Droplet Entrainment in Vertical Annular Flow
and Its Contribution to Momentum Transfer

Simuitaneous measurements were made of the size and the axial and
radial velocity of drops entrained by the gas in annular fiow. A model is
developed to use these data to compute the rate of deposition or
entrainment and the pressure gradient, Vpg, due to drop interchange.
Vpe is a significant fraction of the measured total gradient, vp.
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SCOPE

Annular flow exists in a pipe whenever gas and liquid
are flowing simultaneously with the gas phase moving
at high speed. Drops of liquid are always entrained by
the gas and the average volume fraction of the liquid is
small. The observed pressure drops are substantially
higher than values observed in single-phase pipe flow,
as are the rates of heat and mass transfer.

Various attempts have been made to explain the
observed high-pressure gradient in annular flow. In gen-
eral the measured pressure gradient has been consid-
ered to be solely the result of shear due to the flow of
gas over the wavy liquid interface (Wallis, 1968; Hugh-
mark, 1972; Henstock and Hanratty, 1975; Barathan,
1978). But, in fact another mechanism exists for gener-
ating a pressure gradient: the dynamic interchange be-
tween liquid moving as entrained drops and the slow-
moving liquid film on the wall. Dukler and Magiros
(1962) and Moeck and Stochiewicz (1972) have ex-
plored this mechanism in a preliminary way.

It was the objective of this work to analyze this drop-
let interchange process, to quantitatively determine
the deposition and entrainment rates, and to evaluate
their contribution to the measured pressure gradient.
Droplet interchange can provide another mechanism

for the enhanced rate of heat and mass transfer
observed in annular flow. Drops having a high surface-
to-volume ratio interact with the gas where exchange
can take place. They deposit in the liquid film and fresh
drops enter the gas phase, thus transferring energy or
mass in a type of renewal process. Modeling these
transfer rates requires an understanding of the droplet
exchange process. '

Experiments on gas-liquid annular flow were carried
out with air-water in a 0.051 m dia. vertical test section
about 10 m long. Simultaneous measurements were
made of size and axial and radial velocity of the
entrained drops using a modification of a method intro-
duced by Semiat and Dukler (1981). These data were
used to determine the distribution of the drop trajectory
angles and size distribution, from which deposition
rates could be computed. This information along with
measurements of total pressure gradient, ¥Yp, mean
film thickness, m, and rate of flow of entrained liquid,
W, e, permits a direct computation of the pressure gra-
dient due to entrainment interchange, vp., gravity,
Vpg, and interfacial shear vp,, where Vp = Vpg + vp;
+ vp,. These computations were made over a range cf
gas and liquid rates characteristic of annular flow.

CONCLUSIONS AND SIGNIFICANCE

In annular flow, the entrainment and deposition of
drops and the momentum exchange accompanying this
process can account for a substantial part of the pres-
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sure gradient observed. Figure 20 displays the distri-
bution of each of the pressure gradient contributions as
they change with gas and liquid rate. At higher liquid
rates vpg can account for over half of the total vp.
Attempts to correlate interfacial shear by methods sim-
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ilar to those used for single-phase flow ignore this
mechanism.

From this work it is possible to compute the pressure
gradient due to interfacial shear vp,. As revealed in

Figure 22, the usual friction factor method of coordinat-
ing this data shows a correlation independent of liquid
rate with the features of a transition-type roughness.

The Linear Momentum Balance

Consider the following simplified picture of upward annular
flow in a vertical column, Figure 1:

o A continuous liquid film flows over the inner surface with a
mean film thickness m and flow rate W.

® A continuous gas phase moves at a flow rate W, through a
core of diameter D, = D — 2m, carrying dispersed liquid drops
at a rate W,z In the gas core the void fraction is «,.

o A gas-liquid interface separates the two continuous phases,

through which liquid is interchanged in the form of droplets
with a deposition mass flux, NV,, and entrainment flux, Ny. It
will be assumed that equilibrium exists, i.e., Ny = N,
In particular, consider the control volume, V., of length L,
shown in Figure 1. Applying the Reynolds transport theorem for
momentum transfer over the gas core region, V¢, enclosed by the
area, S¢, results in the following equation of conservation of
linear momentum where the process is assumed to be steady
state on timc average:

j]&_ TdA +fffy §pdV:_/]S; v(pv - dA),

where: v is the velocity vector; p is the local density; dA is an
infinitesimal area element vector directed to the exterior of the
closcd surface, S¢; B is the local body force per unit mass vector;

(1)
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Figure 1. Control volume description for momentum bal-
ance in annular flow.
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and T is the local traction vector acting on the surface S,.. The
scalar component of this equation in the axial direction, z, can
be obtained by taking the inner product of Eq. 1 with the unit
vector k in the z direction.

The body force acting in the z direction is B, = —g, where g is
the acceleration of gravity. The control volume, V., can be parti-
tioned into the liquid and gas volumes ¥, and V;; to give:

[/‘VC B.pdV - j]fn — gpdV + j]];, ~ gpdV.

Assuming the gas density constant within the control volume
and designating . as the void fraction in the gas core results in:

(2)

wD?
4

I Bodv= -l — adp, + a1 )

In a similar way the surface force term can be partitioned into
the interfacial surface, S;, where the interfacial shear —7, acts,
and the two transverse areas, Sy, where only the normal pressure

p acts:
ffs( T.dA

[[s,, »r,-dA+ﬁT pdA
2

xD;
—1wDcly + Ap T,

!

