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Abstract—This paper addresses an investigation on the hydrodynamic behavior of a new type of cap trays called coni-
cal cap tray (ConCap tray). A 3-D computational fluid dynamics model was developed to predict the hydrodynamics
of the ConCap tray which is operated in the spray regime. The model considers two phase flow of gas and liquid in a
VOF-like code framework. The homogeneous multiple size group model (MUSIG model) and shear stress transport
(SST) turbulence model were implemented. Detailed insights into the hydrodynamic behavior of the inside of the
cones were obtained. The relation between velocity, pressure and cross section area of the flow inside the cone also was
formulated. The computational fluid dynamic (CFD) results show that the pressure variation in the cones forces the
liquid on the tray to be highly turbulent, which leads to deform the interface to break up. Effect of different riser
heights was also studied by CFD simulations. The results show that the riser height has a significant role in the hydro-
dynamics of the tray, especially in uniform gas distribution in the tray and reducing weeping rates.
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INTRODUCTION

In the last two decades, considerable efforts have been made to
improve distillation tray characteristics. Some of the improvements
have been made on the basis of the sieve and valve trays such as
fixed valve trays [1-4], high-powered adaptive valve tray (HAVTH)
[5], FGS-VT tray [6]. Some others have introduced new design of
trays such as Nye trays [7], MD trays [8], Swirltube, ConSep [9-11],
Ultra-Frac [12,13], CoFlo [14,15], UOP SimulFlow [16,17], JCTP-
Coflow [18], chimney type centrifugal trays [19], ripple tray [20]
and elliptical tray [21]. These efforts are in answer to the need for
a more sustainable distillation process.

Recently, a novel cap tray, which is a new type of cap tray, called
conical cap tray (ConCap tray), was introduced [22]. Tray geome-
try is depicted in Fig. 1. Tray details have been described in our
previous article [22]. This article shows that the new tray shares
some advantages with the bubble cap tray, such as good turn down
ratio, while the pressure drop of the ConCap tray is smaller than
that of the bubble cap tray. The pressure drop of the ConCap tray
is in the range of the valve tray [22]. The weeping and entrainment
rates of the tray are acceptable in comparison with bubble cap and
valve trays [22].

The goal of the present work was to study the ConCap tray hy-
draulic behavior by using CFD tools in different operating condi-
tions. Computational fluid dynamics was used to minimize the
experimental effort and to describe and analyze the influence of
various parameters inside the ConCap tray. Numerous researchers
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[4,23-33] have shown that CFD simulations can be a design tool
for various types of distillation trays. The key to a proper simulation
on the tray is a proper estimation of the momentum exchange, or
drag coefficient between gas and liquid phases. Most of these sim-
ulations use a procedure proposed by Krishna [25] for predicting
the drag coefficient in the Eulerian framework. The success of these
CFD techniques is so far restricted to the froth regime. To describe
the spray regime, more reliable models will be required. The spray
regime was observed in this novel tray [22].

Most numerical simulations of bubble formation and dynamics
in the liquids have been carried out by powerful volume of fluid
(VOF) model based on the concept of a fractional volume of fluid
to treat the complicated gas-liquid interface [34]. Hoffman et al.
[35] employed the commercial CEX 5.6, ANSYS Inc. to validate a
VOF-like code for two- and three-phase film flows under transient
conditions where one phase was air. A Euler-Euler algorithm for
multiphase calculations with free surface was used. It has been shown
that a VOF-like code is capable of describing a film break up and
rivulet flow. Shojaee et al. [36] used the same model to investigate
the effect of gas and liquid velocities on the effective area of the
Gempak 2A structured packing. Alizadehdakhel et al. [37] intro-
duced a VOF model using commercial CFD package FLUENT
6.2 to model the gas-liquid flow in a valve tray column. The CFD
results were validated by their experiments. A single valve tray in a
30 cm column diameter was simulated. The effect of valve weight
has been investigated using three valves having different weights.
Malvin et al. [38,39] proposed the VOF-LES model for the hydro-
dynamics of distillation sieve tray and compared with Gesit et al’s
[23] work. They showed that the model was highly accurate in the
optimization of tray design.

