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An accurate prediction of tray hydraulics is very important for large diameter trays design, and vapor cross-flow chan-
neling (VCFC) is one of the key points that affect the hydraulics calculation. Therefore, in this article, a theoretical
analysis was first conducted to reveal that the energy of gas—liquid on the tray was closely related to its flow state.
Then, a model was obtained on the basis of the principle of the lowest energy, which can be used to calculate VCFC.
The model shows that the ratio of dry tray pressure drop to liquid height on a tray determines the gas distribution on
the tray. Finally, the model was tested by comparisons with experimental results available in reference. The agreements
are good. Furthermore, the effects of liquid load and fractional hole area on VCFC were studied. The results are con-
sistent with the field experience summarized in literatures. © 2014 American Institute of Chemical Engineers AIChE J,

61: 1032-1042, 2015
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Introduction

Distillation is the workhorse in petroleum and/or chemis-
try industry.1 In this process, the heat and mass transfer
between the gas and liquid phase occurs in the valve trays.
The gas distribution on the tray is one of the most important
design parameters. This parameter determines the operating
performance, efficiency of the gas—liquid mass transfer, and
other hydraulics. On a tray, vapor is usually assumed to
freely rise through the valve holes while liquid flows across
the tray from the inlet downcomer to the outlet downcomer.
The tray is generally considered to distribute uniformly the
upflowing vapor. However, when the long liquid flow
lengths, high liquid loads, and large fractional hole areas
occur simultaneously, vapor may flow preferentially through
the outlet of a tray. This phenomenon is called vapor cross-
flow channeling (VCFC; Resetarits and Pappademos, unpub-
lished).z‘5 Once VCFC becomes established, the vapor distri-
bution along with the liquid flow direction will be extremely
problematic. This condition can lead to excessive weeping
near the tray inlet and excessive entrainment near the tray
outlet.>* This phenomenon can not only decrease the tray
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efficiencies,” but it can also lead to the tray premature
entrainment flood.>”

The VCFC can be avoided using multipass trays (Pilling,
unpublished, Resetarits and Ogundeji, unpublished), counter-
flow trays (Resetarits and Ogundeji, unpublished), and other
methods (Resetarits and Pappademos, unpublished) to pro-
duce a reasonable large-diameter column with high liquid
load. However, these techniques are still limited considerably
by reduced tray efficiencies, increased tray costs (more com-
plex drawings and more tray parts), longer tray installation
times, and so on (Resetarits and Ogundeji, unpublished).8
The plate structural parameters, such as flow path length,
weir length, and fraction hole area, should be investigated.
These parameters are important for tray designs because they
significantly affect VCFC. To the best of the authors’ knowl-
edge, the rigorous method for calculation VCFC has not
been reported, and only challenging results on trays (includ-
ing bubble-cap, sieve, and valve trays) design have been pre-
sented for designer reference. Therefore, a model that will
calculate VCFC to predict tray efficiencies and other hydrau-
lic parameters should be established. The VCFC model will
provide a theoretical guidance for reasonable design and
optimization trays.

In this study, a model that can be used to predict the
VCFC was constructed according to principle of lowest
energy which controls the gas-liquid flow regime on the tray
and on the assumption that the liquid potential energy was
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Figure 1. Relationship between nature and the principle of the lowest energy.

(a) Conformations of cyclohexane. (b) The natural flow of water. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

much larger than the liquid kinetic energy. To solve this
model, the vapor flow resistance coefficient expression and
the liquid height relation between weeping and bubbling
areas were established, respectively, using the theoretical
analyses of the valve states and the liquid horizontal momen-
tum balance on the tray. In addition, the model calculation
program was compiled. Thus, the model can be conveniently
used in practical engineering work. A verification calculation
was performed to determine whether the assumption was rea-
sonable. The calculated results were compared with previ-
ously published experimental results.

Theoretical Analysis and Modeling
Principle of the lowest energy

The principle of the lowest energy is one of the generally
applicable rules in nature. This rule crucially influences the sub-
stance microstructure or direction of motion (Figure 1). Some
molecules differ in conformations, and the energy of these con-
formations also vary. To ensure the stabilization of a system,
molecules spontaneously select a conformation with minimum
energy such as, at room temperature, the ratio of chair confor-
mation of cyclohexane to boat conformation is up to approxi-
mately 10,000 (cf., Figure la). Meanwhile, in the macrocosm,
water flows spontaneously from a high elevation to a low eleva-
tion to reduce its potential energy (cf., Figure 1b).

