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APPENDIX: TEMPERATURE DEPENDENCE OF 
THERMODYNAMIC EQUILIBRIUM CONSTANTS* 

Values of K1, the first dissociation constant of sulfur diox- 
ide(aq) at temperatures other than 25”C, were obtained by 
interpolation on a log K vs. 1/T plot. The plot was con- 
structed from the data of Campbell and Maass (1930) who 
studied K1 over a temperature range of 5” to 90°C. For &, 
the first dissociation constant of carbon dioxide(aq), and Kg, 
the second dissociation constant of sulfuric acid, the variation 
with temperature was estimated from the following correla- 
tions reported in Robinson and Stokes ( 1968) : 

3 404.71 
T 

pKH,&03 = ____ - 14.8435 + 0.032786T ( A l )  

475.14 
-- 5.0435 + 0.01822T 

T 
- - 

The temperature dependence of HSO2 and HCOz was calcu- 
lated from the following correIations reported by Rabe and 
Harris (1963) and Munjal and Stewart (1971), respectively: 

2 851.1 
HSO2 = exp ( - + 9.3795 ) (A3) 

HCOz = exp + 16.83 ) (A4) 

Equation (A4) uses the mole fraction instead of molality as 
the concentration unit, and hence the calculated value of 
HCOz must be adjusted to conform to the units used in the 
model. 
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Drop Sizes in Annular Gas-Liquid Flows 
The droplets that  appear in  annular gas-liquid flows are formed by the 

eruption of wavelets from the surface of the  wall layer. Ninety per cent of 
the volume of this dispersed liquid is carried by only about 10% of the 
drops. W e  find, as suggested by Wicks and Dukler, that the distribution of 
drop sizes can be  characterized by an upper limit, log normal function with 
only one of the three parameters, the volume median diameter, a strong 
function of flow conditions. A method for predicting the average diameter 
is suggested which is consistent with a theoretical interpretation based on 
a Kelvin-Helmholtz mechanism, whereby the destabilizing force is the pres- 
sure variation over the wavelets. 

DAVID F. TATTERSON 

JOHN C. DALLMAN 

and 

THOMAS J. HANRATTY 
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Urbono, Illinois 

SCOPE 
When a gas and a liquid a re  transported in  a duct  with 

high gas velocities and with a relatively low ratio of 
liquid to gas throughput, an annular regime exists whereby 

gas stream flows concurrently. The liquid layer, which has 
an agitated wavy surface, can be  entrained into the gas. 

a liquid layer flows along the wall and a high velocity * Kn was assumed constant with temperature owing to lack of data 
at temperatures other than 25°C. The variation of K d  with temperature 
was not estimated because this equilibrium was neglected in this stndy. 

Correspondence concerning this paper should be addressed to Thomas K s  was assumed constant over the temperature range of interest, 10 
J. Hanratty. to 25°C. 
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This entrained liquid is carried along as droplets with a 
large range of diameters. The droplets deposit on the wall 
layer so that the amount of entrained liquid depends on 
the relative rates of deposition and entrainment, as well 
as on the entry condition. This paper analyzes data pres- 
ently available in the literature, as well as some recent 
measurements made in our own laboratory by Tatterson 
(1975), in order to suggest a method for predicting drop 
sizes in such flows. 

A function with at least three parameters appears to 
be needed to fit data on drop size distribution. Wicks and 
Dukler (1966) recommended an upper limit, log normal 
distribution (Mugele and Evans, 1951) and suggested that 
only one of the parameters is a function of the flow vari- 
ables. We find this scheme to be a convenient method 
of correlation. 

Wicks and Dukler used the maximum diameter d,,, 
to represent droplet size. They suggested that this can be 
related to the critical diameter above which a droplet 
will shatter in a flowing stream. From an analysis pre- 
sented by Hinze (1955), it would then follow that 
dGG(uC - ud)2/(r should be constant. However, available 
data indicate that d,,, does not vary with the gas velocity 
squared. 

Consequently, we examine an alternate criterion for 
characterizing droplet size. On the basis of photographic 
studies of the atomization process made by Woodmansee 
and Hanratty (1969), we assume atomization occurs 
through a Kelvin-Helmholtz mechanism, whereby the 
destabilizing force is the pressure variation over small 
wavelets on the wall layer. 

