output of the calculations.

COMPARISON WITH AIR-WATER DATA

We selected three sets of air-water data from
the literature and used these as input to the com-
puter program. The data are for upflow in tubes
of

(i) 3/8in.dia. Cousins et al.[20], AERE-R4926.
21 tests at W, = 751b/h were selected since at
lower liquid flows the entrained fraction was
negligible.

(i) 1/2 in. dia. Hinkle [21]. All 27 runs were
processed.

(i) 1-25 in. dia. Gill et al. [19], AERE-R3955.
41 tests, for which the frictional pressure drop
was larger than the gravitational head, were
selected.

These were chosen because

sufficient variables were measured to obtain

W and (—dP/dz) in addition to W and W,

the mass transfer coefficient k could be estima-

ted from subsequent Harwell studies,

the net entrainment gradient could be estima-

ted from equation (34).

All runs were processed with a constant k =
0-8 ft/s, based on the measurements of Cousins
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and Hewitt [16]. Application of this k to Hinkle’s
data was considered reasonable in view of the
similar experimental conditions in those two
studies.

Figure 6 shows that the calculated mean film
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thickness T agrees well with experimental values
for the 1-25 in. dia. tube. No film thicknesses were
recorded in the other experiments.

The curves in Fig. 7 are calculated values of
H/T for the 1-25in. tube. This ratio was not
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reported in [19], but in a later study, Hewitt and
Nicholls [24] obtained the average roll wave
amplitude as well as mean film thickness under
similar, but not identical, conditions. The theory
is in acceptable agreement with measurements.
Calculated film crest velocities are compared
with measured roll wave velocities in Figs. 8 and

E. O. MOECK and J. W. STACHIEWICZ

9. Hinkle’s data are predicted to within about
+ 8 per cent, Fig. 8. Gill ez al. did not measure
roll wave velocities, but, they are reported in
subsequent Harwell studies [24], [25] and in a
paper by Nedderman and Shearer [26]. Figure 9
shows acceptable agreement between calculated
curves and data obtained at similar, but not
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F16. 9. Calculated and experimental film crest velocities in a
1-25 in. dia. tube.
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FiG. 10. Calculated liquid holdup in a 1-25 in. dia. tube
compared with data of Hewitt er a/. [27].

identical, conditions. The deviations shown are
to be expected since both roll wave and film crest
velocities are sensitive to Wy, pg, i which are
not necessarily the same for given W, and W,;.

Channel-average liquid fractions (1 — &}, cal-
culated for the conditions of Gill er al., are
compared with measured liquid holdup data of
Hewitt et al. [27] in Fig. 10. The predictions are
acceptable considering that other system
variables such as pressure, pressure drop, and
film flow rate were not identical in these two
series of experiments.

Interfacial friction factor
As mentioned, interfacial friction factors f;
were calculated from equation (35). Since droplet
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drag, static head, acceleration and interface
velocity are accounted for in the calculation of
7;, the friction factor is the best available
estimate of wave form drag and viscous friction
at the film-core interface. Figure 11 is a plot of f;
against relative film thickness 7/R. The data
cluster into a single band regardless of

gas Reynolds’ number

tube diameter

total liquid flow rate.
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Fi1G. 11. Empirical correlation of friction factor data.

The third item must be qualified for runs at high
entrainment levels (large W; and W), especially
for the 3/8 in. dia. tube. At these conditions f;
appears to remain constant or even to decrease
with increasing T/R. The most probable reason
for this is that the assumed k = 0-8 ft/sistoolarge
for droplet concentrations more than double
those studied in [23). A smaller k, due to mutual
droplet interference and gas turbulence damping,
would reduce drag Fj, and hence raise f; back
into the cluster.
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The friction factor f; is higher, than for sand
roughness in the fully turbulent region [28] if one
takes k, = T, but agrees approximately with
Wallis® friction factors, calculated from fows
with negligible entrainment and negligible film
interface velocity. f; can be correlated by the
empirical relation

fi = 0.005[1 + S4S(T/R)I*2].  (36)

Other combinations of f; and relative roughness,
such as f; minus smooth pipe friction factor as a
function of (T — B)/R, did not improve the
correlation.