Generally, the gas-liquid flow regime on the tray is
closely related to the operating conditions. According to
energy analysis, at a certain operating condition, the gas—lig-
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uid system will spontaneously select a contact mode with
lowest energy to stabilize the system. VCFC on trays is
induced by an excessive hydraulic gradient in the liquid
phase.z“"9 Indeed, this gradient promotes the vapor flowing
although the tray outlet area, and ultimately, the liquid
height is much higher in tray inlet area than in tray outlet
area by a self-accelerating mechanism. Although, this phe-
nomenon is not the expected flow regime, it is the most sta-
ble state at that operating condition because this contact
mode is the result of the interaction of gas and liquid. The
hydraulic gradient and principle of the lowest energy are not
contradictory. Furthermore, the gradient may induce or
accelerate the system evaluation to reach the point of lowest
energy of the system.

The stability of the system depends on its energy. There-
fore, the VCFC model can be established from the perspective
of energy. The key points of the modeling process are the der-
ivation of energy equations of gas-liquid flow on a tray.

Valve tray vapor cross-flow channeling model (VCFC
model)

Model Establishment. The seal point' is a very impor-
tant hydraulic point in a tray system. The full liquid fall
leaks away through the valves, and no liquid flows over the
outlet weir and through the downcomer as long as the oper-
ating gas velocity is equal to the seal point. Therefore, oper-
ating at this point, the weeping model selection has no effect
on the calculation results of liquid weeping rate. The influ-
ence of this point operation also includes other aspects.
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Figure 2. Schematic illustration of the two areas flow.
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Green arrow indicates liquid entrance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Thus, the modeling process is more convenient if the model
is derived from the seal point.

The gas-liquid flow mode on the tray at the seal point is
assumed to be strictly divided into two areas, namely, the
weeping and bubbling areas (cf., Figure 2). The following
assumptions are considered to conveniently model the sys-
tem energy at this gas—liquid contact mode:

1. The vapor will flow preferentially through the outlet
region of a tray when the VCFC occurs.

2. The liquid weeping rate in weeping area can be predi-
cated by orifice equation. And the expression is

0w nAp(L—Ly)CpL+/2(pigh—APs)/py

L

ey

where Q,, is the liquid weeping rate, n is the valves number
on a tray, A, is the valve hole area, L is the liquid flow length,
L, is the bubbling area length, Cp is the orifice coefficient of
the liquid flowing through the valve at closed state, p; is the
liquid density, g is the gravity acceleration, 4 is the liquid
height of the weeping area, APg is the tray pressure drop.

3. Given that the gas density is much lower than the lig-

uid density and the velocity of the bubble in the liquid is
considerably lower than the gas orifice velocity, the kinetic
and potential energies of gas are ignored.
Gas flows through the valve hole at a very high rate. How-
ever, once the high-velocity gas comes into contact with lig-
uid, the interaction of the gas and liquid (momentum
transfer) will transform the gas kinetic energy to the poten-
tial energy of liquid and the surface energy of gas—liquid
bed, and so forth. Consequently, the gas (bubble) velocity
becomes so slow that the kinetic energy of a bubble is much
less than the surface energy of the bubble.'! Therefore, the
kinetic energy of gas can be ignored.

4. The liquid hold-up in bubbling area is regarded as con-
stant.

The gas-liquid energy on the tray can be subdivided into
potential, kinetic, and surface energies. The liquid potential
energy of the weeping area Ey, is

1
Ewn=5pmeW(L-Li)k* @

The liquid kinetic energy of the weeping area E.,, (cf., Fig-
ure 2) is
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2
‘ :JLLI pWh <QI_XAI1nCDL 2(p1gh—APs)/p1/L> dx
wm 5 Wh

0
3)

The integration result of Eq. 3 is (see Appendix A for
more detailed information)

L ;O
wm= — L—L 4
m 6 Wh ( l) ( )
The surface energy of the bubbling area E, is''
30
Eba: I (I—OC)thLl (5)

where 1, is the mean bubble radius, o is the liquid hold-up,
o is the liquid surface tension, Ay is the froth height.

