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Abstract—In order to better understand the hydrodynamics of valve trays, air-water operation in an industrial scale
tower with 1.2 m of diameter, consisting of two 14% valve trays, was studied. Experimental results of clear liquid height,
froth height, average liquid holdup, dry pressure drop, total pressure drop, weeping and entrainment were investigated,
and empirical correlations were presented. Then, a three-dimensional computational fluid dynamics (CFD) simulation
in an Eulerian framework for valve tray with ANSYS CFX software was done. The drag coefficient, which was used in
the CFD simulations, was calculated from the data obtained in the experiments. The simulation results were found to
be in good agreement with experimental data at this industrial scale. The objective of the work was to study the extent
to which experimental and CFD simulations must be used together as a prediction and design tool for industrial trays.
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INTRODUCTION

The separation operation is one of the most important issues
that has been under the attention of industrialists and researchers.
Efforts to increase efficiency and finding better ways, faster and
cheaper separations are concentrated. Distillation tower trays are
well known and useful in the separation and purification process.
In this research, the valve tray, which is the most widely used tray
type in the process industries, has been studied. Although many
studies on distillation tower trays have been carried out, the num-
ber of published articles in the field of valve trays has been few.
One of the first works in this field was done by Scheffe and Wei-
land [1], who investigated mass-transfer characteristics of valve
trays. This study was done on an experimental scale. Mustafa and
Békassy-Molnar [2] studied the hydrodynamic characteristics of
Nutter valve trays and obtained new correlations for hydrody-
namic parameters. In that work, the clear liquid height was deter-
mined in different operating regimes (foam with mixed and spray
regimes) and new formulas were developed as functions of weir
height and flow parameter. Wijn [3], studied the lower operating
range of sieve and valve trays. Brahem et al. [4] did an experimen-
tal hydrodynamic study of valve trays and proposed correlations
for clear liquid height, liquid mean holdup and emulsion height.
The proposed correlations led to large discrepancies and thus more
experimental works were required. In addition, the experimental
works carried out often are in the form of experimental scale, and
industrial scales are in the monopoly of reputable companies such
as Fractionation Research Institute (FRI).

In spite of these few experimental articles, in recent years some
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reaserchers have introduced and utilized CFD modeling as power-
ful tool for tray design and for obtaining detailed information
about the flow behavior. The initial CED study on the distillation
tray was carried out on the sieve tray because of simplicity of struc-
ture of this type of tray. Krishna et al. [5] did CFD simulations of
sieve tray hydrodynamics. In this work the clear liquid height
determined from these simulations was in reasonable agreement
with experimental measurements carried out for the air-water in a
rectangular tray. Van Baten and Krishna [6] carried out a model-
ling sieve tray hydraulics using computational fluid dynamics. The
CFD simulations reflected chaotic tray hydrodynamics and re-
vealed several liquid circulation patterns. The clear liquid height
determined from these simulations was in good agreement with
the Bennett correlation. More of these works have been done in
the experimental scale, so more research would be needed on an
industrial scale. Gesit et al. [7] did CFD modeling of flow patterns
and hydraulics of commericial-scale sieve trays. The simulation
results show that CFD can be used as an invaluable tool in tray
design and analysis. Roshdi et al. [8] investigated a computational
fluid dynamics simulation of multiphase flow in packed sieve tray
of a distillation column. The simulation results showed that 3.08
cm of packing thickness could increase the clear liquid height up
to 17 percent and froth height up to 10 percent, as well as promot-
ing froth density by 6 percent with the only drawback of increas-
ing wet pressure drop up to 16 percent in froth regime. Zarei et al.
[9] performed a CFD study of weeping rate in the rectangular sieve
trays. In this research an Eulerian-Eulerian computational fluid
dynamics (CFD) method was executed. The obtained CFD results
are in a good agreement with the experimental data and Zuider-
weg [10] empirical correlation data in terms of weeping rate and
pressure drop, respectively.