CONCLUSlONS AND SIGNIFICANCE 
The distribution of drop sizes is described by a volume 

probability density function f,(dp) whereby the fraction 
of the total volume of the spray occupied by droplets with 
diameters less than d p  is given by Sod~f,ddp. Presently 
available data indicate that f, can be approximated by an 
upper limit, log normal function defined by Equation (16), 
where 6, d,, d,, are parameters. The quantity dm is the 
maximum drop size, while d,, is the volume median diam- 
eter, defined so that droplets with diameters greater than 
d,, occupy 50y0 of the spray volume. Measurements by 
Tatterson (1975), Wicks and Dukler (1966), and Cousins 
and Hewitt (1968) suggest that 8 and dm/dv, can be re- 
spectively approximated as 0.72 and 2.9. A number density 
function fn(dp) defined so that SOdl,fnddp is the fraction of 
the drops with diameters less than d p  can be calculated 
from f,. Plots of density functions f, and f n  and of the 
cumulative distribution functions Jodnfuddp and JO*pfndd,, 
are given in Figures 4 and 5. Of particular interest is the 
observation that 90% of the volume is carried by only 
about 10% of the drops. 

A theoretical analysis based on a Kelvin-Helmholtz 
mechanism for wave instability indicates that d,,/d, 
( p c u c 2 f s d t / 2 a ) ~  is a weak function of a flow parameter F ,  
similar to the Martinelli flow parameter, of the type shown 
in Figure 6. Measurements of d,, by Tatterson, by Wicks 
and Dukler, and by Cousins and Hewitt are consistent 
with this derivation but are not accurate enough to justify 

taking into account the influence of F. For the present 
it is recommended that d,, be approximated by 

where the friction factor for a smooth interface f s  may 
be taken as f s  = 0.046/ReGo.zo. 

A length mean drop diameter can be defined as 
dlo = Som&fnddp. Although droplet distributions mea- 
sured by Namie and Ueda (1972) and Pogson, Roberts, 
and Waibler (1970) did not contain enough of the large 
drops to calculate d,,, they were adequate for obtaining 
dlo. From these data we recommend that dlo be estimated 
by 

It  is concluded that a Kelvin-Helmholtz instability pro- 
vides a theoretical explanation for droplet formation in 
annular gas-liquid flows which is consistent with presently 
available measurements of drop size and with photo- 
graphic studies by Woodmansee and Hanratty (1969). 
According to this interpretation, droplets are formed by 
the growth of small wavelets on the surface of the wall 
layer due to a destabilizing force arising from pressure 
variations in the gas flowing over the wave surface. 

MEASUREMENTS OF DROP SIZE IN ANNULAR FLOWS 

Drop sizes have been measured in annular flows with a 
high speed motion picture camera by Russell and Rcgers 
(1972) for air-water flow in a horizontal channel 0.025 m 
wide, 0.152 m high, and 4.27 m long. Still photography 
was used by Cousins and Hewitt for upward flow of air 
and water in a pipe with a 0.0095 m diameter and by 
Pogson, Roberts, and Waibler (1970) for upward flow 
of steam and water in a pipe with a diameter of 0.0032 m. 
Namie and Ueda (1972) measured drop size for air-water 
flow in a horizontal 0.06 x 0.01 m channel by collecting 
samples of the spray in a silicone oil. 

Wicks and Dukler ( 1966) and Wicks (1967) developed 
an electrical conduction probe to measure drop size. Two 
needles pointing at each other were placed in the air 
stream containing droplets. When a conducting particle 
strikes both needles, a current pulse occurs. By varying 
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the spacing between the needle tips, the functionality be- 
tween the counting rate and distance of separation is de- 
termined. The drop size distribution is extracted from these 
results by numerical methods. Wicks and Dukler used this 
technique for the downward flow of air and water in a 
rectangular channel, 0.15 m wide, 0.019 m deep, and 5.49 
m long. A discussion of its accuracy has been presented by 
Pye (1971). 

Tatterson { 1975) applied the electric probe suggested 
by Geist et al. (1951) to measure drop sizes for air-water 
flow in a horizontal iectangular channel 0.025 m deep, 
0.305 m wide, and 9.1 m long. A wire charged to a high 
voltage is placed in a flow stream. When a conducting 
droplet strikes the probe, its surface charges to the probe’s 
potential, thereby causing a pulse in the external circuit. 
The signal from the probe is analyzed electrically to get 
the drop size distribution. Problems were encountered be- 
cause wetting of the insulated support holding the charged 

January, 1977 Page 69 



Fig. 1. Kelvin-Helmholtz mechanism for the formation of droplets. 

wire can provide a conducting path to the wire. Conse- 
quently, more work is required with this technique before 
it can be used with conhdence over a wide range of flow 
conditions. In this paper we only present measurements 
made by Tatterson at the inlet region of the channel where 
entrainment is small and wetting problems are not serious. 

