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Abstract A computational fluid-dynamics model is presented for predicting the two-phase two-dimensional liquid
phase flow on a distillation column tray based on the modification of Navier-Stokes Equation by considering both
the resistance and the enhanced turbulence created by the uprising vapor. Experimental measurement of the local
liquid phase velocity on an air-water simulator of 1.2m in diameter by using the hot film anemometer is briefly
described. Two of the conventional fluid-dynamic constants are readjusted for the case of liquid flow on a tray by
fitting the experimental data. The predicted local liquid phase velocity and direction of flow by the present model
are confirmed satisfactorily by the authors' experimental measurements and by the data from literature. By the aid
of the present model, the concentration field on the tray can be computed for the evaluation of the enhancement of
liquid phase concentration across a tray. The advantages of applying computational fluid-dynamics to tray column
design are discussed.
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1 INTRODUCTION

It is well known that the liquid flow pattern, or vel-
ocity distribution, is an important factor in column
tray design, yet its evaluation has long been relied
mainly on designer’s experience or experiment, impli-
citly in the estimation of tray efficiency. The theoreti-
cal approach of such problem is possible upon the light
of computational fluid-dynamics as many software for
calculating the flow distribution are available in the
market. The basic flow model used in the commer-
cial software may not be suitable to the condition of
a column tray, and therefore the computed result de-
viates in some extent from the experimental measure-
ment and fails in the cases of having high percentage
of liquid circulation. Since the liquid phase velocity
distribution and, particularly, the liquid circulation
on a tray may reduce seriously the tray efficiency and
should be prevented early in column design, the inves-
tigation of more accurate modeling of flow pattern is
therefore still in need.

The difficulty of theoretical prediction of liquid
flow pattern on a column tray comes from the compli-
cated fact that it is an aerated liquid flowing through a
curved convergent-divergent open channel with struc-
tural resistance and subject simultaneously to the ac-
tion of the cross current uprising vapor. Based on
the two dimensional liquid flow with some simplify-
ing assumptions, Yoshidal!l presented a solution by
using the method of stream function, but his re-
sult has not been confirmed by experiment. Yu et
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al.[>3] employed the fundamental equations of Navier-
Stokes and Reynolds together with the k- equations
of turbulence, and obtained the solution numerically.
Their predictions of liquid velocity distribution on a
tray were satisfactorily checked by the results taken
on experimental sieve trays of 1.2 and 2.4 meters in
diameter®4 | involving the operation at high percent-
age of liquid circulation. They formulated two differ-
ent kinds of liquid flow model, i.e. single-fluid (liquid)
model? and two-fluid (liquid and vapor) modell®],
with considering the resistance created by the cross-
current vapor. The two-fluid model gives slightly bet-
ter result than the single-fluid model at the expense
of much more complicated computation. Krishna et
al.l®] presented a three dimensional model and solved
by using commercial software CFX for simulating the
transient liquid flow on a 0.2 x 0.39 meters rectangular
sieve tray. In the present study, a modified single-fluid
model is presented for its simple form with sufficient
accuracy and the convenience of applying it to the
computation of concentration distribution on a tray
in order to make the evaluation of tray efficiency reli-
able and on a sound basis.

2 EXPERIMENTAL EVIDENCE

Our experimental work was performed in a water-
air sieve tray simulator of 1.2m in diameter as shown
schematically in Fig.1. The tray is single-pass with
sieve holes diameter of 4.6 mm and having 4.6% open-
ing of tray area. The length of both inlet and outlet
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weirs is 0.79m, and the height of outlet weir is ei-
ther 25 mm or 50 mm. All the experimental operations
were adjusted to the condition of dominated bubbling
over the tray at the water rate up to 0.03 m*m="-s"1
and the superficial air velocity up to 1.3m-s~!. The
local velocity of liquid was measured by using hot film
anemometer supplied by TSI company equipped with
X-type probe, intellectual velocity analyzer and A/D
converter. The experimental data were recorded and
processed by a computer. Although such instrument
has been used for the measurement of single and two-
phase concurrent flow, the application to the case of
air-water crosscurrent flow is successful only by the
aid of improved technique. In the present work, the
two-dimensional liquid velocities, in respect to the di-
rections of parallel and perpendicular to the weir, at
various locations and liquid depths were measured.
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Figure 1 Schematic diagram of experimental set-up
1-—circulating pump; 2, 3—distribution plate;
4—test tray (1.2m in diameter); 5—blower; 6—water tank

