A Mechanistic Analysis of Sieve Tray Froth Height
and Entrainment

Douglas L. Bennett
Process Engineering, Air Products and Chemicals, Inc., Allentown, PA 18195

Alan S. Kao
Environ, 4350 North Fairfax Drive, Arlington, VA 22203

Lisa W. Wong
Dept. of Chemical Engineering, 5531 Boelter Hail, University of California at Los Angeles, Los Angeles, CA 90024

A phenomenologically based model for froth height was developed using the assump-
tion of both vapor- and liquid-continuous zones within the total froth height. The model
demonstrates the importance of liquid and vapor rates and determines that the Weber
number (and therefore droplet size and surface tension) has little effect on froth height.

A composite air/water database including entrainment data for both the spray and
Jroth regimes is used to develop an entrainment correlation as a function of the ratio of
tray spacing to froth height (T /h,,) and the average froth density (¢, = h, /h,,).
For conditions resulting in the ratio of liquid inventory to the perforation diameter
(h,/dy) <4, the froth height equation requires an empirical correction for froth height,
and entrainment depends on ¢,,. This results from the predominantly vapor-continu-
ous nature of the froth. For large values of h, /dy, the theoretical value for h,, ap-
pears adequate and entrainment is essentially independent of ¢,4, since most of the
liquid is contained in the liquid-continuous region located far away from the underside
of the tray above. In such cases, entrainment is from a light spray on top of the liquid-
continuous region, and therefore entrainment depends much less on ¢,,. The different
dependency of entrainment on ¢,, can be used as a method to identify the spray-froth
transition. For h; /dy, < 2, a spraylike condition exists; for h, /d;; > 2, a frothlike con-
dition exists.

The reported dependency of air/water system entrainment on major geometry and
operating conditions is described well by the new correlation. Alternate correlations for
the non-air/water entrainment data, however, are required. New methods for estimating
the impact of entrainment on efficiency are given.

Introduction

The design of distillation columns requires the specifica-
tion of the distance between the trays. For many processes, it
is advantageous to have large numbers of distillation trays to
maximize contact between the two phases and thus achieve a
high degree of separation. For such applications, the accu-
racy of the estimate of the required tray spacing can have a
significant impact on the distillation column costs. In addi-
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tion, for columns that are retrayed the column height is usu-
ally fixed and the number of trays that can be included is
directly related to the tray spacing. This article deals with the
froth height and entrainment as they relate to operating con-
ditions, tray design, and tray spacing.

The literature addresses the various flow regimes that can
occur on a sieve tray. Although it is convenient to imagine
the froth to be solely either a liquid-continuous zone with a
discrete interface or a vapor-continuous region, a more accu-
rate two-zone model will lead to a better understanding of
the relationship between froth height and entrainment. The
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froth is typically composed of a liquid-continuous region, a
vapor-continuous regime where momentum and gravity forces
on the liquid droplets dominate, and a mist region where drag
forces on the droplet can influence the froth height. This ar-
ticle addresses these phenomena as they are impacted by
physical properties, such as surface tension and vapor den-
sity. Since the froth structure is difficult to determine through
direct measurement, measured sieve tray entrainment data in
addition to the gamma ray absorption data of Hofhuis and
Zuiderweg (1979) are used to judge the results of the analy-
sis. The intent of this article is to present a phenomenologi-
cally sound approach to froth height, to derive a relationship
for entrainment consistent with this mechanistic understand-
ing, and to present a relationship that can be used to esti-
mate the impact of entrainment on tray performance.

Background

One of the earliest works on sieve tray entrainment was
that of Hunt et al. (1955). Their study found entrainment to
be a function of superficial velocity and tray spacing, but in-
dependent of hole velocity. Since their investigation was based
on a static system, the impact of liquid feed and outlet weir
could not be determined.

Bain and Van Winkle (1961) modified the Hunt equation
to include the effects of liquid feed, weir height, and hole
diameter as well as plate spacing and vapor rate. Hunt’s cor-
relation requires knowledge of the froth height, which is dif-
ficult to measure due to sloshing and frothing of the liquid.
Bain and Van Winkle experimentally determined the depend-
ency of froth height on liquid rate, vapor velocity, and weir
height. This correlation predicted their froth height data with
an average deviation of less than 7%, while the empirical cor-
relation they developed for entrainment represented 90% of
their air/water experimental data within 25% maximum devi-
ation. To extend the correlation to a nonair/water system,
they offered without verification a correction for surface ten-
sion and density.

Fair (1961) developed a method for the prediction of sieve
tray flooding, based on allowable velocities from Souders and
Brown (1934). He then correlated published air/water en-
trainment data with approach to flooding. In order to use
this method for design purposes, flooding data are required
and must either be previously known or determined from
similar equipment.

Kister et al. (1981) proposed that the mechanism for en-
trainment differed between froth (liquid-continuous) and
spray (vapor-continuous) regimes. They proposed that in the
froth regime, most holes are bubbling; so entrainment is pri-
marily caused by liquid sheet breakup during and after bub-
ble and foam generation. In this regime, increasing the liquid
flow while maintaining constant vapor flow rate will increase
the froth height. Therefore the emergent bubbles will break
up at a level closer to the tray above, which increases entrain-
ment. The spray regime is characterized by continuously jet-
ting holes, which result in atomization of liquid by the vapor
jets passing through the holes. In the spray regime, increasing
the liquid flow rate will suppress the amount of jetting at the
holes, thus decreasing entrainment. Using air/water data, the
authors proposed a correlation for entrainment in the spray
regime, accounting for some tray geometry effects and flow
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rate. Their correlation was later modified to include non-
air/water systems by Kister and Haas (1988). For froth
regimes in air/water systems, Kister and Haas (1988) modi-
fied Hunt’s equation by combining it with Colwell’s correla-
tion (1981) for clear liquid height and including an additional
term to correct for nonuniformity of the froth. Colwell’s cor-
relation for clear liquid height is a function of a Froude num-
ber that is based on the clear liquid height, thus requiring an
iterative solution for this quantity.