Equation (36) can be regarded as an alternative
to the empirical correlations of Wallis [5] and
Levy [1] and therefore introduced into the drop-
let interchange model to calculate (—dP/dz), T,
&, Dy, ctc. from given

Wg, Wy, Wi, k, R and properties.

Figure 12 illustrates a set of such calculations for
run 309 of Gill et al. [19). We assumed a fixed

sol #, =3001/b
W =10001b/h
~_ Calc.tDP / D2}
—_
201~ ®Exp.{-DA/D)
Wl friction
= 9
s ’o%’
= %,
%
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FiG. 12. Calculated forces for Run 309 of Gill et al. [19] in
a 1-25 in. dia. tube.
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k = 08 ft/s and allowed W; to vary from 10 per
cent to 100 per cent of W, . The curves shown are
the

droplet drag Fy

from equation (26)
interfacial friction 27,/(R — T)
from equations{35)and (36)
27,/R
from equation (32)
pressure gradient (—dP/dz)

from equation (25).

wall friction

The single point is the experimental pressure
gradient at the measured W /W, .

Interfacial friction and droplet drag behave as
expected: as one increases the other declines.
However, (—dP/dz), which is very nearly the sum
of these two forces, is insensitive to the liquid
partition between film and droplets. This implies
that an attempt to predict Wy from given
{—dP/dz) could result in multiple solutions or no
solution at all. Since Levy [1] used such a

Parameter We, ... k
Reference value 13 0-8
Perturbed value 22 1.6
Per cent change

in parameter +69 +100
Per cent change

inD,,, +44 —183
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region B <y < T, where voids are present,
density and viscosity become functions of y, and
hence the use of p; and y; (p,, and y,,) in defining
u* and y™ represents an idealisation. The other
alternative would be to use p(y) and p(y) in the
region B < y < T. Our decision to use p; and
iy, is vindicated by the work of Bankston and
MCcEligot [29], who studied heat transfer to gases
with large temperature differences, where density
and viscosity varied by factors of up to four
within the turbulent boundary layer. They com-
pared various eddy diffusivity models against
experimental results and found that better
agreement was obtained with models that used
wall rather than local properties in non-
dimensionalising the variables.

In the region T< y < H, the use of p, and y,
is even more appropriate, for it means that both
the actual and the non-dimensional velocity
profiles are linear, which would not be the case
if p(y) and p( y) were used in the non-dimensional-
isation.

. .
007ig 00625 o
0 00592 2ep
100 -53  +100

* Perturbation in R, corresponds to a 0-020 in. thick film on both plates.

correlating scheme, the divergence between his
and the present analysis remains unresolved.
Data are required to elucidate the dependence of
(—dP/dz) on Wg/W, at constant R, W, fluid
properties and negligible bulk flow acceleration.

DISCUSSION OF MAIN ASSUMPTIONS

The variables in equation (3) are defined by
using the friction velocity and the viscosity of the
liquid film at the wall, as is usually done in single
phase flow. In the all-liquid base layer (0 < y <
B), this procedure is quite appropriate, but in the

The other arbitrary assumptions that were
made concerned the constant values of uy, k and
We...., used in calculating the maximum droplet
diameter D_,,. As mentioned already, the
influence of these values on the solution was
tested by perturbing each parameter in turn,
when calculating D,,,.. The results are shown in
Fig. 3 and are further illustrated in the following
calculations, done for an air velocity of 150 ft/s:

As the above table and Fig. 3 show, the
influence of uy and k is relatively secondary,
complete omission of uy causing only a small
error. In the subsequent analysis which combines
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the film and core models, however, uy is retained
since it is one of the calculated variables. The
value of k = 0-8 was based on the work of
Cousins and Hewitt [16] (who obtained values
of 0-5-1-0 from a large number of tests at varying
concentrations, gas and liquid flows and deposi-
tion lengths), has also a relatively small effect on
results, as a 100 per cent increase in k produces
only an 18 per cent change in D,,,,.