The ConCap tray CFD model must be able to predict surface
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Fig. 1. (a) Photo of a cap of the ConCap tray, (b) flow geometry and
boundary conditions of the ConCap tray.

breakup, droplet and rivulet formation and finally spray regime in
the tray properly. In this article, by using commercial CFX code
and based on the experimental work [22] a CFD model is intro-
duced, Cto simulate ConCap tray hydrodynamics. VOF-like code
method was used to simulate 1.2 m onical cap tray with 21 caps.
The gas and liquid behavior inside and outside of the cones were
investigated. The mechanism of bubble formation and liquid dis-
persion and effect of the different riser heights on the tray perfor-
mance were studied.

CFD MODELING

1. Model Description

In this work, we used a Euler-Euler approach for multiphase
calculations with free surfaces. CFD calculations were carried out
with the commercial code CFX 11.0, ANSYS Inc. Like the VOF
method [40], it uses averaged phase fractions in the finite volume
cells. In case of strong interaction between the phases, it is suffi-
cient to reduce the model to one velocity field for all phases [41].
This VOF-like code is a limiting case of Eulerian-Eulerian multi-
phase flow in CFX where all fluids share the same velocity fields
and other relevant fields such as temperature and turbulence. There-
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fore, VOF-like code solves a single set of momentum equations
throughout the domain, while keeping track of the volume of the
phases in each computational cell. The resulting velocity in each cell
is the mass-averaged value of the phases present in the cell. The
corresponding momentum balance equation for the two-phase flow
is given as:

C2% 1V (pun- (Vi + (V) )) =5, - Vp (1)
where, Sy, is the sum of the gravitational and continuum surface
forces (CSF). In Eq. (1), the density (p) and viscosity (4 of the fluid
depend on the volume fractions of each phase and are calculated
by the following equations:

P=LP L0 2
H=T i+ 1oL, 3

In this model, the inter-phase transfer terms are all eliminated and
a single phase transported equation, with variable density and vis-
cosity is used. In this method, the surface tension force, which holds
the interface together, is incorporated into the flow momentum
equation as a source term using the continuum surface force (CSF)
method [42].

Shear-stress-transport (SST) [43,44] is used for turbulence model
which is a two-equation eddy viscosity model. This model is a
combination of the k-@ model in the inner boundary layer and k-
£ model on the outside of the boundary layer. The SST formula-
tion switches to k-&behavior in the free-stream and thereby avoids
the common k-@ problem that the model is too sensitive to the
inlet free-stream turbulence properties. The SST model accounts
for the transport of the turbulent shear stress and gives highly
accurate predictions of the onset and the amount of flow separa-
tion under adverse pressure gradients and has automatic wall
treatment. The SST model was developed to overcome deficien-
cies in the k-@ and BSL k-® models. The model is a good choice
for most flows and is recommended for highly swirling, 3-D and
rotating flows [41].

Liquid flows with poly dispersed of the liquid drops have been
observed in the experiments of the ConCap tray. Therefore, the
multiple size group Model (MUSIG model) implemented by CFX
was used. This model solves only one common momentum equa-
tion for all bubble size classes (homogeneous MUSIG model) where
the slip velocities of particles are almost independent of particle
size. Liquid drops (sprays) in a gas phase can be modeled with a
homogeneous MUSIG model [41]. Mathematically, the MUSIG is
based on the population balance method and the two fluid mod-
eling approaches. The dispersed phase (liquid) is divided into 5
size fractions. A range of 0 to 15 mm is used for mean drop diam-
eter. The population balance equation is used to describe the mass
conservation of the size fractions, and it accounts for the inter-frac-
tion mass transfer caused by bubble coalescence and breakup [45].
The bubble coalescence model considers the random collision pro-
cesses between two bubbles. The model is based on the work of
Prince et al. [46]. The bubble breakup model considers that the
collision between the liquid turbulent eddies are based on the work
Luo et al. [47].
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Table 1. Tray characteristic of the ConCap tray
Tray diameter, mm 1200 Riser height, mm 55
Tray spacing, mm 610 Percentage of hole area 14%
Weir length, mm 730 Active area, mm” 1007760
Downcomer clearance, mm 40 Top Radius of the cones, mm 20
Riser diameter, mm 90 Bottom Radius of the cones, mm 63
No. of caps 21 Vertical distance between the cones, mm 50
Tray thickness, mm 2 Weir height (adjustable), mm 50
Table 2. Pressure drop at different mesh sizes 1800
Fine  Medium  Coarse 1600
No. of computational nodes 134267 106379 59722 1400
Total number of tetrahedrons ~ 695091 559992 299973 o 120
Pressure drop (pa) 310 312 364 5_:: 1000
A, 800 |
<
600
2. Geometric Model 1400 |
Geometry and operating conditions of the model are exactly
based on our experimental tests [22]. Table 1 shows characteristics 200 ¢
of the conical cap tray. Fig. 1 shows the geometry and boundary ¢
0 2 4 6 8 10 12