(4)

where, Ap is the pressure difference between two axijal points
scparated by a distance L,.

The convective term can also be considered in two parts: the
net momentum flux through the ends and the net momentum
flux through the interface. The first term has a zero contribution
since steady incompressibie parallel flow is assumed. Further-
more, there is no gas flow through the lateral area, hence the
remaining term contains only the z-momentum flux contribu-
tion of the droplets being deposited and entrained. Assuming
that the droplets deposit at a mass flux rate, Vp, having an aver-
age axial velocity, U,, and are entrained at a mass flux rate, N,
carrying the axial velocity of the moving interface, v;, then:

S vitou - da) = @D LoD, ~ Nev).  (9)

Inserting Eqgs. 3, 4, and 5 into Eq. | and setting Vg = Np, results
after some manipulation in:

Ap 47,

4
- + g[a(pg + (] - ac)pl] + B‘ ND(EZ - Ui)' (6)
C

L, D

From this equation. the total pressure gradient, vp = A, /L,
can be thought of as the sum of three pressure gradient terms:

Vp=Vp+ Vpe + Vpg, (7N
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where:
e vp, is the interfacial pressure gradient due the gradient
shear of the gas at the interface and

4r;
p = —. 8
Pr De (8)
® Vpg is the gravitational pressure gradient and
va = g[acpg =+ (l - ac)pI] . (9)

Vpg is the entrainment pressure gradient resulting from the
net acceleration of liquid from a slow-moving film to a fast-mov-
ing droplet, and

(10)

4 _
VP = b_ND(Uz — ).
¢

It is the objective of this study to determine the values of vp,. It
will be shown in what follows that vp, vpg, and Vpg can be
obtained from measurements of the axial and radial velocities of
the drops, the total pressure gradient, the liquid rates W,z and
W, r, and the average liquid thickness m.
The gas core void fraction, «,, can be obtained given measure-
ments of W, and v, through the relationship:
Wi =p(1 — a)AD,. (i1)
This permits vpg to be calculated through Eq. 9. N, and v, are
required in Eq. 10 to calculate vpg. The interfacial velocity can

be estimated by assuming a linear velocity profile exists in the
film. Then:

(12)

where U, is the mean liquid velocity in the film and W, is the
total liquid rate in the pipe. It remains to determine Ny, and this
will be developed in a following section.

Experimental

The flow loop used in this work is represented schematically
in Figure 2. The test section consists of a 10 m long vertical Plex-
iglas column with an internal diameter of 50.74 + 0.18 mm and
a nominal wall thickness of 6.4 mm. The fluids used, air and
water, were injected at the bottom of the column using the entry
devices shown in Figures 2b and 2c. The air was injected radially
and passed through a calming section with a length equivalent to
17.5 column diameters. Then the water was injected axially
through an annulus around the inside pipe wall. This design was
developed to minimize the entrance effects. When the fluids
contacted, they were already moving at the prevailing directions
and velocities in annular flow, and equilibrium annular flow was
attained in a very short distance. This type of injection also
avoids the creation of very fine droplet sprays.

The experimental measurements of droplet sizes and veloci-
ties were made at 8.9 m from the gas injection point, equivalent
to a distance of 175 pipe diameters. Both temperature and pres-
sure were monitored at the measuring location and experiments
were run at superficial velocities in the ranges 14-25 m/s for the
gas and 0.03-0.12 m/s for the liquid.
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Measurement of drop size and velocity

The basic optical technique for simultaneous measurement of
drop size and velocity is described in a paper by Semiat and
Dukler (1981) where the principles of the method are developed.
Droplets in annular flow are moving at relatively high velocities
(from 5 to 30 m/s) and have a wide spectrum of sizes (100 um to
3 mm). In addition, the presence of a wavy liquid film on the
internal wall of the pipe presents special problems for optical
access. These characteristics required the development of spe-
cial optical techniques and a data acquisition system capable of
processing the fast transit time of the drops.

A 1,200 pm dia. beam from a 15 mW He-Ne laser, Spectra-
Physics model 124-A, was introduced by means of a 3,000 um
dia., 4 cm long quartz rod with flat polished ends, as shown in
Figure 3. The rod was positioned to allow a clearance of 7,500
um from the intended point of droplet measurements. The first
measuring point was located just in front of the incident beam.
Light intensity was measured through a 75 x 2,000 um rectan-
gular slit positioned normal to the direction of the gas flow. The
light passing through this slit was carried by an optic fiber rib-
bon to photomultiplier PM 1.

The second measuring point was positioned at a 38° angle to
the horizontal incident beam. Light was measured through a
800 pm pinhole. A cylindrical optic fiber recessed in a hollow
metallic tube supporting the pinhole carried the light to photo-
multiplier PM 2. This special arrangement resulted in a measur-
ing volume with an elliptic cross section with principal axis
dimensions of 1,100 x 1,786 um and 75 um thick, enabling local
measurements. Only particles passing through this region could
be detected simultaneously by PM/ and PM2. Semiat and
Dukler showed that the existence of a simultaneous signal
assured the measurement of the drop diameter rather than a
chord. Data were obtained at three different radial positions by
installing three sets of quartz rods and translating the optics
arrangement, as shown in Figure 3b.