In the following, the CFD simulation of valve tray was also con-
sidered by some researchers. Most of the CFD model was based on
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the previous models for the sieve tray. In the lack of reported experi-
mental data for the valve tray, the CFD simulation is a powerful
tool for predicting the tray’s behavior. Li et al. [11] investigated the
CFD simulation of valve tray hydrodynamics. Based on the clear
liquid height measured on a full open valve tray, a new correla-
tion of liquid hold-up was developed, and the interphase momen-
tum transfer term was calculated. Zarei et al. [12] discussed com-
putational fluid dynamics simulation of MVG (Mini V-Grid) tray
hydraulics. The simulation results for MVG tray are compared with
that of the sieve tray. The sieve tray geometry and operating con-
ditions are based on Solari and Bell's [13] sieve tray. CFD and ex-
perimental studies on the effect of valve weight on the performance
of a valve tray column were investigated by Alizadehdakhel et al.
[14]. To demonstrate the repeatability and consistency of the mea-
surements, the results were analyzed using two-stage nested designs.
Jiang et al. [15] studied modeling fixed triangular valve tray hydrau-
lics using computational fluid dynamics. The gas and liquid phase,
as two interpenetrating phases, were modeled on the Eulerian frame-
work. Based on the clear liquid height obtained by experiments, a
new correlation for liquid hold-up was adopted, and the inter-
phase momentum transfer source was also calculated. Yufeng et al.
[16] studied in CFD gas-liquid simulation of the oriented valve tray.

Although CFD has become a powerful research and design tool
in valve trays, there are no reports on the simulation of the valve
tray on an industrial scale with extensieve experimental data in
normal, upper and lower operating limit.

In the present work with the aim of creating a better under-
standing of the valve trays’ operation, we did a comprehensive study
using experimental and CFD simulations in the industrial scale.
The hydrodynamics tower includes two trays built and operations
of the valve tray in hydrodynamic conditions are investigated. One
of the important characterstics of the experimental pilot was re-
ported as total pressure drop, dry pressure drop, weeping, entrain-
ment, clear liquid height and froth height and average liquid holdup
simultaneously. Furthermore, a three-dimensional gas-liquid two
phase simulation in the Eulerian framework and on an industrial
scale was done. ANSYS Workbench for geometry and meshing
and ANSYS CEX15 for model building and solving equations were
used in the simulations. The CFD results were compared with the
experimental data.

METHODS

1. Experimental

The hydrodynamics tower includes two valve trays made (Fig.
1) The atmospheric pressure and temperature of 25 °C as operat-
ing conditions were determined.

The valve trays characteristics were presented in Table 1.
1-1. The Air Pathway in the Column

Fig. 1 presents a schematic diagram of the tower. The different
parts of the columns are numbered. The air from the blower under
the tower (1) in a certain flow rate goes into the chimneys (2) and
is distributed into the tower. Dry pressure drop indicates the amount
of energy consumed gas phase for passes through the holes and in
dealing with valves in the absence of a liquid phase. To measure the
dry pressure drop in the experimental section, a graded manome-
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Fig. 1. The schematic of the experimental pilot.

Table 1. The valve tray characterization

Characteristics Number or size
Tower cross section diameter (m) 1.22
Tray diameter (m) 12
Weir height (mm) 50
Weir length (mm) 760
Number of valves 118
Tray thickness (mm) 2
Hole area percentage 14%
Active area (m”) 1.00776
Weight of valve (kg) 0.024
Height of reversal/riser (mm) 12.5
Downcomer clearance (mm) 38
Tray spacing (mm) 610

ter was used. The accuracy of this tool is +0.05, water centimeter
that approximately is 5 Pa. The total pressure drop is the result of
the dry pressure drop and the pressure drop causes collision of
two phases. To calculate this parameter, like the dry pressure drop,
the graded manometer was used.