Experimental measurement indicated that no ap-
preciable liquid velocity gradient along the liquid
depth was found if the measuring probe was placed
about 10 mm above the bubbling tray floor. Excep-
tion was found only at the regions near the inlet and
outlet weirs. A typical measuring result at the main
flow region is given in Table 1. The disappearance of
velocity gradient along the liquid depth may be due to
the fact that the uprising bubbles from the sieve holes
destroy the boundary layer of liquid flow on the tray
floor and thus prevent the formation of the velocity
gradient. On the other hand, the agitation effect of
the air bubbles on the water also tends to reduce the
gradient. Such experimental evidence allows us to

Table 1 Experimental measurement of local liquid
velocity u along liquid depth h;

(L =0.079m®m 1s7 !, u, = 0.645 m-s— 1)

h;, mm u, cm-s~ 1 {u:u , %
u
10 25.381 0.29
15 26.205 3.85
20 24.872 1.72
25 25,998 2.73
30 25.298 0.04
35 24.207 4.35
40 25.089 0.86

make the assumption in the following modeling
that the liquid flow on a tray is substantially two-
dimensional except around the small regions near the
inlet and outlet weirs.

3 TWO-DIMENSIONAL PSEUDO SINGLE
FLUID MODEL

In the present model, the “fluid” flowing across
the tray includes both liquid and holdup bubbles, and
behaves as a “single fluid”. The action of uprising va-
por (air) is considered as a body force acting on the
fluid. In applying the classical equations of Navier-
Stokes and Reynolds, the following two factors should
be considered:

(1) The resistance to the fluid flow created by the
uprising vapor

The resistance created by the uprising (penetrat-
ing) vapor to the fluid flow is considered to be equiv-
alent to a body force acting vertically and uniformly
on the horizontally dowing fluid. This body force, f,
may be resolved into f; and f, in x and y directions.

Then we havel?3]
Crppwu
fo= (1)
C.prwv
fy==5— (2

where C; is the coefficient of momentum transfer,
ranging from 0 to 1, depending on the transfer ef-
ficiency. From our experiment in a small air-water
simulator, the coeflicient C; can be taken equal to 0.8.

(2) The increase of fluid turbulent energy due to
bubbling action and frictional resistance

The increase of fluid turbulent energy as a result
of bubbling action, or agitation, by the penetrating
bubbles may be understood as follows. For station-
ary liquid, the time average velocity of the liquid in
all directions is equal to zero. If an uprising bubble
penetrates through the liquid, the time average veloc-
ity of the liquid in all directions is still equal to zero,
while its fluctuation velocity is not. It means that cer-
tain amount of turbulent energy of the liquid is being
produced by the action of bubbling. As the amount
of turbulent energy produced by both bubbling action
and frictional resistance on the tray are difficult to
evaluate, we may represent it by a term G, the value
of which will be given in the subsequent section.
3.1 The governing equations

In the present model, the method of k-¢ equation

is used for the closure of the basic equations. The
control equations are as follows:
continuity equation
a a ,
LA (3)

Ba:a_y
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momentum equations
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C1(Gr+Gy)=Coclz (7

where G, the generation of turbulent energy by the
main fluid flow, is given by

ou\? o du  dv\?
Gr=1v 2| — 2 — — 4+ —
o p(3) 2 (5) (G 5)

®)
and G, the turbulent energy produced as a result
of bubbling action and frictional resistance, is an un-
known quantity which will be determined experimen-
tally as shown in the later section.