CHARACTERIZATION OF DROP SIZE 

Mechanism of Drop Formation 

At conditions that prevail in annular flow, the interfacial 
structure of the liquid wall layer is characterized by a 
series of flow surges, called roll waves, which have a highly 
agitated surface and which are accompanied by increases 
in the thickness of the wall layer. Woodmansee and Han- 
ratty (1969) took high speed motion pictures of the liquid 
wall layer during atomization. The pictures showed a num- 
ber of mechanisms for droplet removal. These include the 
splattering of the liquid surface after a droplet imphge- 
ment and the bursting of air bubbles found chiefly in the 
roll waves. However, most of the droplet removal was ob- 
served to occur by the rapid acceleration, lifting, and sub- 
sequent shattering of ripples present in the roll wave sur- 
face. 

The following sequence of events is described in the 
article by Woodmansee and Hanratty: “One of these rip- 
ples suddenly accelerates and moves toward the front of 
the roll wave. The central section of the ripple is lifted 
by the air stream leaving one or both of the ends con- 
nected to the flowing thin film. As the detached region 
of the apparent tube of liquid is lifted, it is blown into 
an arc which narrows as it stretches downstream until it 
ruptures in a number of places. Though difficult to count, 
as many as ten to twenty droplets can be sent streaming 
off into the flowing air after the filament rupture. Finally, 
the end still attached to the water film lies down ahead 
of the roll wave and is swept under the passing disturb- 
ance.” 

This process of droplet formation in annular flow has 
similarities to what has been observed in swirling atom- 
izers, in droplet disintegration by air streams, and in 
pneumatic atomizers (Lane and Green, 1956; Marshall, 
1954). 

For example, Lane and Green (1956) give the follow- 
ing description of the formation of droplets in spinning 
disk atomizers at low liquid rates: “A liquid torus tends 
to be formed at the edge, but owing to surface tension, it 
gathers into beads, uniformly distributed which are flung 
off the edge . . . . As each drop breaks away it is elongated 
and, between it and the disk, a connecting ligament is 
formed which thins down until it is detached from the 
drop. Subsequently, the ligament draws itself up into an 
irregularly shaped drop which breaks into two satellites.” 

Kelvin-Helmholtz Mechanism 

In all four of the types of atomization cited above, the 
large sized droplets carrying most of the mass are formed 
by the breakup of tubes or ligaments of fluid. A number of 
authors have indicated that these droplets scale as the 
diamcter of the fluid ligament. For example, Walton and 

Prewitt ( 1949) have correlated the measured droplet 
diameters 4 at low liquid rates in a disk atomizer of 
diameter D spinning at angular velocity o by considering 
the balance between the centrifugal force on the liquid 
torus before detachment and surface tension u to con- 
clude that dp ( DO’PL/U) ‘A is a constant. 

An argument similar to that of Walton and Prewitt can 
be used in annular two-phase flow. It envisions ligaments 
of fluid being torn from the crest of wavelets because of 
an imbalance between the forces due to pressure varia- 
tion over the wave crest and due to surface tension. Con- 
sider the volume of fluid at the crest of the long crested 
wave shown in Figure 1. Because the gas velocity over the 
crest is larger than in the trough, the crest experiences a 
reduced pressure due to a Bernoulli effect. The vertical 
component of the surface tension force, which acts along 
the length of the wave crest, opposes this suction. As this 
volume is deformed into a ligament, the radius of curva- 
ture decreases and the vertical component of the surface 
tension force increases. If these surface tension forces are 
great enough, they can inhibit further distortion of the 
crest. However, if the crest distorts to the condition in- 
dicated in Figure lb, where the surface tension force is 
acting vertically, an unstable configuration is reached for 
which further distortion of the crest would lead to a de- 
creasing importance of surface tension, as shown in Figure 
lc. 