In the following and after contacting between two phases on
the bottom tray (3), the air goes out of this space and then contin-
ues its vertical movement and enters into the upper tray (4). After
re-interference of phases in the upper tray, the gas continues to ver-
tically move to top direction. To calculate the entrainment rate, the
upper tray was considered. Then, a chimney tray on the above of
the tray was installed and on top of that, the demister pad (dehu-
midifiers) were placed (5). When entrained water droplet in a gas
stream contacted with the demister pad, liquid droplets were re-
moved and fell on the tray. Then, they were collected and moved
out via a valve (6) and measured. Finally, the gas phase operation
was completed and went out of the tower.

1-2. Liquid Pathway in the Column

The water enters the tower after passing through an unstruc-

tural packing (7) in the downcomer of the upper tray. The height
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Fig. 2. The geometry of the valve tray deck.

of the liquid on the tray in the absence of the incoming gas is
called clear liquid height. To calculate the amount of this parame-
ter in the experimental part, a U-shaped manometer was used. The
manometer on the wall of the tower was installed. One side of the
manometer was connected to the bottom of the tray and the other
side to above the froth region of the tray (8). In each operating
condition, the height of the liquid inside the tube manometer was
the clear liquid height. Furthermore, for measuring the froth height,
visual method was used.

Froth height that formed a layer of spume on top of the tray
could be measured with a ruler which was located vertically on the
tray deck. For this purpose, a specified operating condition was
fixed for 10 to 15 minutes operations to achieve steady state condi-
tion. After froth height measurements, operating conditions were
changed.

The average liquid holdup is the clear liquid height to froth height
ratio [17]. Therefore, this parameter was calculated indirectly from
clear liquid and froth height measurments.

Prediction of the onset and the rate of weeping is one of the
important issues in tray hydrodynamics. Heavy weeping can affect
the tray efficiency, especially when the weeping percent gets more
than 20% [18].

To calculate this parameter in the experimental section, the lower
tray is intended. To do so, a chimney tray was mounted under the
tray. This tray collects the weeping liquid of the desired valve tray.
Then the liquid flows via valves installed below the chimney tray
(10 and 11) is moved to a tank (12) and measured to obtain the
amount of weeping. Apart from the amount of liquid calculated in
the section of weeping and entrainment, a significant portion of
the liquid through the downcomer (13) was transmitted down to
the bottom of the tower and by a valve (14), was out and came
back to the return cycle.

2. CFD Modeling

The model takes the flow of gas and liquid in the Eulerian-
Eulerian framework in which each phase is handled as an inter-
penetrating continuum having separate transport equations. With
the model focusing on the froth region of the tray, the gas phase
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was taken as the dispersed phase, while the liquid phase formed
the continuous phase [12]. An air-water simulation in the Eule-
rian framework in three-dimensional and transient mode was car-
ried out. As it can be seen in Fig. 2, the valves in pill form on the
top of holes are considered. Valves floats as valve hole gas velocity
is changing. When the velocity of gas passing through the valve
hole is larger than a certain value, the critical valve hole velocity,
the valve is fully open. It means that the valve lifts with the maxi-
mum extent and it does not float. The CFD model was developed
in this full open valve tray condition.

A whole tray was modeled, One of the problems in tray geome-
try modeling is to specify the geometry of valves for CFD simula-
tions. In the present modeling, the valves were integrated with
other computational space. Just the top face of valves was consid-
ered as a wall. Except the top faces of valves, other faces were used
as interior faces of solution domain and all phases could pass
through.

2-1. Model Equations

A multiphase flow system contains a mixture of phases that may
have different flow fields, such as different velocity, pressure, and
temperature [19]. In this simulation, Eulerian-Eulerian method for
solving the multiphase flow was used. The Eulerain-Eulerain model
is a famous multiphase model. In the multi-fluid modeling ap-
proach, each phase possesses its own flow field, so each phase has
its own temperature, velocity etc., field. Each point in the mixture
is occupied simultaneously by each phase. Therefore, the phases
are considered as interpenetrating continua. Each phase is gov-
erned by its own conservation and constitutive equations; these
are then coupled through interphase transfer [20]. Computational
fluid dynamics uses continuity and momentum equations for solv-
ing issues. In this method, liquid phase as continuous phase and
gas phase as dispersed phase are considered, and the relation be-
tween the two phases by drag force is defined. The equations are
given below:

agt+ o =1 1)