The relationships between effective viscosity ¥,
turbulent viscosity ¥ and the fluid viscosity u are
given below

I
e =0y + = 9)
et (
k2
P = C,L? (10)

It should be noted that all the fluid properties,
such as fluid viscosity u and density p refering to the
liquid and bubble mixture, are calculated as follows

B = aipp + apip

p=oupr + appp

where the subscript ! and b denote the liquid and the
bubble phase correspondingly. All other fluid par-
ameters, such as velocity u, v, the effective viscos-
ity ¥, and turbulent viscosity ¥; are considered to be
unique for the fluid, and the proportional rule cannot
be applied.

3.2 The boundary conditions
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For the inlet condition, uniform fluid flow in = di-
rection is assumed

Uip = —

n h

and ujy =0 (11)

where the height of equivalent clear liquid A is given
by our experimental correlation as follows

h = 8.04+0.308L + 2.523h%° — 3.612 x 102 F? (12)

The inlet k and ¢ were taken from an empirical cor-
relation for the case of expended flow with vortex(®),viz

kin = 0.003uZ, (13)
2
_3

For the centerline boundary, symmetrical velocity
field is assumed and given by

du Ok B¢
—_—— —— = — = ]_
0y 09y Oy (15)

v=0 (16)

For the outlet boundary, the flow is considered be-
ing fully developed, and the following conditions are
applied 7] a ok 0

u v e
% "oz Bz Bz " (")

For the wall boundary, the condition as described
by Nallasamyl® is adopted. Since the wall bound-
ary of the column tray is of circular shape, we assume
that the direction of fluid flow along the wall is always
tangential, and the following modified conditions are
obtained

Y
X
2
u
K= (20)
V CJ—‘
3
e=—T (21)
K?"p
where u
—_ T +
U= o In (r*E) (22)
Tw
Ur = —_ 23
p (23)
* 3
1y = — Uk (24)
In (B*rpkt /9.)
+ = Do (25)

v
rp=R— /X2 Y2 (26)
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K" = rkCL/* (27)
E* = ECY/* (28)

In the foregoing equations, U is the directional
fluid velocity at a point near the wall with coordinates
X and Y referring to the center of a tray as origin, R
is the tray radius, E is the roughness parameter of the
wall which can be taken to be 9, and &, the Karman
constant, is equal to 0.418.

3.3 The adjustment of fluid-dynamic constants

In our computation, the method of finite volume
based on SIMPLE (Semi-implicit method for pressure
link equation) algorithm was used, which has been de-
scribed by Patankarl”,

As first approximation, the fluid-dynamic con-
stants in the present model were taken from the
experimental work of Launder!® based on the tunnel
flow, i.e.

C_u = 009, 01 = 1.44, C'g = 1.92, g = 1.0, T = 1.3

In order to test the validity of these constants, the
experiment of water flowing through a non-perforated
tray simulator of 1.2m in diameter, as described in
previous section, was conducted. Under the condition
of no air flow, the parameters Gy, f. and f, are equal
to zero and the present model reduces to that of water
flow only. Our experimental data together with that
published by Porter et al.l¥ on a simulator of 2.4m
in diameter are shown in Fig.2, where the percent-
age of water circulation area on the tray is plotted
against the rate of water flow. Whether or not to pre-
dict accurately the water circulation area on a tray
is a critical criteria to the validity of a fluid-dynamic
model for the extent of circulation area is one of the
chief factors affecting the tray efficiency and should be
considered seriously in tray design.