By considering a static force balance for the critical 
configuration in Figure Ib, we get the following criterion 
for the formation of a ligament diameter dL: 

Ap d L  = 20- (1) 
where AP is the pressure difference between the points a 
and b. By using Kelvin-Helmholtz theory for the flow of 
an inviscid fluid over a small amplitude wave, we estimate 
the pressure gradient as pGuG2k and AP as pGuG2kdL,  where 
k is the wave number of the wave producing the ligament. 
If this estimate for AP is substituted into ( l) ,  and if it is 
assumed that the drops formed from the ligament are 
proportional to the ligament diameter, it follows that 

I t  would be expected that the wave number k in (2) 
could be approximated as that of the fastest growing wave, 
For wavelets on thick liquid layers, Taylor’s (1940) anal- 
ysis of a Kelvin-Helmholtz instability would give 

where 
U 

PL $ = - -  

is a measure of the influence of liquid viscosity. We then 
get for thick liquid layers that 

PG P L ~ U G ~  

(3) 

where f (@)  is a weak function of 6. This is similar to the 
relation that Wicks (1967) obtained by using the criterion 
of the critical drop diameter in a flowing gas. 

However, the wavelets observed to be atomizing in an- 
nular flows have wavelengths which are too large relative 
to the height of the wall layer to be approximated by a 
deep water analysis. Consequently, the above evaluation 
of k would not be expected to be valid. From experimen- 
tal observations, it seems more appropriate to approximate 
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k by assuming that the wavelength of the unstable wave- 
lets scales as the average height of the wall layer m. This 
assumption has been supported by calculations of Tatter- 
son (1975) on the growth of waves caused by the pressure 
and shear forces that an air flow exerts in a liquid surface. 
He found that in the range of variables of interest in an- 
nular flow, the growth rate increased with increasing 
wavelength. However, if the film height is small enough 
with respect to the wavelength that the wave motion is 
described by a shallow water approximation, the growth 
of the waves is dominated by the shear stress variation over 
the wave rather than by pressure variation. Tatterson 
argued that waves for which shear stress dominates will 
tumble over when they become large enough and that 
growth must be dominated by the pressure variation for 
atomization to occur. Consequently, the height of the wall 
layer tends to regulate the length of the atomizing wavelet. 

From the assumption that k - m-l, it follows that for 
shallow liquid layers 

= constant (4) 
(2) ( PGuczm )" 

0- 

The use of (4)  requires the specification of an appropriate 
value for UG since the analysis was carried out on the as- 
sumption that UG is uniform. The distance over which the 
influence of a surface disturbance penetrates a flowing 
stream is proportional to the wavelength. Consequently, 
the characteristic gas velocity is evaluated at a distance 
from the interface which is proportional to the wavelength 
y = clh. Both Lilleleht and Hanratty (1961) and Gill, 
Hewitt, and Hitchon (1962) contend that the variation of 
the gas velocity with distance above the interface is given 
by 

( 5 )  
U G  1 y -=-ln-+I3 
U' K f  

where 

Since the roughness should scale as the wavelength 6 = 
cZh, we suggest that the characteristic velocity to be used 
in (4)  is proportional to the friction velocity 

(7) 
pGue~m ya ( $) (-) = constant 

Recent work by Henstock and Hanratty (1976) has 
shown that the height of the wall layer and the friction 
factor f i  can be approximated by the following equations 
for vertical upflows at large gas velocities: 

6.59F 
(8) - m - _  

dt (1  + 1400F) vz 
and 

where the friction factor for a smooth surface f s  is given 
by the equation 

0.046 
s-- - ReG0.20  

The term F is a flow parameter similar to that proposed 
by Martinelli 

with 
y = [ ( 0 . 7 0 7 R C ? ~ ~ ~ . ~ ~ )  2'5 f ( 0.0379ReLF0.90) 2'5]0'40 
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There is some indication that (9) overpredicts friction 
factors for horizontal flows and that for vertical dowdows 
at relatively low velocities the influence of a gravity group 
G = ( p L g d t ) / ( p G u G 2 f , )  must be taken into account. How- 
ever, the accuracy of presently available measurements of 
drop diameter does not justify taking into account these 
secondary influences of the orientation of the tube on f i .  

These relations developed by Henstock and Hanratty 
suggest that we write (7) as 

where c3 is a proportionality constant. Equation (12) is 
plotted in Figures 6 and 7 using the relations (8) and 
( 9 )  developed by Henstock and Hanratty. From these 
plots, we conclude that the theory developed in this sec- 
tion implies that we characterize the drop diameter by 

and that this group should be a relatively weak function 
of flow parameter E over the range of interest for annular 
flow in small diameter pipes. 