Before the laser beam passes into the test section it crossed
two successive Ronchi gratings, each having a fringe spacing,
sp = 50 um. One grating created a series of fringes oriented hor-
izontally inside the laser beam traveling upward and the second
a set of vertical fringes moving radially. The disks supporting
the Ronchi gratings were rotated by two adjustable constant
speed motors set to generate light frequencies on a fixed object
at the measuring point of 1.0 MHz, as a result of the vertical
translation of the horizontal fringes, and 0.6 MHz, due to radial
translation of the vertical fringes. A particle moving through the
measuring point with axial velocity v, and radial velocity v, will
display two frequencies as follows:

f,[MHz]=1.o+%, (13)

F

and

£,IMHz] = 0.6 + % (14)
Sp

The light intensity fluctuation is detected by PM2, the two fre-

quencies are separated by band-pass filtering, and the frequen-

cies are measured using TS1 model 1990 frequency counters

Then v, and v, can be determined from Egs. 13 and 14. The drop

diameter, d, is determined from the time required for the drop to
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pass across the slit located in front of PM 1. This passage time,
7pr, 18 Obtained by measuring the time that the light is deflected
as the drops move through the measuring spot. Then:

d+s

Tpr = , (15)
UZ

where s is the slit gap size in the axial direction.

A detailed analysis of the optical method for this application
was presented by Lopes (1984) along with a model for the inter-
action of multiple drops with the laser beam. This analysis
makes possible the interpretation of the signals generated by
PM 1 and PM2 and the automatic processing of the signals, as
shown in Figure 4.

Typical Experimental Results
Drop size distributions

Figure 5 shows the number-diameter and volume-diameter
probability distributions, F% and F}, respectively, at centerline
for the four extreme liquid and gas rate combinations. F (d) is
the number fraction of drops having a diameter less than 4, and
FY(d) is the corresponding volume fraction. A comparison
between the number and volume distributions clearly shows that
despite the fact that the smaller sizes dominate in numbers in all
the cases, the larger sizes carry most of the volume. For
instance, in the case of Ugg — 24.5 m/s and U;x — 0.121 m/s,
50% of the drops below the mean diameter represented less than
10% of the volume, while 50% of the volume above the mean
represented less than 10% of the drop count. This observation
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Figure 4. Data acquisition system diagram for droplet

size and two velocity component measure-
ments.

stresses the importance of the large drops in processes of
momentum and mass transfer. The change in the F5 curves with
increasing Ugs results from the fragmentation of the larger
droplets with increasing gas rates. The drop size statistics
showed a strong dependence on Ugg, as is illustrated in Figure 6
for the mean Sauter diameter, d;,, and the maximum detected
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Figure 5. Number- and volume-based drop diameter distribution functions at centerline.

1504

September 1986 Vol. 32, No. 9

AIChE Journal



3000
T =0.0 cm
U glmss)
}\ e 4 ® 0.034
™ \ dnax 8 0.069
w-— A 0.121
2000 |~ ° .
\‘~\ 'Y
E - i\
3
©
d
\.\‘.\‘32
1000 — -
o
¢ ’\f A
* -
H —a.
® " —
0 1 I i
15 20 25
UGs(m/s)
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drop diameter, d,,, at the centerline position. The dependence
on liquid rates seems to be small.

It is of interest to compare these results with the statistics on
film thickness in vertical upward annular flow, since all the
droplets originated from the liquid film. In Figure 7 the results
of Zabaras (1985) are presented for average film thickness, m,
and maximum film thickness, m,,,, taken in equipment similar
to that used in this work. A strong dependence of m,,,, on both
gas and liquid rates were found. This contrasts with the indepen-
dence of dy, and d,,, on liquid rates, which is an indication that
the mean drop size and d,,,, are mainly determined by the inter-
actions of the droplets with the carrier gas, rather than depend-
ing on the size of the liquid film from which it originated.

The Sauter mean diameters reported here are substantially
larger than those indicated by Azzopardi (1985). The difference
is due largely to the fact that d;, is very sensitive to the existence
of large sizes and the experimental method used by Azzopardi is
unable to reliably detect drop sizes above 500 um (Swithenbank
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Ugg (m/s)
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Figure 7. Mean and maximum film thicknesses vs. super-
ficial gas velocity (Zabaras, 1985).

et al., 1977). In addition, the larger gas velocities in his experi-
ments result in smaller drop sizes.

Axial velocity of droplets

Typical probability density data for the axial velocities as
measured at the centerline are presented in Figure 8. The solid
curves represent the best fit using a Gaussian model. Mean val-
ues of the axial velocity, U,, appear in Figure 9 where it is seen
that v, is only weakly dependent on liquid rate.

A quantity of some importance is the slip velocity, Us =
U — U,, and the slip ratio, Sg, defined as:

Us

Sp=7".
R~ Us

(16)

While the local gas velocity was not measured in this study, its
value at the axis, Ug,, can be estimated from the universali veloc-

0.16 U g=0.121m/s
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Figure 8. Dependence of droplet axial velocity p.d.f. (probability density function) on gas rates for different liquid rates

at centerline.
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ity distribution law discussed by Schlichting (1979):

UGO = 3.7511* + Ugs, (17)
where u* is the gas friction velocity. This relationship is shown
by Schiichting to be equally valid for smooth and rough pipes.
The average slip velocity at the centerline, Ug,, can be found
from:

Us, = Ugs + 3.75u* — v, (18)
and the corresponding slip ratio by:
v,
Spy=1-—=—. 19
Ro Ugs + 3.75u* (9)

For each experimental point, the calculated values of interfa-
cial shear and measured gas density were used to compute u*
and Eq. 19 was used to find Sg,. The results, which appear in
Figure 10, again show an insensitivity to liquid rate. Of impor-
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-4
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Figure 10. Experimental slip ratio vs. gas Reynolds num-
bher at centerline.
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tance is the fact that the slip is of the order of 50% of the gas
rate, much larger than previously thought to exist.