Equation 5 can be rewritten as (see Appendix B for more
detailed information)

3cWLu hOAS O{OQS
Epa= "0 ©)
Tvb8""

The gas-liquid mixture potential energy Ey;, of the bub-
bling area is

1
Ebh=§ [ocp1+(1—oc)pg]gWL1h% 7

As mentioned-above, the gas energy including the gas
kinetic and gas potential energies can be neglected. Then,
substitution of Eqgs. B2 (cf., Appendix B) and (C8) (cf.,
Appendix C) into Eq. 7 yields

1
Epn= EplgWLlhz ®)

The gas-liquid energy on the tray is the sum of the Egs.
2,4, 6, and 8. The total energy can be expressed as

19O
6 Wh

36WLugh%3a0% 1
+

+ = p gWL b
rbgo's 2 14T 1

1
Es= EplgW(L—Ll)hz-F (L—Ly)

C))
Equation 9 can be simplified as
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1 1 p,0} 36WLugh> 0%
Ey==pgWLh+ "= (L—L)) + ————— 10
s 2P1g 6 Wh ( 1) 1580 (10)
Equation 10 can be further simplified as
1 1 p,0? 36Wugh®d o>
=_pgWh*+-"EL(1—¢p )+ —————— 11
[N 2018 6 Wh ( (pl) rbgo‘s ( )

with e;=FE /L, ¢,=L;/L. Where e, is the total energy per
meter of the tray, ¢, is the fractional bubbling area.

To ensure the system at the stable state, its energy will
achieve the lowest point by adjusting the fractional bubbling
area ¢, then Eq. 12 can be obtained

des 1 plle
do, 6 Wh

3oWugh®3 0%

rbg()‘S

(1=0y)+ )AMM=0

12)

1
=d (5 pIgWh+

Equation 12 can be rewritten as

dh _ pOF /6Wh
doy  pgWh—p,02(1—@,)/6Wh2+3aWu025 /21y (gh)*?
(13)

Operating at seal point (Q,, = Qy), the liquid height / of
the weeping area can be obtained from the orifice equation.
That is

1 > AP,
= [¢] (14)
28 [AnCoL(1=¢1)]  mg
The APg can be calculated by
1 u 2
APs: ~ : + hc (15)
2P <n¢>1CDg> pistd

where 15 is the fractional hole area, ug is the superficial gas
velocity, Cp, is the apparent orifice coefficient.
Differentiating Eq. 14 with respect to variable ¢ gives

gg:% ) r L pelus/m)” | dh
AnCoL| (1-¢,)*  pgChy@i  do,

do; g
Substitution of Eq. C8 (cf., Appendix C) into Eq. 16
yields

(1—a05)ﬂ:l[ o r !
de; g |AmnCoL] (1—¢,)’

Substitution of Eq. 14 into Eq. 17 yields

16)

_ palus/n)®
plgc%)g(p?

A7)

(1_a0,5)ﬂ:2(P18h_APs) 24Py (18)
dp,  pg(l—@)  pige

. 2
with AP4= %pg (us/@nCpyg)".
Equation 18 can be rewritten as
dh _ 2(pigh—APs) @, —2(1—¢,)APy
do, (1=a2%)pig(1=0) e,

19)

Substitution of the expression of APs = (p,gh. + APy) into
Eq. 19 yields
dh_2[p,(pigh—pigha—APg)—(1—¢,)APq] 20)
do, (1=099)pig(1=; )@,

Equation 20 can be rewritten as
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dh _2[p,(p1gh—pigha) —APy]

-— (2D
do, (1= pig(1=0) e,

Substitution of Eq. 21 into Eq. 13 yields

2[p1p18(h—ha) —APq]

1=a93) (1=, )q
p8( )=o), . 22)
_ P Qi /6Wh
PgWh=p O} (1= y) /6Wh +30 W02 /21y (gh)
The pQ2(1—¢,)/6Wh* and  306Wuo®? /2r,(gh)"”

involved in Eq. 22 represent the liquid kinetic energy of the
weeping area and the surface energy of the bubbling area,
respectively. The existence of the outlet weir on the tray will
increase the liquid height and decrease the liquid flow veloc-
ity. At the same time, the consumed energy to form interfa-
cial area is a small percentage of the tray pressure drop.
Therefore, the liquid kinetic and surface energies are mark-
edly lower than the liquid potential encrgy. Therefore, p,Q?
(1—¢,)/6Wh* and 36Wus02 /2r,(gh)’> can be ignored in
Eq. 22. In addition, these two kinds of energy may balance
out because the liquid kinetic energy is negative and surface
energy is positive. Consequently, Eq. 22 can be simplified as