Zuiderweg (1982) correlated previously published non-
air/water data (Sakata and Yanagi, 1979) by relating the lig-
uid and vapor properties to the average two-phase density.
His analysis showed entrainment to be a strong function of
the ratio of the froth height and tray spacing. The relation-
ship between the froth height and the two-phase density al-
lowed Zuiderweg’s equation to be applied to nonair/water
system.

Stichlmair (1978) proposed a relationship between entrain-
ment and a reciprocal Froude number, which is dependent
on the height of the two-phase layer. His equation is based
on the calculation of the stability of the largest droplets being
entrained by vapor drag. This method does not account for
the physical dimensions of the tray. Puppich and Goedcke
(1987) experimentally examined the effect of different tray
types on entrainment. Their results were compared to predic-
tions from Stichlmair’s equations and yielded varying degrees
of agreement.

Some of the cited authors have proposed physical explana-
tions for the observed trends of entrainment. However, previ-
ous attempts have not taken these physical explanations to
the point of allowing direct tests of theories against the data.

Composite Database

To understand the mechanism by which entrainment oc-
curs, a composite database was compiled. Air/water entrain-
ment data were obtained from the works of Friend et al.
(1960), Bain and Van Winkle (1961), Lemieux and Scotti
(1969), Pinczewski et al. (1975), Lockett et al. (1976), Thomas
and Ogboja (1978), and Pupich and Goedcke (1987). In addi-
tion, entrainment data for the cyclohexane/n-heptane and
isobutane/n-butane systems from Sakata and Yanagi (1979)
and the air—oil system from Nutter (1979) were added to the
database.

The database used essentially all of the data points con-
tained in these articles. We did, however, remove 7 sets of
data contained in the Friend et al. (1960) reference. The ex-
cluded data were for a very small tray spacing of 150 mm.
For these conditions, they report very high entrainment rates,
which requires a high liquid fraction in the froth next to the
underside of the tray above. The authors did not report froth
height data for these specific data. They do report, however,
froth heights of 75 to 100 mm for nearly similar conditions
with higher tray spacing. We believe that the high entrain-
ment rates observed for the small tray spacings may result
from a different mechanism than occurs in trays with more
typical tray spacings; for example, liquid sloshing on the tray.
Sloshing on a tray with low tray spacing can result in very
high entrainment values. This article does not deal with this
phenomenon. We have therefore excluded these 7 data sets
from the database to avoid skewing the correlation for trays
with typical tray spacing.
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Table 1. Air/Water and Nonair/Water Data
Min. Value Max. Value Min. Value Max. Value

Parameter (AW) (AW) (NAW) (NAW)
(Ay/Ap) 0.059 0.124 0.083 0.120
dy, m 0.00159 0.0254 0.0127 0.0254
hy,m 0.0 0.0762 0.0381 0.0635
T, m 0.152 0.914 0.610 0.610
o, kg/m’ 1,000 1,000 493 770
Py, kg/m? 1.224 1.224 1.13 28.0

o, kg/s2 0.0735 0.0735 0.005 0.024
Q.. m¥s/m,,, 000116 00373 0.00007 0.0278
v 0.45 231 0.071 2.41

At times it was desirable to differentiate between data
taken in the froth regime and the spray regime. Although no
correlation is completely acceptable, we have used the method
of Pinczewski and Fell (1982). They proposed the following
correlation for the froth-to-spray transition:

vfpy =275(Qu/rr ) )

where Q; is the liquid volumetric flow rate per unit weir
length, vg is the superficial velocity of the vapor, dy is
the hole diameter, A,/A; is the hole fraction, and n=
0.91d;(Ay/A7). By defining the flow parameter, ¥,

Usy Py

* (2)

they claimed that the froth regime exists where ¥ > 1. Al-
though it may actually be a limitation, a further advantage of
this correlation is that this method does not require estima-
tion of the tray liquid inventory at the froth/spray transition.
Reliable liquid inventory measurements were not made for
the entire database. Table 1 summarizes the flow, geometry,
and property ranges for air/water (AW) and non-air/water
(NAW) data.

Phenomenological Model for the Froth Height

We wish to develop a clearer understanding of the phe-
nomena that control froth heights on distillation trays. Our
mechanistic model is based on an extension of the Bennett
and Grimm (1991) method for calculating the height of the
froth to include droplet drag, and therefore include surface
tension effects. Bennett and Grimm were interested in devel-
oping a more phenomenologically correct model for froth
eddy diffusivity. In their work, they attributed eddy diffusivity
to the random movement of liquid droplets within the vapor-
continuous portion of the froth. They defined a Peclet num-
ber using this droplet velocity, the experimental value of the
eddy diffusivity, and the froth height.

As previously mentioned, the froth is characterized as con-
sisting of a liquid-continuous region and a vapor-continuous
region. In the liquid-continuous region, the vapor is dis-
tributed as bubbles throughout the liquid inventory, with
droplets being ejected, as the bubbles break, into the vapor-
continuous region. Bennett and Grimm’s expression for froth
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height is developed by assuming the height of the vapor-con-
tinuous layer is equal to the maximum height that a droplet,
gjected from the liquid-continuous region, will reach. The
ejection velacity is calculated assuming a full exchange of mo-
mentum from the vapor traveling through the tray perfora-
tions to the upwardly flowing liquid. When calculating the
froth height, Bennett and Grimm ignored the effect of vapor
drag on droplet motion. This assumption simplified their
analysis, since droplet diameter no longer needed to be ad-
dressed. Of concern, however, is that lower surface tension
fluids such as hydrocarbons may have smaller droplets that,
due to vapor drag, could significantly alter froth height.

The following analysis allows estimates of the impact of
drag forces on froth height. If we can show that the impact is
small for the operating regions of interest, drag can be ne-
glected, and surface tension will not be an important physical
property. If this is so, tests using air/water systems become
more relevant.