Lateral velocity of droplets

An estimation of the radial velocity can be obtained from the
average value of the absolute lateral velocity |7,]|. Values of |}
are plotted in Figure 11 vs. the gas Reynolds number, Regg, for
all the radial positions. Note that |0,| is nearly independent of
liquid and gas rate and has a value independent of radial posi-
tion as well.

Andreussi and Azzopardi (1983), following a suggestion
made by Tatterson (1975), speculated that the kinetic energy of
the droplet is proportional to the work done by the gas pressure
forces on the wave as the drop is formed. The result is that [T, | is
proportional to the friction velocity u*. This was confirmed by
Wilkes er al. (1983) working with a different pipe size.
Although the proportionality constant was different, |v,| was
also proportional to u*. In the study reported here the values of
u* based on the interfacial shear and measured gas density were
shown to vary over the narrow range of 1.9 to 2.0 m/s for the full
range of gas and liquid rates reported. Thus the constancy of |7, |
is consistent with earlier work.

Simultaneous measurements of lateral and axial velocity
makes it possible to calculate the angle each drop makes with
the axis, and from an array of such measurements statistics can
be calculated. The angle 8 can be defined as:

0 kig
2

Uy

arctan (&) , 0=8=< %’ (20)

and if the volume for cach drop is known, then the experimental
volume-angle probability density functions for the angle, /7, can
be determined from f} = dV()/d8 where V(8) is the volume
fraction of the drops with angle 8. Figure 12 shows the experi-
mental volume-angle probability density functions for the angle
[+ taken at the tube axis. The mean values, §,, in Figure 13
show the existence of a remarkably constant mean value, 6, -

ry 0 ry=1.0 w16 Ty = 2.0 U g (mss)
[u} 5] ® ] 0.034
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Figure 11. Dependence of average radial velocity on
flow rates and radial position.
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Figure 12. Experimental and theoretical angle probability density functions f).

8.5°. The value of §, obtained at other radial positions was essen-
tially constant and equal to its value at the centerline, indicating
linear trajectories of these large drops as suggested by Russel
and Rogers (1972) and Whalley et al. (1979).

Deposition Model
Droplet trajectory

Consider a liquid spherical drop of diameter d and density p,,
at any arbitrary time, ¢, traveling in a gas of density p, moving
under the action the pressure gradient v p. The velocity vector
relative to a fixed frame of reference is v, for the particle. If the
particle density is taken to be constant, and there is no mass
transfer between the gas and the particle, then the equation of
motion for the drop is:

3 p,
V —_ =
P

dv (1 -y 31
= —|gk—Z—
where k is the unit vector pointed upward in the vertical direc-

tion, *yi—s the density ratio, p,/p, and C,, the drag coefficient. The
position vector, x(t), can be found from:

ColUs|Usl,  (2D)

dx(1)

dr o).

(22)

Using a modified drag law based on experimental data of
Clift and Gauvin (1971) where the gas turbulence level is taken
into account, trajectories of droplets, x(#), were computed by
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Figure 13. Experimental values of average angle 5,, vS.
Ugs for various values of U ¢ at centerline.
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solving the dynamic equations, Eq. 21 and 22, simultaneously,
for given initial conditions, x(0), v(0). In Figure 14 typical
results are presented for different droplet sizes, using the modi-
fied drag law. Different initial droplet velocities were set for
cach graph, a constant lateral velocity was imposed as suggested
by the experimental results, and representative values for pres-
sure drop and turbulence levels in annular flow were used.

As can be observed from these results, the droplet trajectory is
almost linear. The axial and radial scales in this figure are in the
same proportion as those in the experimental apparatus. This
linearity can be explained by the constancy of the radial velocity
and by the fact that most of the droplet acceleration is observed
in the initial period of the droplet flight, when the slip velocity is
extremely high.

In Figure 14, for the selected pairs of v, and v, the initial
angles correspond to 34°, 18°, and 12°, respectively. The values
of # at the centerline differ from the initial ones, but arc compa-
rable to the angle observed over most of the droplet flight. The
data also show that the angle distributions are essentially inde-
pendent of radial position. This is another indication that a
linear trajectory exists that is not significantly affected by the
turbulent gas fluctuations.

Deposition rate of droplets

Consider any cross section of a column at a distance z, from
the entrance, as in Figure 15, with an average area A, Atz > z,
the droplets that deposit either originate at z < z, and deposit in
the distance Lp, or they are entrained in the region z > z, and
also deposit in that region. The objective here is to find the mass
flow rate of droplets, Wy (L), that deposit within a distance L,
in the axial direction of the flow after crossing the cross section
located at z,.

All the droplets that contribute to W, (L,) must pass through
the cross section A,. Thus, A4, can be viewed as a domain of
droplet point sources, S,. Each point source S, is located by a set
of cylindrical coordinates (z,, r, ¢) and carries a particular volu-
metric flux rate of droplets Us (r, ¢).