In Eq. (1), oy and ¢; are average liquid hold up and average gas
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holdup that are linked by this relation.
2-1-1. Continuity Equation
Gas phase:

o(asPg)

2t +V-(agpsVs)=0 2

Liquid phase:

A o)
5tV (@p V=0 )
2-1-2. Momentum Equation

Gas phase:

0
a_t(aGpGVG) +V-(a5(psVsVa) 4)
== agVPo~ Mg+ V- (gt o(VV 6+ (VV ) D)

Liquid phase:

0
a_t(aLpLVL) +V-(a (V. V) 5)
==y VP + Mg + V- (ot (VY +(VV)))

2-1-3. Drag Force

The gas phase is the dispersed phase, the equation is written as
follows:

3C
Mg, = Zd_DaGpL|VG_VL|(VG_VL) ©6)
G

In Eq. (6), Cp, is drag coefficient or the momentum transfer coetfi-
cient between the phases. In the conditions of large bubbles, van
Baten and Krishna [5] proposed Eq. (7) for the drag coffiecient:

Co=2((PL= PO PRIV ) %

Vg, is slip velocity between gas and liquid which is defined as follows:
Vap=|Us=U/| 8

For the average gas holdup (o) in Eq. (6), the previous research-
ers used the Bennet et al. [21] empirical correlation. But, in this
article, gas holdup data that were extracted in the present experi-
ment was used. Certainly;, correlation data (which was derived for
sieve tray) has some deviation from the actual data. In this study
experimental and CFD model cover each other.
2-2. Turbulence Model

One of the main issues in the simulations is the choice of the
turbulence model. In this simulation, the k-¢ standard model was
used. Universality, credibility and high accuracy of the model were
the main reasons for this choice. This model is an acceptable model
that was used by other researchers in previous simulations ed [22].
2-3. Geometry and Meshing

In this research, a three-dimensional geometry was designed
that was based on an industrial scale. To increase accuracy, the
whole tray geometry associated with exit downcomer was consid-
ered. In the pilot experiment, two test trays were used. The air-
water flow regime gets closer to reality on the tray. For example, the
bottom test tray shows that weeping is more accurate than upper
test tray, because the liquid distribution from its downcommer is
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Fig. 3. Meshing of the computational domain.

closer to reality. But, in the CFD simulation, selecting a good com-
putational space depends on clear boundary condition and com-
putational time (tray has an industrial scale). In this model, the
bottom test tray was selected without any symmetry assumption
and CFD data was compared with the experimental data of the
bottom test tray. In most of the previous tray simulations, only half
of the tray was modeled so as to save computational time and
memory [7,12].

Selection of the type and number of grids in simulation is very
important. Done properly, the work, in convergence, accuracy of
the results and model final quality; is very impressive.

Fig. 3 shows the tray geometry and its hybrid mesh. The hybrid
mesh consists of the tetrahedral, wedge and prism mesh. This un-
structural mesh was chosen because of the complex geometry of
the valve tray.

Independence from the mesh

The high number of the grids increases cost and depreciation
and computational time, so it is very important to determine the
threshold of independence from the mesh. Therefore, for the mesh
independency;, four different mesh sizes were simulated. The clear
liquid height parameter was used for comparison. Table 2 shows
the clear liquid height for the four different mesh sizes in a con-
stant operating condition. The results show that the clear liquid
height was not changed considerably in the simulations with the
number of nods more than 172000. Then, 172000 nods was used
in the simulations.