The height of the liquid droplets being ejected from the
liquid-continuous layer is influenced by both gravity and va-
por drag on the droplet. The governing force balance is

d
MDEUD:_MDgiFD’ 3)

where M), and v, are the mass and velocity of a droplet and
F,, is the drag force on the droplet. Expressing F), in terms
of the drag coefficient for a sphere:

py (0 ~g)?
yWp ~ Vg
Fn= C , 4
D 4 Lo ) @

where d, is the droplet diameter, p, is the vapor density,
and vy is the superficial vapor velocity. Thus Eq. 3 becomes

(vp—vg)’.  (5)

The drag will decrease the maximum droplet height if v is
less than vp,. If vg is greater than vj,, drag will increase the
maximum droplet height. Therefore the positive sign in Eq. 5
is used for v, < vy and the negative sign for v, > vg. To ac-
count for the sign of the drag contribution, Eq. 5 can be
rewritten

@ T T E T g

(vp — vy — vgl. (6) i

We will assume that the diameter of the droplet can be
expressed in terms of the critical Weber number for the sys-
tem, We,,, which gives a relationship between the largest sta-
ble droplet diameter and the operating conditions, such as
vapor hole velocity (vy,), vapor density, liquid surface tension
(o), and hole fraction (A4 ,,/4,):

2
1) @
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The critical Weber number gives an indication of the largest
stable droplet size under the given operating conditions and
commonly ranges from 10 to 20 for low viscosity fluids (Fair
et al.,, 1984). For our purposes, we have chosen to use an
intermediate value of 15. Substituting Eq. 7 into Eq. 6 and
making the equation dimensionless by normalizing with re-
spect to the initial conditions, we can determine the dimen-
sionless groupings on which v, depends:

v oL e v ®
dé Fr'We,, s s
where
2
D Us Ubo 3
=" VS='——, g: ) Fr:”? =_C’
Upo Upo hre ghr. S R
hp, pyK?2 1 2 Py
We = —< vos -1}, and Ki=0v2—.
[s3 (AH/AT) Pr

As was done by Bennett and Grimm (1991), we will assume
that the height of the liquid-continuous region is approxi-
mated by hg,, the effective froth height developed by Ben-
nett et al. (1983). The variable vp, refers to the ejection ve-
locity of the droplets leaving the effective froth layer. This
velocity was previously derived from a trajectory model (Ben-
nett and Grimm, 1991) to be

5
S RV WZRES

where the effective froth density (¢,), effective froth height
(hr,), and weir coefficient (C) are given by Bennett et al.
(1983):

(C)]

¢, =exp[—12.55K "] (10$)
23
hFe=hW+C(%-) v
b,
€ =0.501+0.439exp[ — 137.8h,,]. (12)

The drag coefficients for the liquid droplets are given by
Hughes and Gilliland (1952). The effective froth density and
effective froth height are related to the clear liquid height,
hL’ by

h, =¢,hg,. (13)
The air /water and non-air /water data expressed in terms
for these redefined system parameters are summarized in
Table 2.

For large droplets, the contribution of the drag force is
negligible compared to gravity. In this case, we will neglect
drag and Eq. 8 can be integrated from the initial condition
V(&€ =1)=1 to yield an expression for V(£):
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Table 2. System Parameters

Min. Value Max. Value Min. Value Max. Value
Parameter (AW) (AW) (NAW) (NAW)
K, m/s 0.0158 0.081 0.017 0.122
. 0.28 0.75 0.158 0.737
hp,, M 0.0169 0.145 0.052 0.162
h;,m 0.0073 0.0481 0.017 0.064
Fr 0.134 9.29 0.084 12.3
We 0.015 1.81 0.196 1,535
Vs 1.029 1.941 0.122 1.714
2
V(g)=y/1- (-1 14)
Fr

The maximum height a droplet can travel defines the height
of the two-phase froth, ,,, which is determined by solving
Eq. 14 for V(&) =0:

hay Np _1_{_2
he, 2

(15)

gma.x,ND =

For cases where the drag force is not negligible, Eq. 8 must
be integrated to determine the froth height. This is difficult
to do analytically. For such conditions, our solution for #, 4 is
based on numerical integration of Eq. 8:

has.wp 1 vV
max = - = 1+
S, WD [ W

hre —+C -——e(V—V)lV—VI.
Fr "We,, 4 s

(16)

The plots in Figures 1a—1f compare the exact solution for
the froth height from Eq. 16 under various ranges of operat-
ing conditions with the solution given by Eq. 15, which ig-
nores the contribution of drag. Holding the superficial vapor
velocity constant at a value greater than the droplet ejection
velocity (V> 1), the vapor drag will carry liquid droplets
higher than the maximum that they would reach if there was
no drag contribution, thus the froth height profiles are shifted
upward from the no-drag solution. The magnitude of the drag
contribution is determined by the Froude and Weber num-
bers.

From these plots, it is apparent that drag is most signifi-
cant at high superficial velocities. For the plots for V= 2.0,
Figure la and 1b, the difference between the solutions ne-
glecting and including drag is less than 10% only for very low
Weber numbers. Since the superficial vapor velocity is twice
as large as the initial droplet velocity, this small sensitivity to
drag is expected.

At lower values of V5, as shown in Figure 1c and 1d, the
froth height determined from numerically integrating Eq. 16
can be predicted within 10% by using the no-drag solution
given by Eq. 15 for the experimental range of Weber number
and a reasonably large range of Froude number. For the case
where V; is less than unity, Figure le and 1f, the effect of
drag is opposite of what was observed in the other two cases.
Since the initial droplet velocity is greater than the superfi-
cial vapor in this case, the vapor phase will slow down the
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Figure 1. Effect of Froude number on froth height and percent difference between drag and no-drag solutions.

projected droplet; thus the maximum height the droplet
reaches is lower than it would be without drag. However, ex-
cept for the cases of extremely large Weber numbers, this
effect is essentially negligible.

