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The interfacial area of mass transfer is one of the key parameters in valve tray design,
and the valve geometry is the important structural parameter that determines the interfa-
cial area. In this work, the hydrodynamic and mass-transfer characteristics of three dif-
ferent types of valve trays are investigated. The mechanism of bubbles deformation and
breakage in the turbulent dispersion system is theoretically analyzed on the basis of Kol-
mogoroff’s isotropic turbulence hypothesis, and a novel model is proposed to predict the
interfacial area. The results show that the simulation results agree well with the experi-
mental data. In contrast to most of the conventional models, the present model is capable
of evaluating the effects of valve configuration on the interfacial area. The model is
expected to guide effectively the design of valve trays which is widely applied nowadays.
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Introduction

One of the major tasks in the design of separation proc-
esses is to simulate separation processes accurately. Nowa-
days the nonequilibrium model has been popularly used to
realize the simulation, in which the interfacial area is a key
parameter. The valve trays, being the topic of our article, are
among the most widely employed equipments in tray col-
umns, and its valve geometry becomes the determined factor
for the interfacial area of mass transfer. Developed through
the past decades, new-style valves with different geometries
have been invented for the purpose of improving tray per-
formance, especially separation efficiency. Although column
design procedures are generally considered as ‘‘mature,’’ in-
formation for the design of modern valve trays is still quite
scarce. Since the design of most modern valves is mainly
based on experience, being lack of theoretical research, the
accurate simulation of separation processes becomes difficult.
To our knowledge, only Richard et al.1 reported the mass

transfer characteristics of valve trays using dimensional anal-
ysis to obtain an empirical expression for the interfacial area.
In addition, only V-1 type valve was investigated, and the
mechanism of the interface formation had not been theoreti-
cally analyzed in their work. Till recent years, some
researchers2–4 analyzed the mechanism of interface formation
from the relations among bubble hydrodynamics, system
property, and operation conditions, and advanced some strict
models that have been developed to predict the interfacial
area. However, there are none of theoretical models that are
especially applicable to the valve trays. In particular, the
impact of valve geometry on the interfacial area still cannot
be expressed using an available correlation. Therefore, the
main objective of the present work is to analyze the function-
ing mechanism of valve geometry on the interfacial area, and
derive an appropriate correlation.

Theoretical section

At high superficial velocity of the vapor, a turbulent flow
pattern dominates the liquid phase flowing on the valve tray.
It is very difficult to predict theoretically the interfacial area
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due to the randomicity and complexity of the turbulent motion.
Fortunately, the mechanism of bubble deformation and break-
age can be employed to analyze the turbulent flow, provided
that the Kolmogoroff’s isotropic turbulence hypothesis5 can be
used. When the vapor is sparged into the liquid, a series of dif-
ferent length scale eddies are created from the liquid being
stirred. The large eddies, being nonisotropic and unsteady, can
break easily to be the small eddies that behave to be isotropic.
Most of the turbulent energy is dissipated by the small eddies,
but not the large ones. All these ideas become the theoretical
basis of the Kolmogoroff’s isotropic turbulence hypothesis.
When this theory is applied to the bubble columns, difficulties
in obtaining analytical solution for the crowded bubbles can be
therefore avoided using the energy dissipation rate e to describe
the properties of the vapor and liquid.

Energy dissipation rate on the valve tray

In the turbulent dispersion system, Hean et al. assumed
that only these eddies having the length scale smaller than or
equal to the bubble diameter could participate in the defor-
mation of bubbles, whereas those having length scale larger
than the bubble diameter mainly converted the bubbles.6 In
this work, such assumption is also used, together with the
Kolmogoroff’s isotropic turbulence theory. Now that most of
the turbulent energy is dissipated by these small eddies, a
part of the turbulent energy may be converted to heat energy
through viscous dissipation, whereas the other part may con-
tribute to surface energy during the bubble deformation.
With the aid of the assumptions above, the description of ki-
netic characteristics of bubbles can be greatly simplified by
introducing the energy dissipation rate e.