0.4
I 2 4
03F* & e
_ s
02t
T~
01}
I
0 0.01 0.02 0.03

water weir load, m’. m™. s
Figure 2 Adjustment of constants by experimental
data on water flow across an non-perforated tray
1—boundary of experimental points by Porter et al,;
2-—authors’ experimental data,
3—model computation using constants by Launder et al.;
4——model computation using constants by the authors

As seen in Fig.2, the computed result by using
Launder’s constants in present model can not fit the

experimental data, and should be modified. After a
number of trials, the constants C'; and C, were found
to be more sensitive than other constants. For the
best fitting, the following values for C; and Cy are
recommended for using in the present model

Cl = 1.48, CQ =198
3.4 The determination of parameter G,

With the adjusted constants C;, Cs and a series of
assumed value of G, , the computed results by present
model for air-water flow were compared with our ex-
perimental data and that from Ref. [8]. It was found
that the value of G|, is very sensitive in giving the per-
centage of circulation area as illustrated in Fig.3. By
finding the optimal values of G, for the best matching
of the circulation area in all the experimental runs, we
found the following empirical relationship

Gy = 1.28 x 10" %y, L™ (29)

The foregoing equation is in common with our obser-
vation that the G|, is increased either by increasing air
velocity us or by decreasing the water rate L.
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s 15F
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Figure 3 Effect of the parameter Gy on the
percentage of circulation area T

4 EXPERIMENTAL VERIFICATION
Experimental work for verifying the velocity distri-
bution predicted by the present model was carried out
in the installation as described in Section 2. Since we
assume that the velocity of water and holdup bubble
is the same, the measurement of local water velocities
at different locations on the tray by means of hot film
anemometer can be used to check the accuracy of pre-
diction by the present model. A typical velocity field
is shown in Fig. 4, indicating the comparison between
the experimental and computed results. The values in
the parenthesis and the directional arrow with a small
circle at the tail represent, respectively, the computed
local velocity and flow direction by the present model.
As can be seen, the model computation is satisfacto-
rily confirmed by the experimental results. Also, the
circulation area on the tray as shown in Fig.4 is es-
timated to be around 12.6%, which is very close to
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the model prediction of 12.4%. Similar confirmation
is also obtained for a number of experimental mea-
surements under different operating conditions on the
simulated tray.

The experimental data from the literature suitable
for checking the accuracy of the present model is the
one by Porter et al in a 2.4 meters air-water simu-
lator, the comparison is shown in Fig.5 in which the
model prediction is seen to be satisfactorily confirmed.
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Figure 4 Comparison between model prediction and

experimental data
(D=12m, L =0.006m*m™s7!, w=0.7ms"1,
w = 25mm, W/D = 0.645)
®—— experimental result;
O—— computed result

.
\ N \ . \ . N

0.005 0.010 0.015 0.020
water weir load, m*.m™.s

=1

Figure 5 Comparison between model prediction and
experimental data
(w=1.25ms"!, hy = 25mm)
——— model prediction;
B experimental points by Porter et al;
X experimental points by the authors

5 THE APPLICATION OF CFD TO THE
EVALUATION OF TRAY EFFICIENCY

The successful application of computational fluid-
dynamics (CFD) to the prediction of velocity field
of a column tray may lead to the development of a
method to evaluate the corresponding concentration
field, from which the estimation of tray efficiency may
be established on scientific and reliable basis. The
two-dimensional mass diffusion equation of a com-
ponent can be obtained by taking the material bal-
ance around a differential element consisting of the
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incoming and the exiting fluxes of mass, eddy diffu-
sion and mass transferred from the passing vapor, and
expressed as follows

de dc &% &%c )
ua +‘U5§——D35;2-+Degéﬁ+.} (30)

J=ka(t-z*)=kea(y" - 9) (31)

where D, is the effective diffusivity, which may be re-
garded as the sum of the molecular diffusivity and the
turbulent (eddy) diffusivity by the theory of mixing
length. Furthermore, by substituting, ¢ = p& we have
. . 2 . 2 .

ug—z +vg—z = De% + Deg-?:; + %E (z —z*) (32)
The boundary conditions are similar to that of fluid
flow including uniform incoming concentration etc.
The foregoing equation may be solved simultaneously
with the corresponding CFD equations to obtain the
concentration field on the tray. The difficulty encoun-
tered in this problem may be on the estimation of D,
and mass transfer coefficient.