Droplets are generated at each source with random directions
and speeds. The directions are defined by the local spherical
coordinates, { and 8, of the droplet velocity vector, v, as depicted
in Figure 15b. The range of the source and the droplet direction
coordinates is given by:

Droplet Local

Source Coordinates  Directional Coordinates

O=szy=L 0=({=<27
O0<r<=(D+2m)/2 O=b=n/2
O<¢p=<2m

Vol. 32, No. 9 1507



) )
s d = 200 um &
8 = 55°
] 0
a (\i“‘
9 d = 500 um o
6 =9.2°
a o
S S
d = 800xm
6 = 18.0°
2] o
o a4
V. = 3.0m/s
r4
0
< ©
S S
0.0 1.0 0.0 1.
(R-r)/R (R-1)/R

d = 200 um
e 6 =5.1°
d = 200pm ”
8 =53 d = b00um
8 = 8.1°
d = 500pm 9
9§ =8.1° |
d = 800 um
o b= 12.0°
o
d=800pm a,
" N
8 =162 N U =200mss
gs
Urms = 4.0 m/s
24 v
v = 20 m/s
vp = —550N/m?
3
v, =60mis V_=9.0ms
0 20
<
o
o} 0.0 1.0
(R-1)/R

Figure 14. Droplet trajectories for various values of initial velocity v, (0).

where D is the column diameter, L is the column length, and n2 is
the average liquid film thickness. With these new coordinates,
W, (Lp) can be expressed as a surface integral:

Wo(Lp) = 0Us, (r, ¢) Fp (r, ¢, Lp)dA, (23)

Az

where F} (r, ¢, Lp) tepresents the volumetric fraction of the
droplets generating from Sy(r, ¢) that deposit within a distance
L, from the reference cross section A4, .

The function F} (r, ¢, L,,) can be related to the joint volume-

)

W,

(a)

(&)

Figure 15. Droplet source characteristics.
a. Droplet source plane A,
b. Droplet source directional coordinates.
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angle probability density function f{( by the following integral
relationship:

FY(r ¢, Lp) = 1.0 — fo > f0 WSO ¥ dg e, (24)

where 8,(r, {, L)) is the angle between the axis and the line con-
necting the origin at z = z, and the interface at z = z, + L,
(Figure 15).

A simple trigonometric relationship can be found between 8,
the deposition distance L, and the distance, [, of the source
So(r, ¢) to the interface measured in the {-direction, using the
premise that the drop trajectory is linear (Figure 15b):

D
— arctan (——

L
s
The relationship between [, r, and ¢ is:
2 r 2
) + (E cos ] - (26)

1 1
——(D+2m)==D,.
2( + 2m) 5 D

8, (25)

T
2

r

s

r

g

4

1=2R,

c
where

R, (27)

Assuming that 8 and { are independent variables in a statisti-
cal sense, then f can be obtained once the individual volume-
angle probability density functions, f3 and f}, are known:

-
P

fo=f1-fL. (28)
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This assumption is easily verified since droplets passing through
any point source are generated from all radial directions. Fur-
thermore, for each radial direction {, droplets can originate from
any axial direction, 8, upstream of 4, .

It is assumed that f} is a uniform distribution, since there is
symmetry in the {-direction. This implies that:

1
i)y =—, O0<{=2r (29)
27
Substituting 29 into Eq. 28 results in:
1
J50.9) = f7®). (30)
T

and using this result in Eq. 24:

1 ro fopesin)
v D, v ’ ’
FY(r ¢, Lp) = 1.0 — E;fo fo fL@)dede. (31)

The inner integral is F}, the volume fraction of drops moving at
an angle 4. Thus:

l x
Fir ¢ L) =10 — = [ Fi0,(r. . L) . (32)
T ~0
Inserting Eq. 32 into Eq. 23 gives:
2x R,
W L _ € U I’ 0 Id Id ’
o(Lp) fo L os, . yrdrds

L e

- Fi10p(r, &, Ly)lr'dydrdg’.  (33)

The first integral represents the total mass flow rate, through
A,,, of droplets entrained, W,z. For the second integral, it will be
assumed that Us, is a constant, independent of position in the
plane, and given by:

Wie
plAzg

Us,(r, ¢) = (34)

This assumption is based on experimental data presented by Gill
et al. (1964), who found that the drop flux profile was almost
constant in the central region of the gas core. Toward the inter-
face an increase in the liquid flux was observed, but according to
the authors this resulted from the contact between the sampling
probe and the surface wave liquid film.

Substituting Eq. 34 into Eq. 33 and rearranging:

W (Lp)

l c g s ’ ’
- W l.o—;;fo" fo’ FFY[6p(F, ¢, Lp)] dE'dr'} . (35)

£

The expression between the braces represents the mass fraction
of droplets that cross A, and deposit within a distance L,. This
term will be referred to as X(Lp), and Eq. 35 becomes:

Wo(Lp) = WieX(Lp). (36)

AIChE Journal September 1986

Therefore the rate of deposition of drops, W,(L,), can be com-
puted given the rate of flow of entrained drops W, and an
expression for F5. This can be calculated from a fit to the mea-
surement of f}.