The energy dissipation rate on the valve tray, quantita-
tively equal to the input energy rate from vapor to liquid, is
associated with the hydrodynamic characteristic of the valve
tray. When the vapor passes through the liquid, the pressure
drop DPL can be expressed as

DPL ¼ qLghL (1)

where hL is the clear liquid height, and the liquid mass per
tray area can be defined as qLhL. As calculated from the non-
equilibrium thermodynamic model, the entropy generation
rate due to the temperature gradient is very small in the
whole energy dissipation, it is reasonable to neglect the
energy dissipation due to the temperature gradient.7 The
energy dissipation rate per tray area can thus be obtained as

DEL ¼ DPLuG (2)

where uG is the superficial velocity of the vapor. Since the
major part of the energy loss comes from overcoming the
hydrostatic head of the liquid layer,8 the rest part of the energy
loss contributes to the increase of turbulent energy of the liquid
and can be defined as CdDEL. The energy dissipation rate for
the liquid of unit mass is consequently written as

e ¼ CdDEL

qLhL
(3)

where 0 < Cd < 1 is the energy dissipation percentage that is
dependent on the tray configurations. Cd has different values
for various valve geometries, despite the fact that for all

kinds of valve trays the vapor jets out from valve slots. Two
key parameters have crucial influence on Cd: the slot angle
and the slot area. The slot angle mainly controls the initial
flow-directions of bubbles in the liquid layer, and its influ-
ence on the bubble size is negligible. However, the slot area,
being product of the effective slot perimeter l and slot height
h, can greatly affect the contact area of the vapor and liquid.
The larger slot area can provide the larger contact area and
the longer contact time for the vapor and liquid, leading to
the increase of the energy exchanges between the vapor and
liquid. As a result, the input energy from the vapor to the
liquid, being equal to the energy dissipation rate for unit liq-
uid mass, is also enhanced. Dimensional analysis can be
applied to give an equation of the form

Cd ¼ C1

nlh

Ab

� �C2

(4)

where C1 and C2 are the two regression coefficients to be
determined, n is the valve number per tray, and Ab is the
bubble area of the tray. Substituting Eqs. 1, 2, and 4 into Eq.
3, generates Eq. 5,

e ¼ C1

nlh

Ab

� �C2

uGg (5)

Vapor-liquid interfacial area

The interfacial area is mainly determined by the bubble
size at a definite vapor flow rate. Lots of research efforts
have been put on establishing methods to estimate the bubble
size, especially the maximum stable bubble size. In the tur-
bulent dispersion system, it is commonly believed that more
than one mechanism for bubble breakage may exist. This is
because a bubble is not only exposed to a turbulent field, but
also subjected to both inertial and viscous forces. Normally,
the turbulent breakage and viscous shear breakage are con-
sidered to be the most important.6 However, when bubble
breakage under highly turbulent flow is considered, the vis-
cous forces may usually be neglected owing to the fact that
the sizes of bubbles are usually much larger than those of
the turbulence. The turbulent breakage is generally induced
by eddies bombarding and deforming the bubble surface.
Only a certain number of bubble-eddy collision are likely to
result in bubble crushing, and the break up of bubbles is
determined by the equilibrium between the inertial force of
the arriving eddy Fk and the interfacial force Fr. The balance
of disruptive and cohesive forces is generally expressed in
terms of the dimensionless Weber number. A critical Weber
number Wecrit will exist at the point where cohesive and dis-
ruptive forces become balanced under a maximum stable
bubble size dmax,

Wecrit ¼ Fk=Fr ¼ u2kqLdmax=r (6)

Assuming that the isotropic turbulence is at least on the
length scale of bubbles,9 the turbulent velocity uk of an eddy
of size k in the inertial subrange can be expressed as

u2k ¼ 2ðekÞ2=3 (7)

Only those eddies with the length scale smaller than or
equal to the bubble diameter can induce the bubble breakage,
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and the larger eddies can merely transport the bubbles. For
the same reason, only those bubbles with the diameters
smaller than the length scale of the eddy can be formed. At
the point of Wecrit that exists, the critical eddy size kcrit can
be expressed as

kcrit ¼ dmax (8)

From Eqs. 6–8, the following equation can be obtained10

dmax ¼ Wecrit

2

� �3=5 r
qL

� �3=5

e
�2=5 (9)

The expression in Eq. 9 agrees with the equation developed
by Lehr et al.,11 except for the coefficient ðWecrit=2Þ3=5. The
coefficient reflects the intrinsic of bubble-eddy system and is
usually assumed as a constant. However, in our research, the
ratio of liquid height to tray diameter is less than 1, bubbles
cannot be fully developed, and the actual maximum bubble
diameter does not agree well with the maximum stable bub-
ble diameter as expressed in Eq. 9. Therefore, the coefficient
ðWecrit=2Þ3=5 should be regarded as an adjustable parameter,
and determined according to the real observations.