conditions of the ConCap tray. Due to the existence of a symmetry
plane for the purpose of reduction of computational effort, only half
of the tray was simulated. Plane z=0 is the plane of symmetry. The
actual dimension of the tray was simulated. Inlet gas flows through
the chamber uniformly. This chamber with 20 cm height is located
below the tray deck. It was assumed that the gas in the lower tray
becomes uniform at this position. This chamber leads to better
and more realistic gas distribution to the tray. Weep phenomena
can be also observed in this model qualitatively.

To ensure the independence of the solution to the mesh size, the
geometry was meshed using three different grid sizes. Table 2 shows
the predicted pressure drop using various mesh sizes. Unstruc-
tured tetrahedral volume meshes were used in simulations due to
the complexity of geometry by use of ANSYS Workbench 11.0.

3. Initial and Boundary Conditions

A good initialization guess can reduce computational time and
avoid divergence. The gas and liquid that were simulated are air
and water at 25 degrees Celsius and at atmospheric pressure. Ini-
tially, the water volume fraction was set to one until the weir height
(5cm) on the tray and the downcomer filled with water to the
height of 0.275m, and was set at zero in the other regions. The
superficial gas velocity was used as an initial guess for the vertical
component of the gas velocity throughout the computational do-
main, and a uniform horizontal velocity distribution that is equal
to the liquid inlet velocity was specified on the tray. A parabolic
liquid inlet velocity profile was introduced [23,27,28]. No-slip wall
boundary condition was specified for the liquid phase and a free
slip wall boundary condition was used in the gas phase. At the
plane of symmetry, the normal component of velocity is zero and
the gradients of the other variables in the transverse direction are
taken to be zero.

RESULTS AND DISCUSSION

For the present simulation, the phases were gas (air) and liquid

Time, sec

Fig. 2. Quasi steady state approach based on the total pressure drop
at F=0.46 m/s(kg/ms)o's.

(water). The fluids were assumed to be Newtonian, isothermal,
and incompressible; therefore, their properties were kept constant.
In this section height of the weir was 5cm and the riser was 5.5
cm. The liquid flow rate of 44.4 m*/(mh) was used in all simula-
tions. The calculations were under unsteady conditions, with a time
step of 0.002 sec to achieve a pseudo steady state. The pseudo steady
state condition was achieved after 5 seconds as depicted in Fig. 2.

Fig. 3 shows the contour of the liquid volume fraction on the
tray at the F,=0.74 m/s(kg/m’)** and liquid flow rate of the 44.4
m’/(mh) at different plane. According to the figure, liquid flows
on the tray deck from the liquid inlet. The gas goes upward from
the gas inlet in the chamber to the risers and consequently goes
into the cones. As seen in the figure, the spray regime was simu-
lated in accordance with the experimental tests. The gas was con-
tinuous phase while the liquid was the dispersed phase, which was
present in the form of drops and films. A small pool of liquid or
froth existed near the tray floor. As the gas passed through the
cones, it drew up liquid into ligaments and tore them up into drops.
The bulk of the liquid was present as drops that reside at high eval-
uations above the tray and follow free trajectories. Some may be
entrained to the tray above, while others may fall back into the lig-
uid pool. This flow regime is spray [48]. Therefore, the CFD
model enables us to predict it (Fig. 3).

Fig. 4 shows the velocity vectors for the gas as it flows through
the cones. The figure shows that as the gas leaves the gas inlet in
the chamber, it hits the column tray deck wall and goes up toward
the cones. When it goes toward the cone, the velocity increases and
achieves the maximum value at the throat of the cone. Then, the
pass way of the gas changes and goes toward between the cone

Korean J. Chem. Eng.(Vol. 34, No. 4)
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Fig. 3. Snapshots of liquid volume fraction profiles (a) on a vertical
section of 0.16 m from the tray center (b) on (YZ) plane at x=
0.2. 0.5 and 0.8 m, at F.=0.74 m/s(kg/m’)** and t=8 sec.

and cap and contact with the sprayed liquid and then moves up.
The gas distribution in all the cones at this section of the plane
seems uniform.