Although drag forces are more important for lower surface
tension fluids, such as hydrocarbons, drag forces do not sub-
stantially impact froth height for most typical operating con-
ditions. Therefore, the simpler conditions for k,, that ne-
glect drag forces will be used as a basis for tray spacing selec-
tion.
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Adjustment to the Expression for Froth Height

Although visual measurements of &, are very difficult, we
can compare Eq. 15 against the gamma scan data of Hofhuis
and Zuiderweg (1979). They report the ratio of the local den-
sity within the froth to that of pure liquid. Their Figures 5-7
plot this ratio vs. position above the tray floor. Two of their
data sets illustrated in their Figure 5 are for very low vapor
rates, yielding values for ¢, greater than 0.55. The remaining
data sets are in line with more normal tray operation. For the
two very low vapor flow rate conditions, Eq. 15 underpre-
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dicted the measured froth height by about 5 cm. For all re-
maining sets of data, Eq. 15 underpredicted froth height by
an average of just under 3 cm. Equation 15 would be ex-
pected to underestimate the froth height if Eq. 9 underpre-
dicts the maximum droplet ejection velocity, vpy. The as-
sumptions used to calculate vy, as reported in Bennett and
Grimm (1991), require that the liquid velocity profile in the
vicinity of the liquid-vapor interface is fully developed. If the
velocity profile is not fully developed, Eq. 9 will underpredict
the ejection velocity, vp,. It Is reasonable to expect that
h, /dy is an important parameter that controls how the
droplet ejection velocity approaches v,,. At smaller vaiues of
h; /dg, the ejection velocity would be greater than v;,; at
larger values of 4, /d,;, the maximum ejection velocity should
approach vp,. The Hofhuis and Zuiderweg data show that
above a value for 4, /d, of about 6, the observed froth height
is in excellent agreement with Eq. 15. The entire set of data
can be correlated by

h B\ TN Fr
2014|1469 = —
Hre dy 2

Equation 17 underestimates A, by an average of less than
1 cm. It is interesting to note that Eq. 15 predicts that for a
particular tray geometry and liquid rate, froth height is solely
a function of KZ/gh,. This is identical to the observations of
Hofhuis and Zuiderweg. This correlation for h,, is clearly
for conditions when the tray above is not interfering with the
droplet trajectory.

(17)

Entrainment in the Froth Regime and Its Relation-
ship to Tray Spacing and Operating Conditions

The previous analysis has shown that the calcnlated value
for the froth height, h,,, is relatively independent of the We-
ber number and primarily a function of the Froude number.
This prediction can be tested against the entrainment
database. In addition, our desire is to develop a corretation
for entrainment.

Letting 12, and m,, represent the mass flux of entrained
liquid and the mass flux of vapor approaching the tray deck
and with « as the local volumetric fraction of the vapor, a
mass balance gives

my =Crop{l—a)p, (18)

my =g py, (19)
where i, , m,, vy, and « are all functions of dimensionless
height, &, and C, is the fraction of liquid contacting the un-
derside of the tray above that passes through the tray. The

ratio of the two mass fluxes is the normalized entrainment,
E:

Up PL Pr
E=C,——({1—-a)= C-———(l~a)
f“s Py st Py

(20)

Considering Eq. 20 together with Egs. 14 and 9,
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PV 2
E o 3Cf(1—oz)\/( Fr(l*f))

The dependency of entrainment on ( p, /p, )* is predicted,
but later we compare this prediction with the entire database,
which contained a variation in p, /p; from about 20 to nearly
1,000. This comparison shows that entrainment is dependent
upon p; /py.

Information about « as a function of £ is unavailable. Our
approach is to use Eq. 20 as a guide to identify correlation
groupings. It is reasonable to assume that the froth density,
which is defined by ¢ =1 - «, is scaled to ¢,, therefore:

V3
(A /A7) ¢,

@b

d=1-a=¢,f(£). (22)

Substituting Eq. 22 into Eq. 21 and using the definition of
the clear liquid height (Eq. 13),

Py 2 \/3_
NS _mm\/ (1_;;(1-@)(.__.(@/@@)) |

(23)

Evaluating this equation at the location equal to the tray
spacing, T, the dimensionless groupings of importance for £
are identified to be:

T hy

Pv Ay
E.J2L =
P fl(hl( hFe

We would like to reduce the number of groupings. Repasky
et al. (1992) report that C; may be a constant and we can
therefore drop this term. It is possible that the dependency
of £ on Ay /A, and Fr is due to the choice of A, to nor-
malize z. As an alternative to hg,, the froth height &, , is
substituted. Since h,, is dependent upon A4y /4, and Fr,
this could reduce the correlation dependency on these group-
ings. Therefore, the following groupings may be adequate:

‘/ ( Is ) (25)
oL fz ¢7¢ L2

where ¢,, = h; /h,,. The data will show whether these as-
sumptions are valid. Much of the entrainment data is for con-
ditions when the tray spacing is less than the calculated froth
height (T /h, 4 <1). Operating a tray under such conditions
is clearly possible and, in fact, common in some types of ap-
plications. Regardless of the value of T/%,,, an equation
for 4,, will be used that ignores the presence of the tray
above. If successful, this assumption vastly simplifies the cor-
relation.

o cf) (24)

Analysis of the Air/Water Database

The air/water database is substantially broader than the
non-air/water database and includes data from a wide range
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of tray geometry and operating conditions. The functional re-
lationship between entrainment and the two dimensionless
groupings can be determined for the air/water data alone.
Using the Pinczewski and Fell (1982) criteria for the
froth/spray transition, the air/water froth data yield the fol-
lowing correlation for entrainment:

T —1.967 p 0.5
Efmth=o.00405¢g£0095( h—g) (—’) . (26)
2¢ Pv

where h, is calculated from Eq. 15. The power for the first
grouping is essentially zero. There was no variation in the
density ratio for the air/water data; p; /p,, was always equal
to 817. However, the variation in ¢,, was from 0.01 to 0.70.
It appears that the air/water entrainment data are reason-
ably correlated by Tg/h,, alone. Therefore, for the froth
regime and ambient conditions for air/water,

—1.95
Efrolh=0'125(h—s) 27

2¢

with h,, again being calculated from Eq. 15.