For the valve tray, the actual dmax is expressed by induc-
ing Eq. 5 into Eq. 9:

dmax ¼ Wecrit

2

� �3=5 r
qL

� �3=5
q1=5G

nlh

Ab

� ��2C2=5

ðC1FgÞ�2=5 (10)

where

F ¼ uG
ffiffiffiffiffiffi
qG

p
: (11)

Meanwhile, knowledge of average bubble size is of more
importance than dmax in the industrial applications, since the
former is based on the size distribution of all bubbles and
generally obtained by the method of statistical averaging,
rather than a single measurement. The most important statis-
tical measurement reported in the literature is the Sauter
mean bubble diameter, d32, that indicates the ratio of bubble
volume to the surface area for a sample of N bubbles, and is
defined as follows

d32 ¼
PN

i¼1 d
3
iPN

i¼1 d
2
i

(12)

There is a linear relationship between d32 and dmax.
Heskrth et al. assumed that these bubble size data fit a log
normal distribution.10 Thus, the coefficient between d32 and
dmax could be expressed as a function of geometric mean
standard deviation, and the average value of the coefficient is
approximately a constant for a wide range of systems. Hence,
we have

d32 ¼ Cndmax (13)

On knowing the average size of bubbles, d32, the volumet-
ric mass transfer area a in the unit of m2/m3 can thus be
directly correlated to the gas hold up /G,

a ¼ 6/G

d32
(14)

where

/G ¼ hf � hL
hf

(15)

Introducing Eqs. 10 and 13 into Eq. 14, a can be
expressed as

a ¼ 6

Cn
C
2=5
1

Wecrit

2

� ��3=5

/G

nlh

Ab

� �2C2=5 q3Lg
2F2

qGr3

� �1=5

(16)

It is more convenient to use the dimensionless interfacial
area per tray area, a0, for the evaluation of tray performance.
Since the gas-liquid mixed volume on the tray is generally
the product of tray area and froth height, the relationship
between a0 and a can therefore be expressed as

a0 ¼ a � hf (17)

From Eqs. 15–17, the expression of a0 can be obtained as

a0 ¼ b
nlh

Ab

� �2C2
5 hL/G

ð1� /GÞ
q3Lg

2F2

qGr3

� �1=5

(18)

where

b ¼ 6C
2=5
1

CnðWecrit=2Þ3=5
: (19)

Experimental Section

Pure oxygen desorption method for the determination of
interfacial area

Various techniques have been developed to determine the
interfacial area of a tray, such as local probes,12 photogra-
phy,13 ultrasonic attenuation,14 and chemical methods.15

However, since the bubble size around the valve is not
homogeneously distributed, and dependent on the valve ge-
ometry, the physical methods as mentioned above are quite
hard to provide precise values for the global interfacial area
due to the fact that only local observations can be obtained
using these methods. Therefore, the global interfacial area, as
conveniently used in industrial design, has to be obtained
using the chemical methods. In the present work, the pure
oxygen desorption method,16 contrary to the absorption
method,17 is employed to determine the global interfacial
area. The oxygen desorption method in the work is a steady
state measurement of oxygen, but not the dynamic oxygen
desorption.

The oxygen transfer in water, i.e., the increasing of the ox-
ygen concentration with respect to the time, is controlled by
the liquid phase and described by an equation of the first
order,

dc

dt
¼ kLaðc� � ctÞ (20)

where c* is the oxygen saturation concentration under pro-
cess conditions, and ct is the oxygen concentration at time t.
The solution of this differential equation shows the course of
the oxygen concentration (g/m3) in water with time up to the
saturation concentration,

ct ¼ c� � ðc� � c0Þe�kLaDt (21)
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where c0 is the oxygen concentration at time t0 ¼ 0, and
Dtð¼ t� t0Þ is the residence time of the liquid. In the same
way, the reduction of an excess oxygen concentration with
time down to the saturation concentration can be also
described using Eq. 21. The relative roles of the oxygen
absorption and desorption methods are graphically illustrated
in Figure 1 for easy understanding. In comparison to the
absorption method with sodium sulfite, the pure oxygen de-
sorption method is a simple and cost-effective method. With
the aid of the oxygen desorption method, the tray perform-
ance can be characterized with the Murphree liquid effi-
ciency. Substituting Eq. 21 into the traditional definition of
Murphree liquid point efficiency (EML) leads to Eq. 22,

EML ¼ ct � cðtþDtÞ
ðct � c�Þ ¼ 1� e�kLaDt (22)

where ct is the inlet oxygen concentration, and cðtþDtÞ is the
outlet oxygen concentration.