[01p8(h—ha)—APs] _ p,O}

= 23
(1=093)(1—¢))p,  12W2h2 @3)
Then
Api+(B—A)p,—C=0 (24)
2 (1405
with A= ”‘le\(v'vih) B=pg(h—ha), C=AP,.
The root of Eq. 24 with the physical meaning is
—(B—A)+4/(B—A)*+4AC
P1= (25)
2A
Equation 25 can be rewritten as
—(B—A)+(B—A)\/1+4AC/(B—A)*
P1= (26)
2A
The final form of ¢, is (see Appendix D for more detailed
information)
1 2\ 3
- 5Pg (us/nCpyg) o7
: pig(h—he)

with 0 < ¢ <1, and if ¢; > 1, p;=1.

The left-hand side of Eq. 27 is the dimensionless variable.
The conclusion, thus, obtained is that the fractional bubbling
area is equal to the cube root of the ratio between the pres-
sure drop that gas flow through the valve to the static liquid
difference between the weeping and bubbling areas.

The aforementioned energy analysis suggests that ¢; oper-
ating at seal point satisfies Eq. 27. In the case of the weep-
ing fraction <100%, however, an energy analysis of the
gas-liquid on the tray is difficult to conduct. For conven-
ience, ¢, at any operating condition is assumed to always
conform to the aforementioned conclusion. The detailed cal-
culation methods of the unknown parameters (Cp,) or varia-
bles (h and h.)) involved in Eq. 27 are discussed in other
sections. In addition, if we make a change on Eq. D2 yields

18P (h—ha)=APqy (28)
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The final form of Eq. 28 can be given (see Appendix E
for more detailed information)

= 29

2 2
with 2=14 (AthC]DL) /% (ﬂg;g) :

Equation 29 is consistent with the equation proposed by
Wijn.'?

VCFC model solution

Superficial Orifice Coefficient of Gas Flowing Through the
Valves. The gas flow apparent orifice coefficient is associ-
ated with the opening states of the valve on the tray. Wang13
found three valve states, namely, closed, inclined, and open
states, on the tray operating at dry tray while the states of
the valve with liquid existing were not similar to those oper-
ating at dry tray, and the states are listed as follows:

1. Valves in the weeping area are closed because no gas

flows through this area.

2. Some valves in the bubbling area, which are close to

weeping area, are in the floating state.'*

3. The other valves in the bubbling area are open.

Given that the valve state in the weeping area does not
affect gas flow, only the valve states in the bubbling area are
considered in the calculation of the resistance coefficient as
gas flow through the valves. When valves are floating in the
bubbling area close to weeping area, the forces acting on the
valve are in balance, and the orifice coefficient continues to
change with the valve floating. To calculate the dry tray
pressure drop at this state, a mean orifice coefficient Cpy is
defined. The valves are operating at open state, so the gas
flow coefficient at this state is regarded as Cp,. Therefore,
the apparent orifice coefficient (Cp,) of gas flowing through
the bubbling area can be calculated by'?

Cpg=¢,(Cpo—Cpr)+Cpt (30)

with ¢o=(us/ne,—uc)/(Uop—uep), if ¢, >1, ¢, =1; if
¢, <0, p, =0.

Parameters Cp,, Cpr in Eq. 30 can be obtained by fitting
the experimental tray pressure drop data. u.p, uc.g are the
velocities of valve open balance and closed balance points,
respectively, which can be obtained from the experimental
dry tray pressure drop data.