Taylor's Kelvin-Helmholtz Mechanism 
The results presented in the previous section difEer from 

the results obtained by Taylor (1940) in his paper on the 
generation of drops due to a Kelvin-Helmholtz mechanism 
in that Taylor assumed the droplets scale as the wave- 
length of the unstable wave rather than as the diameter of 
the ligament removed from the wave crest. For deep liquid 
layers, the two approaches give the same result, Equation 
(3 ) .  However, for shallow layers Taylor's assumption 
would give a result quite different from (4)  ; that is 

(13) 
4 - = constant 
m 

DROPLET DISTRIBUTION FUNCTION 

Excellent reviews of the distribution functions used to 
represent drop sizes observed in atomization processes 
have been given by Mugele and Evans (1951) and by 
Marshall (1934). Quite often, as is the case for annular 
flows, it is not convenient to measure the number distribu- 
tion function f n  because the large number of very fine 
particles present makes it difficult to measure the total 
number of particles. In such cases, a normalized volume 
distribution function may be used. It is defined as 

du dd, = f U ( 4 )  

and it gives the fraction of the volume made up of particles 
between d, and d, + dd,. Since the volume of a particle 
varies as dp3, we can see that the larger particles are con- 
tributing much more to the total volume than smaller 
particles. The volume distribution function is skewed more 
in the direction of large d, than is the number distribution 
function, and the volume median diameter d,, is con- 
siderably larger than the number median diameter dnG. 

The upper limit, log normal distribution used by Mugele 
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Fig. 4. Volume probability density functions and average normalized 
number distribution. 

If &/d,, and 6 are independent of flow parameters, then 
dq,/du, is constant and the relations developed in the 
previous section would be applicable both for d,, and&,. 

- and Evans (1951) for atomizing jets and by Wicks and 
DukIer (1966) for annular flow can be written in the fol- 
lowing form: 

dv 

d 4  CORRELATION OF MEASUREMENTS 

Drop Size Distribution 
Only the drop size measurements of Tatterson, of 

Cousins and Hewitt, and of Wicks and Dukler had a 
large enough sample size that a volume distribution func- 
tion could be accurately determined. They were fitted to 
an upper limit, log normal distribution by selecting a 
value of d, such that a plot of the cumulative volume per 
cent of liquid with drops less than dp vs. dp /  (d, - a,) on 
log probability graph paper should produce a straight line. 
A typical example of such a fit is shown in Figure 2 for 
one of the runs of Tatterson. 

Values of 6 and d,,/dm determined from the distribu- 
tions of Tatterson, of Cousins and Hewitt, and of Wicks 
and Dukler are compared in Figure 3, where the change 
of flow conditions is characterized by the flow parameter 
F .  It is to be noted that 6 and d,,/dm are approximately 
independent of flow conditions as suggested by Wicks and 
Dukler. However, the values of these parameters deter- 
mined from the three investigations are not the same, 
probably because of differences in the techniques used 
to measure drop size. The volume probability density and 
cumulative distribution functioiis calculated from the aver- 
age values of 6 and d,/d,, are plotted in Figures 4 and 5. 

(16) 
We have chosen to characterize this distribution function 
by the three parameters dVw, d,/d,,, and 6. The quantity 
a appearing in (16) is then given by 

(17) 
dull 

dm - dv, 
a =  

Mugele (1960) found S to depend only on the type of 
atomizer used to generate sprays, and from the results 
presented by Wicks and Dukler (1966), it would be ex- 
pected that S and d,/d,, would be only weakly dependent 
on flow variables for annular flows. 

The characterization of the droplet size with the volume 
median diameter is not unique. Another possibIe choice 
would be one of average particle diameters zqm, defined 
by Mugele and Evans (1931), where 
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TABLE 1. AVERAGE DROP DIAMKTERS CALCULATED FROM THE 
UPPER LIMIT, LOG NORMAL DISTRIBUTION FOR 

6 = 0.72 AND &/dvu = 2.9 

31 

dvlL dv, 

dvlL dU, 

2 3 0  

dvlL dv, 

d43 -640 

dU, d V ,  

- = 0.37 
aio 

azo 

- = 0.15 

- 
d31 - = 0.76 - = 0.24 

- 
d32 - = 0.70 - = 0.34 

- 
- = 1.04 -- - 0.45 

The curve representing a composite of the results from the 
three laboratories is calculated from values of 6 = 0.72 
and of d,/d,, = 2.90. 

The number probability density function and the num- 
ber cumulative distribution function calculated from the 
composite volume distribution function are also shown in 
Figures 4 and 5. Values of dlo/d,,, d30/du,, and d32/duF 
calculated from the composite distribution are given in 
Table 1 and indicated in Figures 4 and 5. Of particular 
interest is the result that the bulk of the fluid is carried 
by a small fraction of the drops. For example, as can be 
seen in Figure 5, drops with diameters less than the length 
mean Zl0 occupy only 1y0 of the volume. 