The liquid flow pattern plays an important role in the
overall tray efficiency. To evaluate the effect of valve ge-
ometry on the interfacial area, the influence of liquid flow
pattern should be separated or eliminated. Therefore, ideal
deflectors like the meridians of the globe are arranged on
the tray and lengthened to achieve a ‘‘full-guide’’ liquid
flow from the inlet to the overflow weir. The ideal deflec-
tors are expected to completely divide the tray surface into
several individual channels. Coming from the inlet, the liq-
uid is evenly guided into these channels, and the liquid
vortex and backflow were almost eliminated. Thus plug
flow, an ideal flow pattern, was roughly approached, as
having been proved in our previous work.18 Owing to the
plug liquid flow being realized on the tray, the liquid resi-
dence time Dt can thus be expressed as

Dt ¼ Abhf ð1� /GÞ
VL

(23)

From Eqs. 17, 22, and 23, a0 can be written as

a0 ¼ � VL

kLAbð1� /GÞ
ln 1� ct � cðtþDtÞ

ct � c�

� �
(24)

The experimental values of a0 calculated from Eq. 24 can
be substituted into Eq. 18 to determine the coefficients of b
and C2.

Apparatus and procedure

A schematic diagram of the experimental apparatus19 is
shown in Figure 2. Three identical trays were placed in a
column with a diameter of 1 m. The middle tray was served
as a test tray, whereas the upper tray was functionalized as a
stabilized tray, and the bottom one played the role of vapor
distribution. The space between the adjacent trays was 0.5 m.
The tray structural parameters were as follows: weir length
of 0.85 m, weir height of 0.03 m, tray bubble area of
0.687 m2, and perforation (the ratio of perforation area to
tray area) of 11.4%. Four ideal deflectors were placed on the
trays for distributing and regulating the liquid flow, so as to
form a plug-flow pattern.18

Three types of valves, Glitsch V-1 valve (V1), rhombic
valve (RV), and double rhombic valve (DRV), as shown in
Figure 3, were equipped and tested. The RV and DRV valves
were invented and developed in our lab. The detailed geome-
try values of the three valves are listed in Table 1. Under the
working condition of the test column as shown in Figure 2,
the slot heights of all three valves are fixed and equal to the
maximum valve lift height of 8.5 mm. Since the slot height
h mainly controls the weeping point, such a selection of h
values leads to the weeping being almost zero. The effective
slot perimeter l was obtained by subtracting the valve leg
width from the valve land perimeter. Statistically, the effec-
tive slot perimeter per tray area, l, of RV was 9.19% larger

Figure 1. Comparison between the absorption method
and the pure oxygen desorption method.

Figure 2. Experimental apparatus.

Figure 3. Configurations of V1, RV, and DRV.
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than that of V1, whereas the l value of DRV was 33.20%
higher than that of V1. The DRV valve was specially
designed by adding a small-scale valve right on the main
rhombic valve sheet in order to intensify its performance.

Air/water at 258C and atmospheric pressure were taken as
the test system, with a gas volume rate ranging from 0.14 to
0.29 m3/s and a liquid volume rate from 1.1 3 1023 to 9.7
3 1023 m3/s. The ratio of air to water flow rates was appro-
priately adjusted to ensure the operability of the test column.
The gas volume rate was measured with a probe flowmeter
of type SY-93 manufactured by EPI Company, USA, (meas-
ured precision 61.5% FS) while a smart vortex flowmeter
8800C supplied by Fisher-Rosemount Co. was used for the
determination of liquid rate (measured precision 60.1% FS).
The high excess concentration was obtained by feeding pure
oxygen continuously into the water source. Enough time was
required to let oxygen dissolve sufficiently into the water
source so that an oxygen concentration of about 20 g/m3 was
reached. As the oxygen-rich water being pumped to flow
through the trays, the oxygen concentration in the clean
water decreased toward the oxygen saturation concentration
by the stripping of the excess oxygen. When the operating
column reached steady state, which was about twenty
minutes later since the start of the experiment, liquid samples
were collected from the inlet and outlet of the test tray. The
samples were titrated by iodometry20 without delay to deter-
mine the oxygen concentrations. The clear liquid heights at
different locations of the test tray were measured using a se-
ries of U-tube differential manometers, and the froth height
was obtained using a ruler placed directly on the tray. The
measurements of both clear liquid and froth heights were
accurate to mm, and schematically illustrated in Figure 4.
The experimental values of froth porosity, /G, were calcu-
lated using Eq. 15.