As mentioned earlier, the froth height data of Hofhuis and
Zuiderweg (1979) is more accurately correlated by Eq. 17 than
by Eq. 15. Equation 17 can also be used to develop a correla-
tion for entrainment. Again, the power for the first grouping
in Eq. 26 is found to be approximately zero. Using Eq. 17,
the correlation for entrainment for the froth regime and am-
bient conditions for air/water is

—1.86
Eqom = 0.0469( h—g) . (28)

2

For other values of p, /p,, the air/water-based froth flow
correlation becomes

—1.86 0.5

T Pr
E =(0.00164] — — .
froth ( h2¢ ) ( PV)

(29)

Comparison of Air/Water Froth Regime Entrain-
ment Correlation against Observed Trends

Equation 29 can be expanded by using Eq. 17 for A,, and
the expression for Fr:

Kég 1.86
g¢eT9

1.86
d 1.85 0.5
1+6.9(—ﬁ) (&)
hy Py

(30)

Eron = 0.00164(

9y3

go W _ 1
2 (Ay/Ap)

K3

This expression is useful in identifying trends and comparing
these to the observations in Kister et al. (1981) and Kister
and Haas (1988). Equation 30 provides insight and support to
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their observations. In addition, an expression for conditions
ylelding a minimum in entrainment as a function of liquid
rate will be derived from Eq. 30. Kister and Haas (1988) and
others have proposed this as an indication of the jetting to
froth transition.

Equation 30 shows that the important parameters are the
Froude-type numbers K3 /¢,gTs and K2 /gh; and the geom-
etry parameters dy /h, and A, /A;.

Effect of hole diameter

Kister and Haas (1988) report that at high vapor rates, low
liquid rates, and large hole diameters, entrainment rises sig-
nificantly with d,. At small values of d,, and higher values
of liquid rate, d,; has little significance. Equation 30 is con-
sistent with these observations. At low liquid rates and high
vapor rates, the groupings containing d,, /h, become impor-
tant, resulting in a significant dependency on d,,. At small
values of dj; and higher values of Ki/gh,, the importance
of dy /h; becomes small.

Effect of tray spacing

Kister and Haas found that entrainment is inversely pro-
portional to tray spacing raised to a power of 2 to 3. Equa-
tion 30 suggests that the power is closer to 2.

Effect of fractional hole area

Kister and Haas report that at high vapor velocities, low
liquid flow rates, and low values of A, /A, entrainment rises
rapidly with decreasing A, /A,. At low vapor rates, high lig-
uid rates, and high values of A,,/4,, entrainment is only
slightly dependent on hole area. Equation 30 shows that for
high values of K2 /gh, , specifically high vapor velocities and
low liquid flow rates, entrainment increases rapidly as A, /44
decreases. However, at low values of vapor rate and high val-
ues of liquid rate, A, /A is less important, especially when
Ay /Ag is large.

Effect of outlet weir height

Kister and Haas report a complex dependency between en-
trainment and outlet weir height. For low weirs and low lig-
uid rates, entrainment is reported to decrease. They also re-
port an increase in entrainment with outlet weir when liquid
rate is high and vapor is low. Finally, they report that condi-
tions with high weirs with high vapor and liquid flow rates
give little dependency of entrainment on weir height. Equa-
tion 30 states that the outlet weir height is only important
through its impact on k. These results are consistent with
the preceding observations, but will be discussed later.

Effect of vapor velocity

Kister and Haas report that at high vapor rates and low
liquid rates, entrainment is proportional to the vapor velocity
raised to a power of 4 to 5. At other conditions, entrainment
is proportional to the vapor velocity raised to a power of 2 to
3. According to Eq. 30, the dependency of entrainment on
vapor rate (K ) depends upon the importance of gh, /K3.
For low liquid rates and high vapor rates, gh, /K3 is less
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important and entrainment depends on K raised to a power
of about 5. As gh; /K2 becomes larger, the dependency on
K becomes less. At a typical value for gh; /K2 of about 100,
the entrainment depends upon K raised to the power 3.

Effect of liquid inventory and liquid flow rate

Kister et al. (1981) and others have reported that as liquid
rate increases, entrainment can go through a minimum. Porter
and Jenkins (1979) proposed that this minimum coincides with
the spray to mixed froth/spray transition. Kister et al. (1981)
proposed that the minimum corresponds to a transition at
the orifice from bubbling to intermediate jetting. As reported
by Kister et al., the correlation proposed by Porter and Jenk-
ins to predict this minimum is not particularly successful.

Equation 30 can be used to predict this minimum. Differ-
entiating with respect to 4, /d, and setting the derivative
equal to zero, the value of /; /d,, corresponding to the mini-
mum is

0.35

(31)

hy s K3
dy min— gdy(Ay /A7)

The functionality of Eq. 31 is similar to the Hofhuis and
Zuiderweg (1979) correlation for the froth/spray transition:

3
. (32)

1.07

(i),
dH transition (AH/AT)V3

gdy(Ay/Ar)

It is interesting to note that the presence of a minimum does
not require a flow regime transition, but only requires the
recognition that the exchange of momentum between vapor
and liquid is incomplete and that h; /d,, is an important pa-
rameter in controlling this exchange of momentum. It is also
interesting to observe that this minimum is near the condi-
tions when the flow regime is variant.

Air/Water Entrainment in the Spray Regime and
its Relationship to Tray Spacing and Operating
Conditions

Equations 18 through 25 should be equally valid whether
the tray is operating in the froth or spray regime. Repeating

Eq. 25,
Py Ts
E1/—=f —, by ]
PL Z(hzas 24’)

As shown in Eq. 26, the froth flow air/water data indicated
no dependency upon ¢, 4. We believe that this is due to the
major portion of the liquid being contained in the liquid-con-
tinuous region, bounded by the tray deck and 4,. The en-
trainment rate must be dependent upon the local froth den-
sity near the tray above. For froth-type flows, this local froth
density is apparently relatively independent of the average
froth density, ¢5,.