D_... is more sensitive to changes in We,_,;, and
here we were faced with the choice of two values
appearing in literature: 13 and 22. According to
Hinze [17], if the viscosity of the droplet fluid is
low, disintegration occurs at We_,,, = 13. For
more viscous drops disintegration is delayed and
the value of 22 is more suitable. In view of the
above a value of 13 was chosen, and Fig. 3 shows
that it indeed yields a much better correlation
than 22.

DISCUSSION

The droplet interchange model requires k as an
input. Our search of literature did not reveal a
convincing correlation for it and therefore we
used the experimental value of k = 0-8 ft/s. Of
course the model could just as readily accom-
modate a variable k (or k) based on Reynolds’
analogy, that is, k oc ./f;. Whether such a
relation is more appropriate will have to be
resolved by experiment. Since the droplet cloud
is not a continuum and droplet diffusivities are
known to be much less than the gas diffusivity,
Reynolds’ analogy need not necessarily be valid.

The calculated wall friction 21,/R in Fig. 12
did not pass through a minimum, as we expected.
In adiabatic single phase flow, irreversible energy
dissipation is proportional to the frictional pres-
sure gradient. If we assume that in annular-
dispersed flow 2t,/R is the main source of
irreversibility, then a minimum in this curve
corresponds to an equilibrium state. Such a
minimum would provide an additional equation
which could be used to move Wy from the input
to the output side of the model. This appears to
be an area requiring further study.
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CONCLUSIONS
The proposed droplet interchange model for
annular-dispersed flow successfully predicts
several details of the flow not previously avail-
able. More specifically,

(1) By treating the droplets separately, instead
of lumping them with the gas into a pseudo-fluid,
we obtained two equations for the drag force on
the droplet cloud. The first comes from momen-
tum interchange between droplets and liguid
film, the second from a summation, over all drop
sizes, of the drag force exerted by an infinite
turbulent gas stream on a single sphere. By
equating these, we found the average velocity for
each droplet size.

(2) When the drop velocity of (1) is equated to
that contained in a critical Weber number, an
expression for the maximum stable drop diameter
results. Theoretical values of D,,, are in good
agreement with Wicks’ [9] data.

(3) By assuming an exponential void profile
through the film together with a ‘universal
velocity profile’ near the wall matched to a linear
profile near the interface, we calculated film
thicknesses and velocities from a given wall
shear stress. The latter is obtained, by iteration,
from the known overall pressure gradient.
Calculations for air-water flow in tubes of 3/8,
1/2 and 1-25 in. diameter show good agreement
between measured and theoretical values of

mean film thickness

maximum-to-mean film thickness ratio

film crest velocity

liquid holdup.

(4) We defined the shear stress at the film-core
interface, due solely to profile drag, by subtract-
ingdroplet drag and gas static head from the total
pressure gradient and calculated interfacial
friction factors from air~water data. The friction
factors depended mainly on relative film thick-
ness, regardless of tube diameter, gas Reynolds’
number or liquid flow rate. They are comparable
to those obtained by Wallis [4] for annular flow
at negligible entrainment.
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UN MODELE D'INTERCHANGE DE GOUTTES POUR UN ECOULEMENT BIPHASIQUE
ANNULAIRE

Résumé—On présente une analyse d’écoulement annulaire dans laquelle 'écoulement est représenté
par un film bidimensionnel et un coeur monodimensionnel de gaz porteur de gouttes. Le point essentiel de
’analyse est I'interchange de gouttes entre le coeur et le film et son transfert de quantité de mouvement
associé. L’intensité du dépot et de 'entrainement des gouttes commande la vitesse axiale associée a chaque
dimension de goutte et permet le calcul du diamétre maximum d’une goutte stable en bon accord avec les
mesures de Wicks.

Une distribution radiale exponentielle de vide et un profil de vitesse universel modifié a travers le film
permettent le calcul des épaisseurs moyennes a la créte du film pour un débit du film donné. Ces calculs
s’accordent bien avec les résultats de Harwell. Les facteurs de frottement a I'interface du uniquement a la
trainée du profil sont aussi calculés et sont approximativement en bon accord avec les valeurs de Wallis

pour des écoulements a entrainement négligeable.