2-4. Boundary Conditions
One of the important points that affect the convergence and

Table 2. The clear liquid height in the four various nods

Number of nods Clear liquid height (m)
123000 0.039363154
172000 0.033556946
202000 0.033497048
291000 0.033279213

Korean J. Chem. Eng.(Vol. 34, No. 1)
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quality of the results is a suitable boundary condition’s selection.
Inappropriate choice of the boundary conditions may cause diver-
gence in the simulations. Therefore, the appropriate and reason-
able initial and boundary conditions for phases are necessary and
important [23].
2-5. Gas Inlet

The inlet gas velocity:

VAirin = VS(Aarea/Aholes) (9)

Vs is superficial gas velocity and A, is the holes surface area and
A,., is the active area of the tray.

Ahules: 1 18Ahole ( 10)

2-6. Liquid Inlet

A parabolic profile was considered to the inlet liquid velocity
[12]. There is a suitable agreement between the inlet and the out-
let liquid in order to prevent liquid accumulation and an imbal-
ance in the system.

Eq. (11) is the parabolic liquid inlet velocity profile:

U, in=1.5L[l—( 2 )2} (1)

hup xL Weir! LWei

2-7. Wall

To determine the general status of phases and increase the accu-
racy of solution near the walls, wall boundary conditions in the
best mode must be defined. The most common of wall boundary
condition is no-slip for liquid phase and free slip boundary condi-
tion for gas phase. So, the velocity of the liquid phase movement
and also gradient of other variables related to this phase near the
walls are considered to be zero.
2-8. Outlets

The liquid and gas outlet streams are shown in Fig. 4. To adjust
the outlet boundary conditions, pressure parameters were used.
The relative pressure was considered zero for the outlet boundary
conditions. Due to the importance of correct solving of equations
at outlet boundaries, determining these boundary conditions is of
particular sensitivity.
2-9. Initial Conditions

The initial conditions must be determined and a certain and

as inlet

Liquid outlet
0 0.500 1.000 (m) k‘L 2
[ E— E—

Fig. 4. Gas and liquid boundary conditions.
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suitable initial amount for all indeterminate amounts of the issue
assigned.

Resonable initial conditions must be specified at any specific inter-
nal boundaries of the flow geometry. Approporate initial guesses
of the flow parameters are important to computational time and
avoiding divergence [24]. Water and air at room temperature and
atmospheric pressure were the fluids used in the simulation.

Such issues that are time-related are better as the initial values;
the actual amounts of the start of experimental operation must be
considered.

In a complex simulation, more accurate determination of these
values is very important. The simulation has been run transient,
and this selection is for getting better results and more principled.
The results of the transient run of this simulation in the first showed
the fluctuation mode; then these fluctuations as shown in Fig. 5,
after 6 seconds to quasi-steady state is reached. Thats why as the
duration of this project 10 seconds was considered until the fluc-
tuations were covered. Time step in this work of 0.001 seconds
was considered. Also, the clear liquid height for initial condition
for the simulation is 0.05 meters. This value is defined by consid-
ering the average of clear liquid heights obtained from experimen-
tal work and average of this heights results of the unsteady state.
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Fig. 5. Transient simulation convergence by plot of clear liquid height
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Fig. 6. The dry pressure drop vs. F, for the valve tray.
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RESULTS AND DISCUSSION

1. Experimental
1-1. Dry Pressure Drop

Fig. 6 shows the dry pressure drop vs. Fs. As shown, the dry
pressure drop increases by increasing F.. A steep slope was observed
in the low gas velocity because a high pressure drop was consumed
to open the valves. In the Fs=0.5 (m/s(kg/m’)™), by increasing the
gas velocity the dry pressure drop approximately remains constant
to the point where F=1 (m/s(kg/m’)*), because all valves are open
and pressure drop is not used for valve opening. Where F; is greater
than 1, again due to high increasing of gas velocity and increment
the friction, pressure drop increases.
1-2. Total Pressure Drop

The total pressure drop is one of the most important parame-
ters in the tray hydrodynamics. The results of the total pressure
drop in Fig. 7 are shown. The total pressure drop is increasing with
incrementing of the gas and liquid flow rate.