Fig. 5(a) shows the pressure variation in the cone and the space
above it. The value of pressure decreases in the cone until the throat
of the cone. The pressure increases in the top space between the
cone and cap. The flow pattern in the cone is like subsonic flow in
a nozzle. The flow in the cone, as it is seen in Fig. 5(a), is a favor-
able pressure gradient (i.e., dP/dy<0) and never separates, even in
the throat cone where the pressure gradient is approximately zero.
In a favorable gradient, the velocity profile is very rounded. There
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Fig. 4. Gas velocity vectors on a vertical section of 0.16 m from the
tray center at F,=0.74 m/s(kg/m’)"’ and t=8 sec.
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Fig. 5. (a) Total pressure drop variation along the height of cone at
F,=0.74 m/s(kg/m’)"’ and t=8 sec (b) velocity variation along
the height of the cone at F,=0.74 m/s(kg/m’)"’ at t=8 sec.

is no point of inflection. In a zero pressure gradient in the throat,
the point of inflection is on the wall itself and there can be also no
separation [49]. The air velocity in the cone increases until the throat
of the cone and then decreases in the space between the cone and
cap as it is seen in the Fig. 5(b).

The relation between velocity, pressure and cross section area of
the flow inside the cone also has been formulated as follows.

From conservation of the mass:

m=pVA=constant 4)
If we differentiate Eq. (4):
VAdp+pAdV+pVdA=0 (5)
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Fig, 6. Liquid volume fraction profiles and velocity vector plots on the plane at y=0.03 cm at F,=0.74 m/s(kg/m’)"* and t=8 sec.

Then, dividing by (VAp)

;+7+I=0 (6)

And from conservation of the momentum:
PVdV=—dP ?)

For isentropic flow, we have the following equation:

dp_ dp
P ) 8)

Eq. (8) in combination with the equation of the state, P/p=RT, gives
the Eq. (9) for dP:

dP=)RTdp=a’dp )
Using a combination of Eq. (9) with momentum equation provides:

_Mzd_V=d_p

V= 10)

Now we substitute Eq. (10) into the mass flow equation to get:

dA

2dV_
A=-M)T=-"7%

(11)

And therefore, the relation between velocity and pressure obtains:

2dV _1dP
-M 7 = ;/ ? (12)
For subsonic flows, decrease in the cross-sectional area (dA<O0)
causes an increase in the flow velocity (dV>0).

The changes in the gas velocity and area sections of the cone
and subsequently the change in the pressure drop cause the liquid
to break up and arise or appear as sprayed droplets as shown in
Fig. 3. On the other hand, the pressure variation in the cones forces
the liquid on the tray to be highly turbulent. A sufficient level of

turbulence in the liquid phase will deform the interface and lead
to break up. More precisely; if a turbulent eddy has sufficient energy
it may defeat the stabilizing effect of surface tension [50].

Fig. 6 shows water volume fraction contour and liquid velocity
vectors at 3 cm above the tray deck. Nonuniform liquid velocity
pattern, turbulence and circulating motion and liquid flow separa-
tion in the behind of the risers were observed. As mentioned, the
SST turbulence model can simulate the separation flows. The lig-
uid velocity decreases in the space between the cones in the exit
half of the tray. Swirl and back flow movement occurred due to
the gas effect and cone arrangement on the liquid flow. Each cone
affects the liquid flow when the gas goes up in the cones. The liquid
is thrown around because of the pressure gradient in the cones. In
this level of the tray the liquid phase converts to the droplets and
gets dispersed.

1. Comparison of the CFD Predictions and Experimental Re-
sults

The experimental conditions for the ConCap tray were used in the

1000
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400
300
200

© CFD predict

+ Experimental data

APy (Pa)

0.4 0.6 0.8 1 1.2 14
£ (/s (kg/m?)°"?)

Fig. 7. Total pressure drop of the ConCap tray at the liquid flow rate
of 44.4 m*/(mh).
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Fig. 8. Total pressure drop of the ConCap tray at different riser heights
and at the liquid flow rate of 44.4 m*/(mh).
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computational model and the corresponding flow properties were
evaluated. Fig. 7 shows the simulated pressure drop for two-phase
air-water flow when transient simulations are time averaged, which
was compared with experimental results [22]. The average error
between computational and experimental results was 13.5%. Here,
a liquid velocity of 44.4 m’/(mh) and different F-factors were used.