A model for f}

The axial directional angle 8 is a one-sided variable extending
from 0 to w/2. In order to introduce a symmetrical density func-
tion, a new angle, », is defined:

(37

This variable contains the information about the relative direc-
tion of movement of the droplet with respect to the axis of the
column, and can be associated with a Gaussian distribution:

I 1 -7}
exp|— — .
V2rws, 2\ s,
where 7 is the average value of n and s, is its standard deviation.
Since symmetry exists under rotation of {, then 7 = 0. Hence:

1 1{n 2
exp|—=|—| |-
v2rs, Pl72 Sy
In order to obtain f} from Eq. 39, it is necessary to apply the

transformation of variables given by Eq. 37. The two density
functions are related through (Papoulis, 1965):

S =

(38)

Sy(m) = (39)

fi(0) = 2£7 (), (40)
and placing Eq. 39 into Eq. 40 finally gives:
26* 1
fi(8) = —=exp [~ (6*0)"], o* = ——. (41)

Vo V2s,

This is a single-parameter model that can be tested against
experimentally measured values of f. The relationship between
the parameter 6* and the average angle, 8,, can be obtained
through:

6, - f ALY A
1
8*\r'

2%
-z fo 8 exp [—(5%8')%] dO’ = (42)

and the standard deviation, s, is related to 3* through:

o 1 1 \I2 1 fr -2
SVZ(B%’_G%’)I/Z:(__W) :5;< 2_”) - (43)

25%2
The experimental density functions, f;, were obtained from
the simultaneous measurement of the droplet diameter and two
velocity components, obtaining # through Eq. 22. The model of
St proposed by Eq. 41 was tested against the experimental den-
sity functions, and a value of 8* that minimizes the x” statistics
was chosen. Figure 12 shows the experimental density functions
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(points) against the theoretical model (curve) for different gas
and liquid rates at the center position. Generally good agree-
ment is observed.

Final form of the deposition model

The distribution function F} in Eq. 35 can be computed using
/4 as defined by Eq. 41:

Fl 0y = [" 1) do
0

o 26%
- f > T exp [ (6%0')%) dO’ = erf (5%6,). (44)

\r
Thus:
W, (L
X(LD) _ D( D)
LE
1 x ’ ’ ’ ’
—1.0 - a Okffoz rerf [5*0,(r, ¢, Lp)] ¢’ dr',  (45)

which is the final form of the deposition model determined by
the geometry of the column, 4, the gas core flow area, R, and
the droplet volume angle distribution parameter, 8%, which is
found from f}.

In Figure 16 the values of X(L,), the fraction of the droplets
crossing any plane that are deposited in a distance L, down-
stream, are plotted against the dimensionless distance, Lp/D,
for different values of #,. The distance the droplets travel inside
the gas core before depositing their mass can now be examined.
For 8, ~ 9°, 50% of the mass of droplets deposits within a dis-
tance equivalent to three tube diameters, while at a distance of
18 diameters only 10% of the initially entrained mass is still
traveling in the gas core. Since the experimentally measured
values of 8, varied narrowly between 8° and 10°, the deposition
distribution function is almost constant. This is especially so
since X (Lp) is not strongly dependent on 8, for 8, > 8°, as can be

Experimental Range

1.00 -
11.0 9.6
X 7.4
0.75
5‘ (deg)
0.50 |
0.25
D,=0.0508 m

o 5 10 15 20 25
L /D

Figure 16. Fractional deposition X vs. deposition length
L, for various values of 0,.

observed in Figure 16. The function X(Lp) only gives partial
information on the deposition transfer. The goal is to find the
total rate of deposition that provides knowledge of the rate of
droplet entrainment in equilibrium annular flow.

Droplet Deposition Rates
Since the mass deposition flux NV, is constant, the total mass
flow rate W1 (Lp) over a distance L, is:
WI{Lp) = NpxD, Ly, (46)
In the limit as L, goes to zero, the rate of reentrainment over the
length L, is negligible compared to the rate at which droplets

pass the plane A,. Thus in the limit, L, — 0, and at any arbi-
trary position, z, along the tube:

s etaanl 3 tawal a1y

Kgp 7u*

bl

Loagtgapl £ oaaaund

Brownian Diffusion

LR R e R R G R LER AR S LU L Ty LARAIL! BN NS RRRILI]

1002 107! 1 10!

t d
>~ D.dL, Wi (Lp) | rp—0r (47)
X &oo
X vV V 4 °"‘°o
o ‘x X v,
e

O Present work

102 103 108 108

+

104

T

Figure 17. Deposition rates of published data (McCoy and Hanratty, 1977), plus experimental values from present
work.
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Placing Eq. 36 in Eq. 47;

d
7EX(RE, o* )'LD—>0 (48)

D

Thus, once W, D,, and 6* or §} are obtained from experiments,
the values of NVj can be computed. Furthermore, N, can be
related to the mass transfer coefficient, K,,, which is commonly
reported in the literature:

oW
Np=K, W” (49)
G

where p, is the density of the gas core and Wj; is the gas mass
flow rate. Then, K, relates to X, through K,/ Ugg, as:

Ko D, d
== XR., M| (50)
Uss 4 dL, Lo

where Ugg is average gas velocity over the pipe cross section. For
small film thickness (D » m), D, can be approximated by D. It
can be seen that 4K,/ D, Ugs is simply the slope of the curves in
Figure 16 at the origin.

Comparison of deposition rates with experimental data

The comparison with other data is made by plotting the
dimensionless quantity K,/ u*, where u* is the gas frictional vel-
ocity, vs. a dimensionless particle relaxation time 7*, defined
as:

T+ 1 pl pgu d (51)
lSpg re |’

where d, the particle diameter, is taken as the arithmetic mean
average d,,. The values of Kp/u* and 7* as calculated from Eq.
50 with the experimental data are plotted in Figure 17, together
with previous data reviewed by McCoy and Hanratty (1977).
The values of u* used here were obtained from the experimental
correlation developed in the next section.