According to the rule of similarity, there exists a
relationship between the effective viscosity in fluid-
dynamics 9. and the effective diffusivity D, in mass
transfer. From Prandtl’s classical theory of mixing
length, ¥, and D, are of the same value. Previous
work[®) indicated that these two parameters are in
the same order of magnitude and the ratio of D, /9,
is approximately constant at 1.6. By taking the 9.
computed by the present CFD model, i.e. by solv-
ing Egs. (3) to (7) and the D, by the correlations of
AIChE[ and of Yu et al.l'!l for the flow on a sieve
tray, the ratios of D, /¥, are given in Table 2, ranging
from 1.0 to 1.4. If the discrepancy between different
models and experimental error are being considered, it
is reasonable to take the average value of D, = 1.259,
in our computation. Furthermore, our computation
revealed that a slightly different ratio to be used does
not change substantially the concentration profile on
the tray.

To generalize the computational results of the con-
centration distribution on a tray, a parameter X, di-
mensionless concentration, is introduced and defined
as follows

& — &

X = (33)

T — &*
Note that, in foregoing equation, X =1 and X =0
represent respectively the initial and equilibrium con-
ditions. Substituting Eq. (33) into Eq. (32), the mass
transfer equation then becomes

?X  ka

X
o2 T

¢ 52

ax X



Computational Fluid-dynamics of Liquid Phase Flow on Distillation Column Trays

527

Table 2 The ratio of effective viscosity ¥ and effective diffusive coefficient D, on a sieve tray
(L =0.00524m3*m~ s7, hy = 25mm, D = 2.44m, W/D = 0.6145)

De e
w, m-s™ ! AIChE correlation Yu ef al. correlation Present mode] () =(-(—)
(A) (B) (©) () ()
0.5 1.97 x 1073 1.40 x 1073 1.86 x 1073 1.4 1.3
1.0 2.80 x 1073 2.03 x 1073 2.45 x 1073 1.4 1.2
1.5 3.78 x 1073 2.78 x 1073 3.07 x 1073 1.2 1.1
2.0 4.90 x 1073 3.65 x 1073 3.67 x 1073 1.3 1.0

The foregoing equation can be solved simultaneously
with the CFD equations to give a map of dimension-
less concentration over a column tray under various
operating conditions.

Since the range of concentration over a tray usually
is not very wide, it is allowable to assume that the re-
lationship ¢ = ma is held. The mass transfer equation
may also be expressed alternatively in terms of mass
transfer coefficient kga as follows
X

+Dc§'?;‘?

92X
¢ 8z?

uaX +‘vaX =D
oz oy

ks v (35)
mp

A typical concentration field on a column tray is
shown schematically by drawing the smooth contours
through the grids having practically the constant value
of X as shown in Fig.6. The reduction of concentra-
tion and the irregularity of having looped contours
in the segmental region due to liquid circulation are
clearly seen.

06}

04}
E 1
2

02}

Figure 6 Dimensionless concentration profiles on a
sieve tray
(D=12m, L =0.006m*m 15! w=07ms"};
hy = 25mm, W/D = 0.645)

The concentration enhancement across a tray, 7,
is defined as the ratio of the average liquid phase di-
mensionless concentration on the whole tray to that
at the outlet weir. Thus n = 1 represents the condi-
tion of perfect mixing of liquid phase on a tray. For
the case of partial mixing of liquid phase, 7 is greater
than 1. Under the condition of no mixing, ¢.e. the
plug flow, n reaches to the maximum. Obviously, n
is a measure of the mixing characteristics on a tray
or the relative tray efficiency, similar to the conven-
tional expression Eyyp/Eor. The value of 7 can be

computed by summing up the value of X in each grid
obtained from the numerical computation as follows

S L (36)

The computed value of 7 is equal to 1.38 for the tray
as shown in Fig. 6 under the operating conditions con-
cerned. It demonstrates that the computation of tray
efficiency is possible by the aid of CFD and mass trans-
fer coefficient. The tray design based on such founda-
tion is obviously superior to that based on experience
or rough estimation, especially for the case of scaling
up a column to large diameter.