(b)
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2. Effect of the Riser Height on the Pressure Drop of the Con-
Cap Tray

The pressure drops of the ConCap tray were studied computa-
tionally at different riser heights (0, 2.5, 5.5 cm). Fig. 8 illustrates
the effect of the riser height on the total pressure drop in the lig-
uid flow rate of 44.4 m’/(mh). The total pressure drop increases
when the riser height is decreased.

As seen in the Fig. 9, a heavy weeping rate occurred in the riser
heights of zero and 2.5 cm at F.=0.46 m/s(kg/m’)"’. The weeping
rate of the riser height of zero is more than a riser height of 2.5 cm
and it happens mostly in the earlier cones near to the liquid inlet.

The gas velocity vectors of the tray without riser are shown in
Fig. 10. In this section, there are four cones. Because of the heavy
weeping in the riser heights of zero and 2.5 cm (Fig. 9), the gas
cannot enter earlier cones (see cone 1 in Fig. 10) and is forced to
pass through other cones. The liquid blocks the pathway of the gas
and forces the gas to pass from the fewer number of cones at the
exit half of the tray (channeling), and this causes to increase the
pressure drop of the tray with lower riser height (Fig. 9). The gas
circulation motion is also observed in the chamber for lower riser

height.
In Figs. 4 and 10, the riser height leads to distribute the gas in

Water. Volume Fraction
1.0

Water. Volume Fraction
1.0

Fig. 9. Snapshots of liquid volume fraction profiles on a vertical section of 0.16 m from the center of the ConCap tray at F.=0.46 m/s(kg/
m’*)*® and liquid rate of 44.4 m*/(mh) and t=8 sec, (a) without riser height, (b) riser height of 2.5 cm.
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TR

Cone 1 Cone 2 Cone 3 Cone
Fig. 10. Gas velocity vectors on a vertical section of 0.16 m from the
tray center for the tray with riser height of zero at F,=0.46

m/s(kg/m’)*® and t=8 sec.

the tray uniformly and prevents weeping. Nonuniform gas distri-
bution causes to increase the pressure drop and consequently non-
uniformity in the pressure gradient in the gas stream flows through
the cones. Hence, the performance of the tray is reduced [48,51].
The lower riser height also leads to direct a part of the gas into the
tray without entering to the cones, as seen in Fig. 10. The same
behavior is observed at higher gas rates with less intensity. The
weeping decreases, but the liquid on the earlier cones accumulates
in the riser holes and does not permit the gas to pass through them,
and channeling was also happening.

CONCLUSION

The ConCap tray is a new cap tray, so good knowledge about
this novel type of tray is necessary. A numerical study was carried
out in this work. The experimental column [22] was simulated in
full 3D framework using VOF like code with multiple size group
model and shear stress transport (SST) turbulence model. The
CEFD results showed a good compatibility with experimental data
in terms of pressure drop. The results show the pressure variation
in the cones leads to turbulence of the liquid phase and conse-
quently deforms the interface and leads to disperse the liquid. The
riser height causes the gas to distribute in the tray uniformly and
prevents from weeping. The recommended riser height for the
ConCap tray can be 5.5 cm because the riser diameter is very large
(9 cm) in this designed tray. Lower riser height increases pressure
drop and non-uniformity in the gas distributions and consequently
decreases the performance of the tray. Riser height has a profound
effect on the weeping of the ConCap tray. Finally, the simulation
results showed that CFD can be used as an effective tool to provide
information on the details of the gas and liquid flows in the tray.
Further studies on the various geometries of the ConCap tray, for
example, to combine it with centrifugal structure, are essential and
remain for future work.

NOMENCLATURE

A :cross section of the cone [m?]

A;  :total hole area [m’]

a  :speed of sound

F, F—fador:VsJ/TG , [m/s(kg/m’)*?]

g :acceleration due to gravity [m/s’]

M :mach number, ratio of speed of gas in the cone and the speed
of sound

m :mass flow rate [kg/s]

Q; :liquid flow rate across tray, liquid flow rate per weir length
[(m’/h)/m]

R :gas constant [8.31J/(mol K)]

r : volume fraction

T  :temperature [K]

t : time [sec]

Vs :superficial gas velocity [m/s]

W :weir height [cm]

AP} :tray pressure drop [Pa]

r;  :gas volume fraction

r, :liquid volume fraction

Sy :sum of the gravitational and continuum surface forces

p; :gas density [kg/m’]

o, :liquid density [kg/m’]

¥ :specific heat ratio, the ratio of the heat capacity at constant
pressure to heat capacity at constant volume

M :viscosity [Pa-s]
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