For the spray regime, much of the liquid is in the vapor-
continuous regime. We would expect, therefore, a greater de-
pendency of entrainment on ¢, ,. Borrowing from the analy-

(25)
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sis of the froth flow data, we assumed for the spray regime a
correlation format of

[o Ty \*
v S
Espray ;): - a(;{;;) f(¢2¢)

where a and b are constants which will be determined later,
and

(33)

f(dr5)= 05, (34)
We would expect that 8 approaches zero for the froth regime
and approaches unity for the spray regime. A hyperbolic tan-
gent function has the expected bounds. Data regression will
show that the following is reasonable:

h
ﬁ=0.5(1—tanh[1.3ln(—L)——0.15]). (35)
dy
We will also assume a relationship for h,, that is similar to
Eq. 17,
hyg h\\ Fr
=1+{1+c|—} |—=- 36
Hr, ( C( d, ) 12 (56)

where ¢ and d are constants.We again used the Pinczewski
and Fell (1982) method to identify the spray data within the
composite air/water database. Using these spray data, we de-
rived the following constants for the spray regime:

—1.26 p 0.5
Eqpray = 0.0050( -—S—) £ ¢2¢,)( —L) 37
h2¢» Py
where
h2¢ h[ -3 Fr
=1+114+477] — — 38
T (L Y B

and f(¢,,) is given by Eq. 34 and Eq. 35.

Comparison of Air/Water Spray and Froth Regime
Entrainment Correlations

Using the expressions for 4,, and Fr, Eq. 37 can be ex-
panded to a form similar to Eq. 30:

K_g 1.26
Exgray = 0.0050)
1.26
gh, 93 1 1 477(‘1;1 3.29
X — + —— ————[14+4.77] —
K2 2 (Ap/Ap h,
0.5
P,
x f(d>2¢)(—L) (39)
Pv
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Figure 2. Parity plot using separate spray and froth regime correlations.
Spray and froth regime data separated using Pinczewski and Fell (1982).

If we reduce Eq. 39a to those conditions where we are clearly
in the spray regime, for example, %, /d;; less than about 0.5,
Eq. 39a can be simplified to

) 1.26

(39b)

. -_0476(&)05(# (d—’i)4.14 —__I{S-%——
spray ’ P 2¢ hL g¢eTS(AH/AT)

Equation 39b can be used to contrast air/water entrainment
in the spray regime to that in the froth regime.

Effect of the average froth density

The most significant difference between entrainment in the
froth and in the spray regimes is the dependency of entrain-
ment on the average froth density, ¢,, = h; /1, In the spray
regime, entrainment is approximately proportional to ¢,,. In
the froth regime, entrainment has little dependency on ¢,,;.

Effect of hole diameter

In the spray regime, entrainment is very strongly depend-
ent upon the perforation diameter. In the froth regime, espe-
cially when k, /d,; is greater than about 10, entrainment is
independent of d.

Effect of vapor rate

In the froth regime, we found from Eq. 30 that entrain-
ment varied with vapor rate raised to a power of about 3. For
typical conditions in the spray regime, at a constant liquid
rate, h; varies with K to about the —1/3 power and ¢, is
approximately inversely proportional to K. Equation 39b

AIChE Journal September 1995

shows, therefore, that for the spray regime and at constant
liquid rate and ¢,,, entrainment varies with K to a power
of about 5 or 6.

Effect of tray spacing

In the froth regime, we found that entrainment was in-
versely proportional to the tray spacing raised to a power of 2
to 3. In the spray regime, entrainment appears to be less de-
pendent upon the tray spacing. This probably results from
the greater uniformity of the froth density that occurs in the
spray regime.

Overall Air/Water Correlation for Entrainment—
Comments on Froth/Spray Transition

Figure 2 is a parity plot for the entire database, using as
appropriate Eq. 29 (or 30) for the froth regime data and Eq.
37 (or 39a) for the spray regime data. We have again used the
Pinczewski and Fell (1982) correlation to separate the spray
and froth regime databases. It is appropriate, however, to
question the need for such a criterion. Equations 30 and 39a
show that there are significant similarities in the respective
spray and froth relationships between entrainment and oper-
ating conditions. We believe that the most important distin-
guishing characteristic is the dependency of entrainment on
the average froth density. Equations 34 and 35 give a reason-
able method of describing this relationship. The parameter
h,/dy is of significance. As h, /d, exceeds about 2, B8 ap-
proaches zero and entrainment is no longer a function of ¢,,.
As h,; /d, is less than about unity, B approaches unity, and
entrainment is proportional to ¢,,. We propose that the rea-
sonable and simple hydrodynamic criterion for the froth/spray
transition is

Vol. 41, No. 9 2075
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Figure 3. (a) Parity of air/water entrainment using overall correlation; (b) g8 as a function of h,/d; (c) back-caicu-

lated froth height vs. h,/d,,.

h

=<1 Spraylike regime (40a)

dy
hy .

1<—=<2 Transitional (40b)

dy

hy, . :

7 >2 Frothlike regime (40c)
H

The composite database can be used to generate an overall
correlation for entrainment. A correlation of the form of Eq.
25 will be assumed. Since %, /d,; seems to be a primary pa-
rameter, we will use the following format for the correlation:

2076 September 1995

b+ clhy/dy )
Py T
E.|— =a|— oL, (41)
Pr (h2¢ ) 2
where B is defined by Eq. 35 and
By n\'\ Fr
=1+{1+e| = —
hFe ( e( dH 2 (42)

where a, b, ¢, d, e, and f are constants to be determined.
The composite database gives

Vol. 41, No. 9 AIChE Journal



—~1.86+0.26(h sd )"0
Py Ty
E\ = =0.00164(-—) bLy (43
PrL h2¢
and
h "\ Fr
2% _1+{1+6.0] == —. (44)
hFe dH 2

Figure 3a shows a parity plot, using Eq. 43 to predict entrain-
ment, for the entire composite database. Figure 3b shows the
calculated value of B as a function of h; /d,;. Since the froth
data generally have values for &, /d,; greater than 2, we have
only shown the spray regime data. Figure 3¢ shows the back
calculated froth height vs. k; /d;;, assuming Eq. 43 is valid to
calculate h,,. As expected, the back-calculated froth height
agrees well with the theoretical values for large values of
h, /dy. For smaller values of h, /d,;, the data agree reason-
ably well with the observed froth heights reported by Hofhuis
and Zuiderweg.