It can be observed that the values found in the present work
are consistent with other data reported for large values of 77, a
region where the inertia of the large particles is controlling. For
smaller values of 7% a strong dependence of Kp/u* with 7+
observed, revealing a strong influence of the turbulence diffu-
sion. However, the inclusion of the data of the present work rein-
forces the idea (McCoy and Hanratty, 1977) that for * > 10?
there exists an independence of Kp/u* from 7*. The somewhat
smaller values of K,/u* for some of the other data are probably
due to the fact that the values of u* used were overestimated,
since the total pressure gradient used to calculate #* included
droplet acceleration.

Cousins and Hewitt (1968) present experimental results on X
vs. Lp in vertical annular flow. Figure 18 shows three curves of
their measured X vs. Ly, for different pipe sizes and flow rates.
These experiments were designed to avoid reentrainment. The
single-parameter model represented by Eq. 45 was used to fit
the data. In each case a value of 6* was found by a least-squares
technique. The curves of Figure 18 represent Eq. 45, which
shows excellent agreement with the data over the full range of
Lp values. This result is superior to predictions of Hutchinson et
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UGS = 34.00 mvs

U, o= 0.260 m/s Eq.45
1.0 D = 10.00 mm o
X 8*=056
0.5 Kth')=0.19 m’s
KD(exm:OJS m/s
0.0+ T r T —_—
o] 50 100 150 200
Ln/D
UGS= 36.00 m/s
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. melzo.w ms
0.0 ¢ T v v _—
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5*=0.94
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KD(exp) 0.14ms

o] 50 160 150 200
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Figure 18. Experimental curves, Xvs. L,/D.
@, Cousins and Hewitt (1968)
—~— Theoretical curves from best fit of Eq. 45

al. (1971) with these same data. In their work a diffusion pro-
cess was used as the basic mechanism.

This result is additional evidence that in annular flow,
because of the drops’ large size droplet inertia controls droplet
dynamics. That is, linear trajectories exist rather than the tor-
tuous trajectories predicted by diffusion-type models.

Pressure Drop Due to Entrainment and Interfacial
Shear

With this deposition model, along with the momentum bal-
ance given by Eq. 6, it is now possible to compute the contribu-
tion of each momentum transfer mechanism to the measured
total pressure drop. Given vp, W, m, 8, and D, for each input
gas and liquid rate, «, is computed from Eq. 11, which provides
vpe (Eq. 9). NV, is calculated using Eq. 48, v; from Eq. 12, and
then vp; from Eq. 10. Finally, vp, is then obtained by differ-
ence using Eq. 7. ~

Data are tabulated by Lopes (1984) for 8, and D,. Zabaras
(1985) has obtained a full range of data on W, vp, and m
(Figures 7 and 19). These data were used to compute each com-
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ponent of the pressure gradient; the results appear in Figure 20.
For the lowest liquid rate, it is observed that the entrainment
and gravitational pressure gradient have a negligible contribu-
tion to vp. The pressure gradient results primarily from the fric-
tion of the gas core against the wavy liquid surface. As Re;g
increases, Vpg increases. At the largest experimental value of
Re,s, Vpg can actually be the dominant term over a range of
Regs. Vpg is always negligibie for these conditions.

This behavior gives a partial explanation for the existence of a
minimum in the Vp vs. Regs curve. At low gas rates the liquid
film transports most of the liquid, as can be concluded from Fig-
ure 19. As the gas rate is increased for a fixed liquid rate, the
amount of liquid transported by the film is reduced and the
entrainment increases until a maximum in entrainment is
achieved. It is hypothesized that the process of liquid transport
in the form of drops can be accomplished at a lower energy dissi-
pation rate, since the high shear stresses experienced by the lig-
uid in the film do not exist. As the gas rate increases the fraction
entrained decreases, more liquid is carried by the film, and the
rate of energy dissipation increases again.

A variety of correlations have been proposed for the interfa-
cial friction factor, f;, few with any physical basis. In general,
the friction factor is calculated directly from the total measured
pressure gradient and empirically correlated. From Figure 20 it
is clear that only a component of this measured pressure drop is
related to the interfacial shear. It is now possible to evaluate f;
using only that component of pressure drop due to shear, vp,.
The interfacial friction factor is thus:

T (D - 2m)vp,
'/ZPg(UG - Ur)2 2pg(UG - Ui)2 .

=

(52)
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« I \ e rea'l
£ 41 7
Z 3t /-/\\ - ~VpP ¢
=% : ~ —
> 2y -
i
' -vpg
0 ‘‘‘‘‘ I s T s e e e e — w pm—
3 4 5 6 7 8 9
Wg (Kg/s) x 10°
9 ]
8 Re = 1550
o~ —VD;
)
9_ 7 ~UP,
x 6 //
mE 4 -
~
z 3
5 2 :
1 1 \.\v
~ .. -V
Qb <= -pomn e m o —m =

Wg (Ka/s) x 102

Figure 20. Pressure gradient terms in Eq. 11 vs. W, for various values of U;.
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Figure 21. Friction factor values f} evaluated with entrainment contribution vs. m/D, for various values of Re,.

where Uy is the average gas velocity in the gas core, given by:

4w,

T

(53)

Wallis (1968), Moeck (1970), Hughmark (1972), Henstock
and Hanratty (1975), and Barathan (1978) have all suggested
that f; is uniquely dependent on m/D. These correlations ignore
the role of momentum transfer of the droplets in determining
the pressure drop. Following the procedure of these authors, f;
was calculated using the measured value of vp. For vp, = vpin
Eq. 52, the results are presented in Figure 21, where the friction
factor calculated this way is designated by f *. It is evident that
a unique relation between f ¥ and m/D does not really exist and
there is a significant dependence on liquid rates.