EIN TROPFCHEN-AUSTAUSCH-MODELL FUR ZWEIPHASEN-RINGSTROMUNG

Zusammenfassung—Untersucht wird eine Ringstromung, der als Modell eine zweidimensionale Film-
und eine eindimensionale Stromung im Kern aus einem Tropfchen-Gas-Gemisch zugrunde gelegt wird.
Das Schwergewicht der Untersuchung liegt auf dem Tropfchenaustausch zwischen Kern und Film und
dem damit verbundenen Impulsaustausch. Die Intensitit des Abscheidens und des Mitreissens von
Trdpfchen bestimmt die axiale Geschwindigkeit der Tropfchen aller Gréssen und gestattet die Berechnung
des Durchmessers des Trépfchens maximaler Stabilitat in guter Ubereinstimmung mit den Messungen
von Wicks.

Eine exponenticlle, radiale Dampfverteilung zusammen mit einem modifizierten, universalen Ge-
schwindigkeitsprofil iiber die Filmdicke erlaubt die Berechnung mittlerer und maximaler Filmdicken aus
gegebenem Filmdurchfluss. Die Ubereinstimmung mit Daten von Harwell ist gut, auch fir die berech-
neten maximalen Geschwindigkeiten im Film. Faktoren der Reibung an den Beriihrungsflichen, die
ausschliesslich auf Profilwiderstand zuriickzufithren sind, werden ebenfalls berechnet. Sie stimmen
anndhernd iberein mit Wallis’ Werten fiir Stromungen, fiir die ein Mitreissen von Tropfchen zu ver-

nachlissigen ist.

MOJAEJIb RANEJBHOTO OBMEHA OJifd KOJBUEBOT'O-JUCIIEPCHOIO
ABYX®A3HOTO TEYEHUA

Annoranua—IIpecTaBieH aHANN3 KOJbLEBOTO-KUCHEPCHOTO TEUEHUA, KOTAA OHO MOJEJH-
pyeTcA KaK JByMepHasd MJeHKAa M OJHOMEDHLI ra30BHIl CEPAEYHMK CO B3BEINEHHLIMU
Kanenbkamu. OCHOBHOE BHMMAaHNE COCPEIOTOYEHO HA B3AHMHOM OGMEHE KANEIbHAMI MEHILY
CepPIeYHNKOM U TUIEHKON U CBA3AHHBIM C 3THM IIEPEHOCOM KOJuuecTBa Apwkennd. Murtencu-
BHOCTb OCEJJAHUSA M YHOCA KAlleJIeK BJIMAET Ha AKCUATbHYI0 CKOPOCTh Yacrull nwboro pasmepa
0 [OBBOJIAET DPACCUUTATh MAKCHMANBLHBIE CTAOHIBHBIA JUaMeTp Kamim B XOpoiHeMm
COOTBETCTBUU C UBMepeHMAMU BuKA.

OKCNOHEHIMANBHOE PAIUAJIBHOE DPAcHpelesieHHe IyCTOT BMeCTe ¢ MOAUPUIMPOBAHHEIM
YHUBEPCAJBHBIM NpoiiieM CKOPOCTH B NNEHKE MO3BOJAET PACCUNTATH CPEAHIO U MAKCHU-
MaNpHYI0 TONIUMHY IJEHKW 1O JAHHOW CKOPOCTM TedeHMA MIEHKH. PesynpTaTh XOpoIIo
COrJIACYIOTCA ¢ LaHHBIMH Xapy?aa, Kak M PAacCUMTAHHAA MAKCHMMAILHAA CKOPOCTH IUIEHKYU.
[Momyuensl Tarme KODPPUIMEHTRH MemQPABHOTO TPEHUSA, BLIBBAHHOTO MCKIIOYNTEIbHO
conporuByieHMeM (QOpMLI, KOTOpbie HAXONATCA B NpPUGIN3UTEJILHOM COOTBETCTBHM CO

BHAYEHMAMM YOIIMCA JJIA TeUeHHIT ¢ npeHefpeinMo MaIbiM YHOCOM .
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