Entrainment for the Nonair/Water Systems

The database also includes entrainment data for cyclohex-
ane/n-heptane systems at 5 and 24 psia (34 and 165 kPa),
isobutane/n-butane, and air/Isopar-M oil. The functionality
suggested in Eq. 41 can be compared against these
nonair/water data. Figure 4 is a plot of the density-corrected
entrainment for the 24-psia cyclohexane/n-heptane database
vs. hyy care/Ts using Eq. 44 to predict hy, .. Each symbol
corresponds to a constant liquid rate. Consistent with Eq. 43,
Figure 5 is a plot of all nonair/water data and plots P vs.
h;/dy, where P denotes the power on Tg/h,, . We find
that at lower values of k, /d, and higher values of &, /dy,
consistent, but different, values for P occur. A transition for

all subsets occurs between a value for 4, /d,; of 1.5 to 3. This
reinforces our air/water conclusion that a transition from
spraylike to frothlike behavior occurs within this relatively
narrow range of s, /d,.

A possible explanation for the different values of P can be
seen if we examine the basic entrainment mass balance equa-
tions (Eqgs. 18, 19 and 20). The mass balance shows that the
normalized entrainment, E, is proportional to the volume
fraction of liquid, 1— «, at the location of the upper tray.
Figure 6 illustrates typical liquid volume fractions as a func-
tion of the vertical height above the tray deck. Although there
will be some interference resulting from the placement of the
tray above into the froth or spray, we would expect that the
general nature illustrated in Figure 6 will still be valid when
the tray above starts to penetrate the outer regions of the
froth or spray. The value of P would therefore be expected
to be dependent upon the variation of the volume fraction of
liquid (1 - ) with distance from the tray (z). Specifically, P
should be proportional to d(1— a)/dz, the partial derivative
of the liquid volumetric fraction with respect to distance from
the tray deck. Figure 6 shows that ¢(1— a)/dz (and there-
fore P) is larger for froth flow than for spray flow. Figure 6
also illustrates that the value for P is not necessarily constant
as the distance from the tray floor changes. We believe that
the different values for P seen in Figure 5 as we go from
spray to froth and the different values of P for different sys-
tems results from the complex behavior of 9(1— a)/dz within
the frothlike and spraylike regimes.

The nonair/water database was divided into a spray
database and a froth database using the observed change in
the value of P as the selection criterion. To test the air/water
entrainment correlation against the nonair/water results, we
avoided the need to estimate h,, by using Eq. 30 for the
froth regime and Eq. 39a for the spray regime.

The direct comparison of Eq. 30 against the nonair/water
froth regime data shows that the air/water-based correlation
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Figure 4. Density corrected entrainment vs. h,, .../ Ts using Eq. 44 to predict h,, .,.: cyclohexane/n-heptane, 24
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Figure 5. P vs. h,/d,, for all nonair/water data.

overestimates entrainment for low values of observed en-
trainment and underestimated entrainment for higher ob-
served values. Somewhat better agreement for the
nonair/water systems was obtained using

2.77 1.81 119
K ghy P\
Efroth = 0742( gd) TS ) (7{'? ('p—V) . (45)

For the spray data, we compared the nonair/water database
against the air/water spray correlation, Eq. 39a. As we saw

5 —
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g
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-
3
227
£
g spray
I
1 =+
froth
0 + t + % ;
0 0.1 0.2 0.3 0.4 0.5

Volume fraction of liquid in dispersion alpha

Figure 6. Typical volume fraction profiles for froth and
spray as a function of z.
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with the froth data, the air/water-based correlation overpre-
dicts the observed nonair/water entrainment data at low val-
ues of observed entrainment (E < 0.01) and underpredicts
entrainment at higher values of observed entrainment. Much
better agreement (within a factor of 2) was obtained through-
out the range of entrainment (0.001 < E < 0.4) with

1.56
K}?
8% 1018 :
Eqpray =8X10 (g¢eTs)

7.40

gh 1 - 614
L H
X | — +248———(1+827| —
K3 (Ap/Ar) ( hy )

o 18
X d;zﬁqﬁ(i) . (46)
Py

A parity plot for Egs. 45 and 46 is given in Figure 7. Five
points were not included in Figure 7 because they used unre-
alistically low liquid flow rates that were not representative
of actual system conditions. We believe that the large scatter
for the froth data is attributable to the observed variation in
the power, P, as shown in Figure 5. This variation in P is
much greater for the nonair/water frothlike data than was
observed for the nonair/water spraylike data. The functional-
ity assumed in Eq. 45 does not fully account for this variation
in P. Attempts using the more general functionality, Eq. 24,
were no more successful. The problem may be that Eq. 22 is
an oversimplification. As we discussed, P is dependent upon
d(1— a)/dz. More froth density profile data for a variety of
flow conditions and systems would be very helpful in develop-
ing a better understanding of the variation in P for various
systems.

We can also compare the entire nonair/water database
(spray and froth) against the overall correlation, Eqgs. 42 and
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43. Once again, the air/water correlation underpredicts en-
trainment. A correlation that is within a factor of 2 when the
observed entrainment is greater than about 0.100, but over-
predicts entrainment at lower values of observed entrainment
is given by Eq. 47:

) 05

impact of Entrainment on Tray Performance

N

T —-1.04
) ¢zﬂ¢(

P
Py

47

E= 0.04(
2¢

As entrainment increases, tray performance decreases. The
impact of entrainment on column performance has been cal-
culated numerically by Lockett et al. (1983). Tables of these
results are presented in Appendix B of Lockett (1986) for
parallel and cross-flow tray configurations. These tables sum-
marize the impact of a uniform entrainment flux on the Mur-
phree tray efficiency as a function of the tray configuration,
the point efficiency (E, ), the stripping factor (A,), and the
liquid Peclet number ( Pe). The stripping factor is defined as:

(48)

where m is the slope of the equilibrium line, V, is the vapor
molar flow rate, and L, is the liquid molar flow rate in the
absence of entrainment. For values of E ranging from 0.1 to
0.3 kg liquid/kg vapor, A, from 0.5 to 3.0, Pe from 0 to 1,000,
and E,; from 0.4 to 1.0, the following equation is a reason-
able approximation of the published tables:

Ey (E) Vs
e — =1-08E, A)BE —. 49
Epyy(E=0) oG Ly “9)
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Parity plots demonstrating the agreement between the tabu-
lated values and Eq. 49 are shown in Figure 8 for both tray
configurations. This equation allows one to calculate the de-
crease in performance due to entrainment.