Volume Median Diameter 
Values of the volume median diameter determined from 

the measurements of Tatterson, of Cousins and Hewitt, 
and of Wicks and Dukler are summarized in Tables 2, 3, 
and 4. It  is seen that they are not consistent with the as- 
sumption that the volume median diameter scales as the 
wavelength of the unstable waves, since dv,/m is not 
constant, Likewise, the notion that the large sized droplets 
are governed by droplet stability in a flowing air stream 
does not appear to correlate available data in that the 

Weber number based on the volume median diameter 
( pcuc2dv,) / (u) is not constant. 

A closer examination of a11 of the data reveais that d,, 
is a weaker function of gas velocity than would be indi- 
cated by the criterion of a constant Weber number. In fact, 
presently available data are more consistent with the con- 
dition 

as shown in Figure 6. This plot gives measurements ob- 
tained in three difierent geometries: upward flow in a pipe, 
horizontal flow in a rectangular channel, and downward 
flow in a rectangular channel. Some variability is observed 
in the above group in each set of data shown in Figure 6. 
However, no systematic influence of any of the flow vari- 
ables could be detected. Consequently, we conclude that 
this variability is within experimental error. Although 
some inHuence of geometry should be expected, the ac- 
curacy of presently available measurements does not seem 
to justiky taking this into account. Consequently, we chose 
(19) to represent the measurements from all three lab- 
oratories, where the constant is an arithmetic average of 
all the data shown in Figure 6. 
Length Mean Diameter 

The distributions measured by Naniie and Ueda and by 
Pogson, Waibler, and Roberts did not include enough large 
sized droplets to determine a volume median diameter. 
However, they did include enough small diameter droplets 
to determine the length mean diameters & shown in Fig- 
ure 7. The influence of system variables on zl0 is repre- 
sented quite well by the relation 

TABLE 2. DROP SIZE MEASUREMENTS OF TATTERSON 

0.303 
0.303 
0.303 
0.303 
0.363 
0.363 
0.363 
0.242 
0.242 
0.242 
0.242 
0.423 
0.423 
0.423 
0.484 
0.484 
0.544 

0.030 
0.041 
0.056 
0.082 
0.030 
0.041 
0.057 
0.057 
0.082 
0.109 
0.135 
0.030 
0.041 
0.057 
0.030 
0.041 
0.030 

2.15 460 7.97 
2.79 460 7.97 
3.65 510 8.84 
5.15 590 10.2 
1.93 630 15.8 
2.58 610 15.3 
3.43 640 16.0 
3.64 480 5.33 
5.15 500 5.56 
6.87 53 0 5.89 
8.37 590 6.56 
1.72 650 22.1 
2.25 720 24.5 
3.00 620 21.1 
1.61 720 32.0 
2.15 680 30.2 
1.61 660 37.2 

0.025 m by 0.305 m horizontal flow channel 
dt = 0.047 m 
fluid pair: air-water 

(+) x 102 

1.35 
1.35 
1.49 
1.73 
2.18 
2.11 
2.21 
1.15 
1.20 
1.27 
1.41 
2.58 
2.85 
2.46 
3.22 
3.04 
3.28 

4, - 
m 

4.59 
3.54 
3.00 
2.46 
7.01 
5.07 
4.00 
2.83 
2.08 
1.66 
1.51 
8.11 
6.87 
4.44 
9.60 
6.79 
8.80 
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TABLE 3. DROP SIZE MEASUREMENTS OF COUSINS AND HEWITT 

Wc, kg/s 

0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0088 
0.0088 
0.0088 
0.0088 
0.0088 
0.0088 
0.0088 

WL, kg/s 

0.0067 
0.0120 
0.0121 
0.0192 
0.020 
0.0204 
0.0250 
0.028 
0.0043 
0 0066 
0 0066 
0.0067 
0.0085 
0.0088 
0.0190 

1.23 
1.61 
1.61 
1.91 
1.94 
1.95 
2.10 
2.21 
0.794 
0.911 
0.911 
0.922 
0.989 
1.01 
1.44 

115 
203 
162 
125 
155 
156 
197 
161 
70.2 
80.3 
69.5 
89.0 
70,l 
82.0 
98.0 

2.37 
4.20 
3.47 
2.58 
3.19 
3.22 
4.06 
3.33 
4.43 
3.80 
5.88 
5.62 
4.43 
5.18 
6.22 