Results and Discussion

Froth porosity

Froth porosity, one of the most important parameters, has
been involved in many research papers. In the present work,
the clear liquid height and froth height were experimentally
determined to calculate the froth porosity using Eq. 15. The
experimental values of the clear liquid height hL for all the
three kinds of valve trays are found to be almost the same,
as shown in Figure 5. This is consistent with most conclu-
sions drawn by other researchers in literature.21 At the work-
ing condition of negligible weeping and entrainment, hL is
determined by weir height and liquid volume rate, as shown
in Figure 6. The following correlation, referred from the lit-
erature,21 is appropriate for three types of valve trays

hL ¼ Hw þ 1:11
VL

Bw

� �2=3

(25)

where VL is the liquid volume rate, and BW denotes the weir
width. The froth height is mainly affected by the valve ge-
ometry and gas velocity, as shown in Figures 5 and 6. When

Table 1. Valve Geometry Parameters

Parameters n l (mm) h (mm)

Valves
V1 75 136 8.5
RV 58 192
DRV 45 302

Figure 4. Measurements of the clear liquid height (hL)
and froth height (hf) on the tray.

Figure 5. Clear liquid height (hL) and froth height (hf) as
a function of F-factor.

Figure 6. Clear liquid height (hL) and froth height (hf) as
a function of liquid volume rate (VL).
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the valve tray has a longer effective valve perimeter, l, the
gas velocity through the slot will decrease, and the gas can
be more homogeneously distributed, resulting in an increase
of the froth height. The

/G

1�/G
values in Eq. 18 as a function

of F-factor, as presented in Figure 7, have almost the same
tendency as the froth height. Since

/G

1�/G
, as shown in Figure

8, is only a very weak function of the liquid volume rate and
kept almost constant, the liquid volume rate is regarded to be
of negligible influence. Therefore, a regressive correlation of
/G

1�/G
for the valve tray is recommended as follows

/G

1�/G

¼ 12:23�0:61 nlh

Ab

� �0:90�0:18

F0:61�0:05

(26)

Interfacial area per tray area a0

Interfacial area a0 was calculated from Eq. 24 using the
pure oxygen desorption experimental data. The liquid film
coefficient kL of oxygen transfer was evaluated according to
the correlation recommended by Linek et al.22 This correla-
tion is deduced based on the ‘‘eddy’’ model, assuming that
the small scales of turbulent motion affect the mass transfer.
In any case, these turbulent motions are much smaller in
scale than gas bubbles. As a result, the size of the gas bub-
bles is not a critical parameter for the estimation of kL. Since
the tray configurations, including the valve geometry, mainly

affects the bubbles’ size, the influence of these motions on
kL can therefore be neglected. The similar conclusion by
Richard et al.1 also indicated that the mass transfer coeffi-
cient was not a strong function of tray type but the interfacial
area was. As shown in Figures 9 and 10, the greater interfa-
cial area a0 was obtained due to the longer effective perime-
ter l. Statistically, comparing to the case of V1, a0 of RV is
about 12.49% higher, and that of DRV is 45.64% higher.

To determine the parameters of b and C2 in Eq. 18 an
assumption of linear relationship between e and nlh/Ab in Eq.
5 is at the first thought made and tried to simplify the opti-
mization. This assumption means that C2 ¼ 1 and the param-
eter b can be easily and directly calculated from the experi-
mental values of a0 using Eq. 18. The calculations indicate
that the calculated b changes very little with the valve geom-
etry. As illustrated in Figure 11, all the three types of valves,
V1, RV, and DRV, have nearly the same b values, which
implies that the assumption made above is reasonable and of
great simplicity.

Moreover, Figure 11 also demonstrates that b decreases
with the increasing F factor and depends quite weakly on the

Figure 7. /G/(1� /G) values as a function of F-factor.

Figure 8. /G/(1� /G) values as a function of liquid vol-
ume rate.

Figure 9. Interfacial area per tray area (a0) as a function
of F-factor.