In addition, for these results and by charting compatible with
data, the following empirical equation for total pressure drop based
on the rate of gas and liquid was obtained:
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Fig. 7. Total pressure drop of valve tray in the four liquid rates: Q,=

29.9,44.4, 60 and 74.4 (m’/h)/m.
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Fig. 8. Weeping of valve tray in the various liquid flow rate: Q;=29.9,
444, 60 and 74.4 (m’/h)/m.

AP;=222.1F2+1.77Q,+438.2 (12)
R’=0.92

1-3. Weeping

Weeping occurs when the hole gas velocity is insufficient to sup-
port the liquid. Therefore, weep rate varies with hole gas velocity
[17]. Fig. 8 shows the weep rate versus F-factor and the onset of
the weeping. The results show that the liquid rate did not have a
significant effect on the amount of weeping. The cause of this phe-
nomenon can be related to the role of valves.

According to Fig. 8, by increasing F,, weeping decreases. Eq.
(13) is based on the weeping experimental data.

Weeping=—0.007F>+(1.3x10°)Q, +0.006 13)
R*=0.9

1-4. Entrainment

The prediction of the rate of entrainment is important for a check
on the approach to flooding and also to predict the reduction in
valve tray efficiency due to entainment. The trend of entrainment
in Fig. 9 shows that with increasing F-factor, entrainment increases
and this is via incrementing gas velocity.

In the following based on the entrainment experimental results,
empirical Eq. (14) was found. The correlation can predict entrain-
ment rate based on gas and liquid flow rates.

Entrainment=0.003F+(2x10*)Q,+0.0004 (14)
R*=0.95

2. CFD Simulation
2-1. Clear Liquid Height

If the operating conditions are not well determined or weeping
and entrainment are more than the reasonable, clear liquid height
may be less than expected, and this will have an adverse effect on
the interfering phases, and finally the reduction in the tray effi-
ciency. As can be seen in Fig. 10, due to gas and liquid contacting,
an overlapping regime has been created onto the tray. Therefore,
the clear liquid height is not measurable by the visual method so
that another way must be used. In the simulation, the clear liquid
height was obtained by multiplying the average water volume frac-
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= oo | *QL=29.9(m3/h)/m .
z mQL=44.4 (m3/h)/m .
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Fig. 9. Entrainment rate of the valve tray in the various liquid rates:
Q,=29.9, 444, 60 and 74.4 (m’/h)/m.
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1.000e-015

Fig. 10. Water volume fraction contour in the central plane in Q,=
0.015043283 m’/s and 0.481754523 (m/s(kg/m’)**)=F.
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Fig. 11. Water superficial velocity vector in the central plane in Q;=
0.015043283 m’/s and F;=0.481754523 (m/s(kg/m’)*).
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Fig. 12. Clear liquid height VS. F; in Q,=0.006061667 m’/s.

tion of the space in the tray at tray spacing [12].
In Fig. 11, liquid superficial velocity vectors on the tray are
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Fig. 13. Gas velocity vector on the tray deck in Q;=0.012191417 m*/
s and F=0.907695072 (m/s(kg/m’)*%).

Fig. 14. Water volume fraction contour at central plane in Q=
0.00899969 m’/s and F;=1.362607562 (m/s(kg/m’)*).

shown. As can be seen, entrainment is very low.

The CFD results of the clear liquid height were compared with
the experimental data in Fig. 12. The simulation result predicts the
experimental data with an average error of about 15%. As seen in
Fig. 13, the clear liquid height was decreased by increasing the gas
flow rate in both the experiment and simulation.