0.0095 m diameter vertical upflow tube 
dt = 0.0095 m 
fluid pair: air water 

m 6.59 F 
Calculated horn correlation - = 

di  (1 + 1400 F)lD 

TABLE 4. DROP SIZE MEASUREMENTS OF WICKS AND DUKLER 

WG, kg/s 

0.128 
0.146 
0.173 
0.207 
0.241 
0.292 
0.109 
0.136 
0.174 
0.80 

0.105 
0.148 
0.165 
0.254 
0.298 
0.095 
0.136 
0.171 
0.224 
0.275 
0.119 
0.145 
0.195 
0.261 

0.088 

0.063 
0.063 
0.063 
0.063 
0.063 
0.063 
0.126 
0.126 
0.126 
0.189 
0 202 
0.202 
0 202 
0.202 
0 202 
0 202 
0.315 
0.315 
0.315 
0.315 
0.315 
0.504 
0.504 
0.504 
0.504 

2.40 394 8.62 
1.95 396 11.3 
2.30 304 12.3 

0.976 213 16.7 
0.902 148 17.1 
4.58 389 6.18 
4.05 389 9.87 
1.95 352 14.4 

254 2.15 
7.95 239 2.46 
6.30 282 4.15 
4.00 349 10.3 
3.16 353 12.8 
0.902 227 19.7 
1.01 160 19.1 
6.68 285 3.43 
4.64 303 7.47 
3.61 464 18.2 
1.88 256 17.1 
0.902 167 17.0 
6.62 534 10.1 
5.12 660 18.6 
4.35 51 1 26.1 
1.80 356 32.4 

1.13 257 14.8 

0.15 m x 0.0019 m vertical downflow channel 
dt = 0.0338 m 
fluid pair: air-water 

0.898 
1.59 
1.27 
0.978 
1.21 
1.22 
1.54 
1.26 
0.907 
0.898 
1.04 
1.15 
0.906 
1.06 
1.27 

1.49 
1.91 
1.51 
0.95 
1.16 
1.15 
1.32 
1.01 
1.57 
1.51 
1.31 
1.65 
1.19 
1.36 
1.04 

1.55 
1.72 
1.57 
1.56 
1.48 
1.23 
1.32 
1.66 
1.83 
0.64 
0.67 
0.91 
1.57 
1.75 
1.66 
1.35 
.86 

1.26 
2.37 
1.67 
1.31 
1.96 
2.91 
2.94 
2.66 

4.86 
6.01 
3.91 
6.73 
6.46 
4.85 
2.51 
2.84 
5.34 

0.89 
1.32 
2.58 
3.30 
7.45 
4.69 
1.26 
1.93 

4.03 
5.48 
2.39 
3.81 
3.48 
5.85 

3.80 
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Fig. 7. Pressure model using length mean. 

where the constant is determined as an arithmetic average 
of all the data points. The composite distribution ( 6  = 
0.72, &/dun = 2.90) shown in Figure 4 gives&,/d,, = 
0.15. It is to be noted that (19) and (20) are in exact 
agreement with this result. The proposed equations for 
estimating the droplet distribution, the volume median 
diameter, and the length mean diameter are thus found 
to be consistent. 

Again, it should be pointed out that the sets of measure- 
ments shown in Figure 7 were obtained with two different 
geometries, upflow in a pipe and horizontal flow in a rec- 
taugular channel. The close agreement between the two 
sets of measurements would indicate that the drop size is 
not very sensitive to the flow orientation. 

INTERPRETATION 

Two alternate criteria for characterizing drop size than 
the notion of a critical diameter were considered. One is 
the Kelvin-Helmholtz mechanism already discussed. The 
other is the stripping mechanism suggested by Taylor 
(1940), whereby wavelets are removed because of the 
shear stress exerted by the gas on the liquid interface. AS 
shown in a thesis by Tatterson (1975), the stripping 
mechanism does a poor job in predicting the influence of 

AlChE Journal (Vol. 23, No. 1) 

flow variables on drop size. However, a stronger argument 
for ruling out the stripping mechanism is that it predicts 
the drop diameter is dependent on liquid viscosity. A com- 
parison of the number mean diameters measured by Pogson 
and Roberts and by Namie and Ueda for liquid viscosities 

of 0.28 nN - s/m2 and 1.0 - would suggest a 

very small influence of this liquid property. Furthermore, 
Chang (1973) repeated Russell and Rogers' measurements 
of drop size distributions for the air-water system using 
two different glycerine-water solutions and found no ap- 
preciable influence of liquid viscosity. 