Summary and Conclusions

In this article, we have presented a phenomenologically
based analysis of sieve tray entrainment in the froth and spray
regimes. Based on a mechanistic analysis of the froth, in which
droplets are ejected from a liquid-continuous region, a trajec-
tory model for the droplets was developed. The maximum
distance reached by the droplets defines the height of the
two-phase region. The exact solution to this model was com-
pared to an approximate solution that ignores the contribu-
tion of drag. If the drag force on the droplets from the vapor
stream is significant compared to the other forces, the froth
height will be different and Figure 1 is needed.

For air/water systems, the effect of drag is generally not
significant and can therefore be ignored. This also applies to
much but not all of the nonair/water data that were collected
from the literature. The smaller droplets that result from us-
ing lower surface tension fluids are more sensitive to drag
than the droplets in the air/water system. However, since
these nonair/water systems also generally operate with vapor
velocity ranges of V <1, the consideration of drag will actu-
ally decrease the entrainment expected when drag is negligi-
ble.

We have also developed a correlation for entrainment
based solely on the ratio of froth height to tray spacing,
h,4/Ts, and the average froth density f,, = h; /h,,, and the
other nondimensional groupings. We developed an entrain-
ment and froth height correlation for the larger composite
air/water database. This air/water correlation consistently
generates the complex reported trends between entrainment
flow rates and geometry parameters.
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Figure 8. Effect of entrainment on Murphree tray efficiency.
(a) Parallel configuration. (b) Cross-flow configuration.

Next, we compared these air/water correlations against the
less populous nonair/water database. The air/water correla-
tions overpredicted entrainment for lower observed values
and underpredicted entrainment at higher observed values.
Alternative expressions are given.

The following conclusions can be made for both air/water
and the evaluated nonair/water systems:

1. At h, /d,, values less than about 2, the behavior of the
vapor and liquid on a distillation tray behaves in a spraylike

2080
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manner, characterized by a stronger dependency of entrain-
ment on the average froth density, ¢,,4, and a less significant
dependency on Tg/h,, than occurs for frothlike flow.

2. At h; /d,, values greater than about 2, the behavior of
the vapor and liquid behaves in a frothlike manner character-
ized by the entrainment being relatively independent of ¢,,
and more significantly dependent upon Tg/h,, than seen for
spraylike conditions.

3. If the spraylike/frothlike distinction is necessary, s, /dy

AIChE Journal



<2 for identifying the spraylike regime and k, /d,, > 2 for
identifying the frothlike region is recommended.

4. Our phenomenological analysis of the froth flow mecha-
nism predicts that the use of a density corrected entrainment,
Evpy/p; , removes the need for additional p, /p, correc-
tions. The nonair/water froth data supports that entrain-
ment does depend upon the ratio p, /p,. Within the accu-
racy of the correlation, the predicted dependency may be
correct. A small improvement is obtained for the non-
air/water data by allowing this dependency to float, giving E
as being about directly proportional to p, /p,,.

5. For the air/water system Eq. 29 or Eq. 30 is our best
entrainment correlation for the froth regime and Eqs. 37 and
38 or Eq. 39a is our best entrainment correlation for the spray
regime. A reasonable correlation for both the spray and the
froth regimes is Eqs. 43 and 44:

5 — 1.86+0.26(h fd;) "7
E\ = =0.00164(—S) o8, (43)
Pr Fe
h o\ N\ Fr
2 1+ |1+60[ = — (44)
hp, dy, 2
where
hy,
B=0.5(1—tanh|1.3In[ —= | -0.15|}. (35)
dy

6. The air/water-based correlations are not generally ap-
propriate for nonair/water systems. Based on the data ana-
lyzed for this study, a reasonable estimate of the entrainment
for froth flow is obtained from Eq. 45

2.77 .
K}? (ghL)lgl(Bi)l.w s
g¢.Tx Ky Py

Eton= 0.742(

and a reasonable estimate of entrainment for spray flow is
given by

1.56 gh
E_. =8x10~"| —> SHECI) YT —
i 8o T K52 (AH/AT)
—614]) 740 o, | 108
x|1+8.27| -2 ¢§¢(i) . (46)
hL Py

An overall correlation for either the spray or froth regime
that, based on our reported data, predicts within a factor of
about 2 for higher values of reported entrainment is Eq. 47

—1.04 05
T P
E=0.04(h—s) ¢§¢(i) ,

2¢ Pv

47
where h,, is predicted from Eq. 44, and B is calculated from
Eq. 35.
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7. Froth height observations are notoriously difficult to
make due to the lack of a distinct interface and its transient
nature. This is especially true for the spraylike regime. Equa-
tion 44 was derived from entrainment data, and should not
be regarded as a correlation for the observed froth height.
The limited gamma ray observation data discussed in this ar-
ticle suggests that Eq. 17 reasonably correlates air/water froth
height data.

8. The consequences of entrainment on tray efficiency, as-
suming that the tray above receives a uniform flux of entrain-
ment throughout its cross-sectional area, is given by

Epny (E)

Ey (E=0) (49)

VO
=1-08Epc \°YE—.
LO

Notation

Cgp = Souders—Brown flooding capacity factor, m/s
E,,, =apparent Murphree tray efficiency
f(d,4)=see Eq. 34
F; ), =flow parameter for determining flood point
Fr =Froude number
g =acceleration due to gravity, 9.8 m/s?
G =vapor mass-flow rate, kg/s
hy4 np =no-drag solution for froth height, m
h, 4 wp =solution for froth height that includes drag effects, m
hy =exit weir height, m
L =liquid mass-flow rate, kg/s
T = tray spacing, m
vp =vapor velocity under flooding conditions, m/s
V =dimensionless droplet velocity = v, /vy,

Greek letters

B =see Eq. 35
¢, =effective froth density
¢, =average froth density =h; /h,,
p, =liquid density, kg/m?
py =vapor density, kg/m?
& =dimensionless height = z/h,
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