Fig. 14 shows the velocity vector above the valves holes. As seen,
when the gas was going out of the holes, the gas vertical movement
was changed to the horizontal movement, wwhich helps better
interfering of liquid and gas phases. This behavior is one the im-
portant characteristics of the valve tray which differs from sieve tray.
2-2. Froth Height

Froth height is a layer of spume on trays. In the CFD simula-
tion, in the froth region on the tray, the water volume fraction is
more than 10% [7,12]. To obtain this height in the CFD simula-
tion, the average water volume fraction for heights on top of the
tray deck was calculated. Where the average volume fraction drops
to 10%, this height was selected as froth height. According to these
amounts and definition of froth height, this parameter in any oper-



Hydrodynamic characteristics of valve tray: Computational fluid dynamic simulation and experimental studies

0.09

0.08
0.07 n
0.06 * + »

0.05 "

He(m)
L ]

0.04
+ Experimental Data

0.03
W CFD Data
0.02

0.01

0.4 06 08 1 12 16

Fs (m/s(kg/m?)°%)
Fig. 15. Froth height VS. F; in Q,=0.006061667 m’/s.

ating conditions was determined.

Fig. 14 is a contour of average liquid holdup in the central plane
of the model. As shown, the high gas velocity condition causes to
increase the froth height on the tray.

Fig. 15 shows the simulation and experimental data of the froth
height. The CFD results can predict the experimental data with 15
percent difference. Both of the CFD and experimental results have
the same trends and increased by the increasing the gas flow rate.

Fig. 16 shows the dispersion of the gas phase on the froth region.
Dispersion of gas vectors is one of the reasons that this simulation
was carried out in three dimensions.

2-3. Average Liquid Holdup

The average liquid holdup is the ratio of the clear liquid height
to the froth height. Then, after calculation of the clear liquid and
froth height, the average liquid holdup can be achieved. Fig, 17 re-
presents the simulation and experimental data of the average lig-
uid holdup.

Fig. 18 shows the water volume fraction on the tray deck. A
uniform liquid distribution on the tray can be observed.
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Fig. 17. Liquid hold up VS. F, in Q;=0.006061667 m/s.

CONCLUSION

Because experiments for trays have proved to be time-consum-
ing and expensive, only very few attempts have been made so far
to determine fluid flow behavior inside industrial trays. Then, to
create a better understanding of hydrodynamics of the valve trays,
a hydrodynamics tower with two valve trays on an industrial scale
was constructed. The results include dry pressure drop, total pres-
sure drop, weeping, entrainment, clear liquid height, froth height
and average liquid holdup. As well as according to experimental
results the related correlations were obtained.

In the next phase of study, air-water three-dimensional two-
phase simulations in an Eulerian framework were carried out. To
increase the accuracy of calculations and because of the instability
of results in the initial of the tray operations, a transient run was
used. The experimental data of the average liquid holdup was used
in the drag coefficient for the CFD simulation. This improved the
simulation results. From this study, we conclude that with this
refined model and interphase momentum transfer relation, we

sl

0.400 (m)
]

0.100

0.300

Fig, 16. Profile of superficial gas velocity in central plane in Q,=0.012191417 m’/s and F;=0.907695072 (m/s(kg/m’)*).
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Fig. 18. Water flow distribution contour on the tray deck.

were able to get results that closely match the experimental data
relative to the previous models which was used from empirical
correlations for liquid holdup prediction. Comparison between the
CFD and the experimental data shows a 15% difference that indi-
cates a good agreement between them. CFD Modeling overcomes
many of the limitations associated with the experiments. So, experi-
mental and CFD simulations must be used together as a predic-
tion and design tool for industrial trays.
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NOMENCLATURE

A, :active area [m’]

Ay, :area of hole [m?]