It is interested to note the similarity between veloc-
ity and concentration fields, i.e. Figs.4 and 6, where
the main flow region corresponds to the plug flow en-
richment of concentration and the liquid circulation
area appears a vortex of low concentration. Thus the
map of the computed velocity field or flow pattern on a
tray may give us an idea about the concentration dis-
tribution. By this means, improvements can be made
to the tray design, for instance, changing the construc-
tion of the inlet weir to reduce the liquid circulation in
order to achieve higher enhancement of concentration
across the tray or better tray efficiency.

6 CONCLUSIONS

A pseudo-single fluid computational fluid-
dynamics (CFD) model for describing the liquid phase
flow on a column tray is presented. Experimental
measurement of local liquid velocity was conducted in
an air-water simulator of 1.2m in diameter for veri-
fying the present model. The model predictions are
confirmed by the authors’ measurement and the data
available from the literature, both having high per-
centage of liquid phase circulation area on the tray.
By solving simultaneously the CFD and mass transfer
equations, the concentration field on a tray can be
obtained for the purpose of providing a sound basis
to evaluate the enhancement of liquid phase concen-
tration across a tray, which is very important in the
design of large diameter column.
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NOMENCLATURE

A bubbling area of a tray, m?

C1, Cz, C3, Ci  turbulent model constants

Cr coefficient of momentum transfer

c concentration, kg-mol-m~3

D diameter of the tray, m

D, effective diffusivity, m2-s~1

Env Murphree tray efficiency

Eog Murphree point efficiency

Fy gas (vapor) flow factor (Fo = w,/py),
kgl/2.m=1/2.g-1

fz body force in z direction, N

Sy body force in y direction, N

Gp generation of turbulent energy by bubbling
and frictional Resistance, m2.s—3

G generation of turbulent energy by fluid
flow, m2-.s=3

h height of clear liquid, m

hw outlet weir height, mm

J rate of mass transfer, kg'mol~1.m—2.s—1

kga vapor phase mass transfer coefficient,
kg:mol~1l.m—3.s~1!

kia liquid phase mass transfer coefficient,
kg:mol~1l.m~—2.5~1

k turbulent kinetic energy, N-m

L intensity of liquid flow, m2%.s~?!

lw length of outlet weir, m

My momentum loss of liquid in « direction,
kg-m-s—1

M, momentum loss of liquid in y direction,
kg-m-s~1! '

m equilibrium constant, m = §/¢

nrt total number of grids

Tw number of grids at the outlet weir

P pressure, Pa

T percentage of circulating flow area to the
effective tray area, %

u local velocity in z-direction, m-s—!

| total volume of vapor flow, m3-s~1

v local velocity in y-direction, m-s~1!

W length of outlet of weir, m

w superficial gas (vapor) velocity, m-s—}

X dimensionless concentration

Xw dimensionless concentration at the exit
weir

x coordinate in x direction

z mole fraction of a component in liquid phase
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# in equilibrium with

 at inlet weir

Tin

y coordinate in y direction

Y mole fraction of a component in vapor phase

] ¥ in equilibrium with &

oy mass fraction of liquid in liquid phase

ap mass fraction of bubble (vapor) in liquid phase

€ dissipation rate of turbulent kinetic energy, N.s—1

7 enrichment ratio

Pe effective viscosity, m2.s~!

9 turbulent viscosity, m?.s~!

m viscosity of the fluid, kg-s~!-m~!

P density of the fluid, kg:m—3

P density of liquid, kg-m~3

b density of bubble (vapor), kg:m—3

Tw stress tensor near the wall, kg:m-s—2

Ok, 0c turbulent model constants
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