Correlations based on 71/ D suggest that the interface pres-
ents a fully developed rough interface to the gas. However, when
[ ¥ is plotted against Reg, as in Figure 22, it is clear that the

0.125 5

0.075 A
0.050 -

0.025 A

0.000 T T T v — \
4.0 5.5 7.0 8.5 10.0 11.5 13.0

Re x107*
G

Figure 22. Friction factor values f} evaluated with en-
trainment contribution vs. Re, for various val-
ues of Re.s.
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curves describe transition type roughness. Here:

_ pg(UG _ U,')Dc
He ’

Reg (54)
where all these quantities can be determined unambiguously.

True values of the interfacial friction factor f;, calculated
from vp, rather than the total measured value of pressure gra-
dient, appear in Figure 23. The result seems quite striking. Here
f;is independent of liquid rate and displays the transition rough-
ness.

Further studies will be necessary before the generality of this
curve can be established. However, the important role of the
entrainment and redeposition process on the observed pressure
gradient is clearly established.
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Notation

A = vector area
A, = gas core cross-sectional area
A,, = reference cross-sectional area at position z,
B = body force vector per unit mass
B, - body force component in the z direction per unit mass
Cp = droplet drag coefficient
d = droplet diameter
dmax = maximum droplet diameter
dio - arithmetic mean diameter
dy, = Sauter mean diameter
D = column diameter
D, = diameter of gas core
/; = interfacial friction factor, Eq. 52
S ¥ = interfacial friction factor, Eq. 52 where vp, = vp
fu. = number-axial velocity probability density function
f+ = volume-angie probability density function
fé = joint volume-angles 8 and { probability density function
S ¥ = volume-angle { probability density function
f¥ = volume-angle » probability density function
Jf, = grating frequency in the y direction
/. = grating frequency in the z direction
FY — number-diameter probability distribution function
F4 = volume-diameter probability distribution function
F % = volumetric fraction of droplets function, Eq. 23
Fy = volume-angle 8 probability distribution function
g = gravity acceleration
k = unit directional vector in the z direction
Kp = mass transfer coefficient, Eq. 49
! = distance from the wall of droplet source S,
L, = axial distance for droplet deposition
m = average liquid film thickness
Mg, = maximum liquid film thickness
Np = mass flux rate of depositing droplets on the liquid film
Ng = mass flux rate of entrained droplets from the liquid film
p = local dynamic pressure
r = radial coordinate
ry = radial coordinate of measurement point
column radius
R, = radius of gas core
Reg = gas Reynolds number, Eq. 54
Regs = gas Reynolds number (p,UgsD) /e,
Re,s — liquid Reynolds number (p,UsD)/p;
s = viewing slit gap size
sy = fringe spacing
= standard deviation of »
S¢ = enclosing area of gas core control region
S, = lateral interfacial area
S = slip ratio, Eq. 16
Sg, = slip ratio at centerline
Sr = transverse area
S, = droplet source at 4,,
t = time
T = local traction force vector
T, = local traction force vector z component
u* = friction velocity of gas phase (7;/pg)"/
u,,, = root-mean-square gas turbulent velocity
Uy = average axial velocity of gas in the gas core
Ug, = axial velocity of gas at centerline
Ugs = superficial gas velocity 4Wq/(pwD%)
U,s = superficial liquid velocity 4W, /(pwD?)
U, = liquid film average velocity
Us = gasslip velocity, Ug — 7,
Us, = volumetric flux rate of droplets at source S,
v = droplet velocity vector
v; = interfacial liquid velocity
v, = droplet lateral or radial velocity
|D,| = droplet number-average radial velocity
v, = droplet axial velocity
U, = droplet number-average axial velocity
V¢ = volume of gas core control region
¥, = volume of liquid in the control region
V¢ = volume of gas in the control region
Wp(Lp) = mass flow rate of droplets depositing within a distance L,

I

i

i

x
1
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WI(Lp) = total mass flow rate of depositing droplets within a distance
Lp
W = gas mass flow rate
W, = liquid mass flow rate

W, = mass flow rate of entrained droplets

W, = liquid film mass flow rate
X = particle trajectory vector

X(Lp) = mass fraction of droplets that deposit within a distance L,,

2y = axial coordinate of cross reference section

Greek letters

a, = gas core void fraction
v = density ratio, p,/p,
8* = parameter of probability distribution function of droplet an-
gle, Eq. 41
Ap = pressure difference between any two points in opposite tops
of control volume at a distance L,
{ = droplet axial directional angle coordinate
n = modified droplet angle variable, Eq. 37
f# = droplet axial directional angle coordinate, Eq .22
Op - deposition angle, Eq. 24
, = volume-average droplet angle
n, = fluid viscosity
U, = gas phase viscosity
#; = liquid phase viscosity
p = phase density
p, = gas phase density
p; = liquid phase density
7+ = dimensionless drop relaxation time, Eq. 51
7; = interfacial shear stress
7pr = droplet passage time
¢ = angular cylindrical coordinate
vp = total pressure gradient
Vpg = entrainment pressure gradient
Vpe = gravitational pressure gradient
vp, = interfacial pressure gradient
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