Cp  :drag coefficient

d;  :diameter of gas bubble [m]

Fy  :F-factor=VSVpG [m/ s(kg/m’)™]
g :acceleration of gravity [9.81 m/s’]
:downcomer clearance [m)]

h;  :dear liquid height [m]

K :kinetic energy [J]

L, :weir length [m]

Mg, :interphase momentum exchange term [N/m’]
L :length [m]

P :pressure [kg/m §’]

Q, :liquid flow rate across tray [m’/s]
R*  :coefficient of determination

U, ,, :velocity of liquid inlet [m/s]

January, 2017

UL et maximum velocity of liquid [m/s]

V, U :velocity [m/s]

Vi : velocity of gas inlet [m/s]

Vs :superficial gas velocity [m/s]

Vg,  :slip velocity between gas and liquid [m/s]
X : coordinate [m]

y : coordinate [m]

Z  :coordinate [m]

Greek Letters

o :volume fraction of phase
p o :viscosity of phase [pa-s]

p  :density of phase [kg/m’]

e  :gradient of kinetic energy
Hp  effective viscosity of phase

Subscripts

cd  :dear liquid

G :referring to gas phase

L :referring to liquid phase
max :maximum

In :inlet
REFERENCES

1.R.D. Scheffe and R.H. Weiland, Ind. Eng. Chem. Res., 26, 228
(1987).

2.H. Mustafa and E. Békassy-Molnér, Chemn. Eng. Res. Des., 75(6),
620 (1997).

3.E.E Wijn, Chem. Eng. ], 70, 143 (1998).

4.R. Brahem, A. Royon-Lebeaud, D. Legendre, M. Moreaud and L.
Duval, Chem. Eng. Sci., 100, 23 (2013).



Hydrodynamic characteristics of valve tray: Computational fluid dynamic simulation and experimental studies 159

5.R. Krishna, ]. M. van Baten, J. Ellenberger, A. P. Higler and R. Tay-
lor, Chem. Eng. Res. Des., Trans. I. Chem. E, 77, 639 (1999).
6.]. M. van Baten and R. Krishna, Chem. Eng. ], 77, 143 (2000).
7.G. Gesit, K. Nandakumar and K. T. Chuang, AICKE ], 49(4), 910
(2003).
8.S. Roshdi, N. Kasiri, S. H. Hashemabad and J. Ivakpour, Korean J.
Chem. Eng., 30, 563 (2013).
9. A. Zarei, S. H. Hosseini and R. Rahimi, J. Taiwan Institute Chem.
Engineers, 44, 27 (2013).
10. EJ. Zuiderweg, Chem. Eng. Sci., 37, 1441 (1982).
11.X. G. Li, D.X. Liu, S. M. Xu and H. Li, Chem. Engin. Proc., 48, 145
(2009).
12.T. Zarei, R. Rahimi and M. Zivdar, Korean J. Chem. Eng., 26(5),
1213 (2009).
13.B. Solari and R. L. Bell, AICKE J., 32, 640 (1986).
14. A. Alizadehdakhel, M. Rahimi and A. Abdulaziz Alsairafi, Com-
put. Chem. Eng,, 34,1 (2010).

15.S. Jiang, H. Gao, J. Sun, Y. Wang and L. Zhang, Chem. Eng. Pro-
cess: Process Intensification, 52, 74 (2012).

16. M. Yufeng, J. Lijun, Z. Jiexu, C. Kui, W. Bin, W. Yanyang and Z.
Jiawen, Chinese J. Chem. Eng., 23(10), 1603 (2015).

17.M.]. Lockett, Distillation Tray Fundamentals, Cambridge Univer-
sity Press, New York (1986).

18. H. Z. Kister, Distillation design, Boston (1992).

19.V.V. Ranade, Computational flow modeling for chemical reactor
engineering, Academic Press (2001).

20. D. Lakehal, Int. . Multiphase Flow, 28, 823 (2002).

21.D. L. Bennett, R. Agrawal and P.]. Cook, AICKE J., 29, 434 (1983).

22.Y. Jianping and Y. Shurong, Adv. Mechanical Eng., 7(11), 1 (2015).

23.R. Rahimi, A. Zarei, T. Zarei, H. N. Firoozsalari and M. Zivdar, In
Distillation Absorption Conference, 407 (2010).

24.E. Jia-giang, L. Yu-qiang and G. Jin-ke, J. Cent. South Univ. Tech-
nol., 18, 1733 (2011).

Korean J. Chem. Eng.(Vol. 34, No. 1)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