Figure 10. Interfacial area per tray area (a0) as a func-
tion of liquid volume rate (VL).
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liquid flow rate. Even though b is the function of C1, Cn, and
Wecrit, as shown in Eq. 19, Cn and Wecrit usually behave to
be constants, or of small deviations as pointed out in most
papers.23,24 Therefore, the decreasing b with the increasing F
has to be attributed to the dependence of C1 on F. Since C1

indicates the efficiency of energy exchange between the gas
and liquid, the dependence of C1 on F-factor can be
explained from the gas–liquid contact time. When the super-
ficial gas velocity is raised, the liquid height changes little,
as shown in Figure 5, and the contact time decreases accord-
ingly. The decreasing contact time causes the reduction of
energy exchange between the gas and liquid, resulting in the
decrease of C1 and b. As for the influence of the liquid vol-
ume rate on C1 and b, there are two existing factors that are
opposite to each other: the enhanced liquid height with the
increasing liquid volume rate, as shown in Figure 6, provides
longer time for the vapor passing through the liquid in the
vertical direction, whereas the contact time in the horizontal
direction decreases with the increasing superficial liquid ve-
locity. The positive and negative effects of the liquid flow
rate on the contact time neutralize each other, so that the
energy dissipation per liquid mass changes very little with
the liquid flow rate. According to the analysis above, b is
just regarded as a function of the F-factor within the limit
2.0 3 1023 � L � 10.0 3 1023 m3/s, and the regressive
expression of b can be obtained as

b ¼ 0:5313�0:0134F�0:44�0:03

(27)

Combining Eqs. 25–27 with 18, the regression equation of
a0 can be finally expressed as

a0 ¼ 6:50�0:81 nlh

Ab

� �1:3�0:19

Hw þ 1:11
VL

Bw

� �2=3
" #

3
q3Lg

2

qGr3

� �1=5

F0:57�0:03 ð28Þ

The experimental interfacial areas of all three valves (V1,
RV, and DRV) in this study, as well as the experimental
data of V1 valve by Richard et al.,1 are used to examine the
accuracy and applicability of Eq. 28. The calculation results,

as given in Figures 9, 10, and 12, indicate that Eq. 28 fits
the data from Richard et al.1 with a mean deviation of
8.28%, and represents the experimental data of all three
valves in this study with a mean deviation of 1.22%. The
comparison between the correlated and experimental interfa-
cial areas, as more clearly shown in Figure 12, justifies Eq.
28 to be an excellent correlation.

Conclusions

The mechanism of interface formation is explored in this
article based on the Kolmogoroff’s isotropic turbulence
theory, and a mathematical model is developed to predict the
interfacial area of the valve tray. The incorporation of the
isotropic turbulence theory enables the model to be simple
and convenient for applications.

Experiments are carried out to compare the interfacial
areas of V1, RV, and DRV. The results show that the vale
geometry is the main factor affecting the energy dissipation
rate and the froth porosity, and thus finally influencing on
the interfacial area. The interfacial area on the tray is also
found to increase with the increasing effective valve perime-
ter per tray area. All the above experimental phenomena can
be described well with the model developed in the article.

The most important characteristic of present model is to
correlate the interfacial area with the valve geometry. This
correlation is expected to provide a wide range of use in the
calculations of interfacial area for the valve trays that have
different valve geometries.
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Notation

a5 interfacial area density (/m)
a0 5 interfacial area per tray area (dimensionless)

Figure 11. b values as a function of F-factors and liquid
volume rate (when C2 5 1).

Figure 12. Comparison between the experimental and
correlated (Eq. 28) interfacial areas per tray
area.
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Ab5bubble area (m2)
Bw5weir width (m)
c5oxygen concentration (g/m3)

C1, C25 regression coefficients (dimensionless)
d5bubble diameter (m)

DEL5 energy dissipation rate per tray area (J/m2 s)
EML5Murphree liquid tray efficiency (dimensionless)

F5 F-factor, product of superficial gas velocity and square root of
gas mass density, pa0.5

h5 slot height (mm)
hf5 froth height (m)
hL5 clear liquid height (m)
Hw5weir height (m)
kL5 liquid-side mass transfer coefficient (m/s)
l5 effective slot perimeter per valve (mm)
n5valve number per tray (dimensionless)

DPL5gas pressure drop through liquid (Pa)
uG5 superficial gas velocity (m/s)
uk5 turbulent velocity (m/s)
V5volume rate (m3/s)

We5Weber number (dimensionless)

Greek letters

b5 regression coefficient (dimensionless)
e5 energy dissipation rate per unit liquid mass (m2/s3)
k5 length scale of an eddy (m)

/G5gas hold up (dimensionless)
q5density (kg/m3)
r5 surface tension (N/m)

Subscript

crit5 critical
325Sauter mean

max5maximum stable
L5 liquid
G5gas
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