According to the Kelvin-Helmholtz mechanism for thin 

mN * s 

m2 

liquid layers, the group (2) ( 
U 

should be directly proportional to (:)% (k)", where 

d, may either be the volume median diameter A,, or the 
length averaged diameter &. This relation is compared 
with measurements in Figures 6 and 7 using (8) and (9) 
and proportionality constants of q = 0.42 and 0.58. The 
theory agrees quite well with measurements of shown 
in Figure 7 in that it predicts a small influence of F on the 
group proposed to characterize droplet diameter. I t  is also 
consistent with the measurements of d,,, which show a 
much larger spread due to experimental error. The agree- 
ment in Figure 7 is particularly encouraging since the 
experiments cover surface tensions of 70 and of 40 mN/m 

mN * s 
and liquid viscosities from 1 to 0.28 - 

m2 
It is concluded that the Kelvin-Helmholtz mechanism, 

as outlined in this paper, provides a theoretical explana- 
tion for droplet formation in annular gas-liquid flows 
which is consistent with presently available measurements 
of drop size and with photographic studies made by Wood- 
mansee and Hanratty ( 1969). Drop size measurements 
with a larger range of equipment sizes and of fluid prop- 
erties would, however, be desirable in order to test further 
this proposed mechanism and the method outlined to pre- 
dict droplet size. 

It is to be noted that less variability is found in the 
measurements of &a than in the measurements of d,,, and 
&. This can be explained since d,, and d,,, are influenced 
bv the largest sized drops which represent a very small 
fraction of the total drops sampled. Unless a very large 
sample is taken, considerable error can therefore be experi- 
enced in mcasuring dun and d,. This would suggest that 
the proposed correlation for drop size is more easily tested 
hy measuring 6 0  than dvG. 
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NOTATION 

a 
bution a = d,,/d, - d,, 

A 
ci = proportionality constants 
d, 
d, 

d,, 
dt 

= parameter used in upper limit log-normal distri- 

= cross-sectional area of the channel 

= diameter of a ligament 
= maximum diameter which appears in the upper 

limit, log normal distribution 
= diameter of a droplet 
= hydraulic diameter of the channel 
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wr, = 

volume median diameter; that is, droplets having 
diameters greater than this occupy half of the 
spray volume 
iength mean diameter 
generalized particle &meter, defined as (9 and 
rn integers) 

diameter of a spinning disk atomizer 
gas phase friction factor based on interfacial shear 

normalized number distributioii function, where 
fi = 7i/ ‘/zpGuG2 

sodD f n d 4  
is the fraction of the particles with diameter less 
than dp 
interfacial friction factor for a smooth surface 
normalized volume distribution function, where 

SOdDf v 4 v  

is the fraction of the volume occupied by particles 
with diameters less than dp  
dimensionless group containing flow rates a n d  
fluid properties, 

acceleration of gravity 
gravity group in friction factor correlation 
wave number = 2 n / i  
wave number of fastest growing wave 
thickness of wall layer 
number of particles 
channel perimeter 
pressure 
Reynolds number of the gas flowing alone in the  
channel based on hydraulic diameter 
Reynolds number of the liquid flowing in the wall 

friction velocity uo = ( 7 i / p )  ‘11 
velocity of a drop 
velocity of the gas UG = W~/cuApc 
normalized volume of droplet in distribution 
mass flow rate of the gas in units of mass per unit 
time 
inass flow rate of the liquid in units of mass per 
unit time 
mass flow rate of liquid in the wall layer 
distance from the average level of the interface 

layer, ReLF = 4WLF/pLp 

Greek Letters 
OL = void fraction per cent of the area occupied by the 

gas 
y = Y ( R e L F )  = ( o . 7 o 7 R e ~ ~ ~ . ~ ~ ) ~ . ~  

+ ( 0.0379ReLFo.90)2.5 0.40 

8 = parameter in upper limit, log normal distribution 
6 = 0.707/u 
u = ~ n ( - )  t 8 4 %  

(50% 
L = size of equivalerit sand roughness 

PL 
8 

K = von Karman constant 

= viscosity number, 8 = - - 

= wavelength 

pc PL2UC2 

p = dynamic-viscosity 
v = kinematic viscosity u = p / p  

= valuc of dP/& - dp below which 84% of droplet 
volume lies 

= similar to (84% 

pG = gas density 
p L  = liquid density 
p = surface tension 

= rotational speed of a disk atomizer 
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