Liquid Hold-Up, Clear Liquid Height of Bubble Area Cal-
culation. The gas-liquid flow state on the tray is strictly
divided into two areas, that is, the bubbling area and the
weeping area. Sufficient gas—liquid contact is found in the
bubbling area, so the correlations available in literature can
be used to calculate the clear liquid height and liquid hold-
up in the bubbling area. Herein the clear liquid height corre-
lation' which was based on the analysis by Dhulisa,"® is

05702

7y =0.063 % <ﬂ> 31

us \ Py

Liquid hold-up correlation'> which was based on energy
analyses by Azbel'” and Kim,'® is

1
.
1+12.28[Fr(py/p1)] ">

The influence of liquid weeping on clear liquid height cal-
culation is ignored because the weeping rate of valve trays is

(32)
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much lower than that of the sieve tray. The effect of weep-
ing rate on clear liquid height can be neglected for unre-
markable weeping rates. Additionally, given that Eqgs. 31 and
32 are empirical correlations, the application range (includ-
ing valve type, plate structure parameters, and fluid flow
parameters) of these two correlations should be in accord-
ance with Ref. 15.

Liquid Height h of Weeping Area Calculation. The cal-
culation of liquid height of the weeping area is the most
important part in VCFC model. And the height can be calcu-
lated using Eq. C6 (cf., Appendix C).

Calculating Procedure. Parameters Cp, and (h— he)
involved in Eq. 27 are unknown. Thus, an iterative solution
of ¢, equation is required. To rigorously solve Eq. 27, the
calculation program is compiled as follows:

1. First step: The initial value of (h — h) is provided,;

2. Second step: The initial value of Cp, is provided;

3. Third step: The fractional bubbling area ¢, and the
apparent orifice coefficient Cy, are calculated using Egs. 27
and 30, respectively;

4. Fourth step: Whether Cp, converge is determined. If
Cp, reaches convergence, then the next step is performed.
Otherwise, the third step is repeated, and the new initial
value of Cp, is the result calculated using Eq. 30;

5. Fifth step: The clear liquid height of the bubbling area
hey, liquid hold-up of the bubbling area «, and liquid height
of the weeping area % are calculated using Eqs. 31, 32, and
C6 (cf., Appendix C), respectively;

6. Sixth step: Whether the value of (& — &) converge is
determined. If (h — h) reaches convergence, then the next
step is followed. If not, then the second step was performed,
and Egs. 31 and C6 are used to calculate the new initial
value of (h — hg)).

7. Seventh step: The calculated results ¢4, A, and so on
are yielded.

Simulation Results and Discussion
Tray pressure drop calculation results

Tray pressure drop is one of the most important hydraulic
parameters, which is the key point of the calculations of the
downcomer backup and tray efficiencies.'” The tray pressure
drop across a tray is the sum of the pressure drop of gas
across the disperser unit, APy (sieve holes or valves), and
the pressure drop through the aerated mass /.. The total
pressure drop can be calculated using Eq. 15. The pressure
drop calculated results based on the VCFC model are shown
in Figure 3, and the results are compared with previously
published experimental values.'> Three points in the above
calculating process should be established.

1. Parameters u.p, g involved in the VCFC model are
obtained from published experimental results shown in Fig-
ure 4, in which u.z and u.,g are 2.60 and 7.88 m/s,
respectively.

2. Parameters Cp,, Cpy are obtained by fitting the experi-
mental tray pressure drop values, and the correlated results
are 0.445 and 0.253, respectively. In this study, only two
parameters are required to be fitted in the VCFC model.

3. The detailed structural parameters of the tray and valve
can be seen in Ref. 15.

The results calculated by VCFC model agree well with
the experimental values (cf., Figure 3). However, the calcu-
lated results are obviously higher than the experimental
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Figure 3. Comparison of the VCFC model calculation
results with the experimental results.'®

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

values when the liquid load is Q; =3.2 X 10°m*m s
This condition may be due to the fact that the VCFC may
not occur in this liquid load with the tray parameters given
in the Ref. 15 while the tray pressure drop operating at this
condition is rigorously calculated at this gas—liquid flow
state. This deviation just demonstrates that the tray pressure
drops operating at VCFC state are higher than those operat-
ing at the idea flow state as expected.3 The calculated tray
pressure drops at different liquid loads (cf., Figure 3) have a
trend of convergence with increasing superficial gas velocity.
This phenomenon occurs because the clear liquid height
decreases with increasing gas velocity, and the dry tray pres-
sure drop gradually becomes the dominant part in calculation
of the total pressure drop.

In addition, Figure 3 shows that the predicted transition
points of tray pressure drop are in good agreement with the
experimental values. This transition point can be regarded to
be a weep point (i.e., the liquid stops leakage), thus the
VCFC model can be used to predict the weep point of the
valve tray. Figure 3 shows that the gas velocity of the weep
point increases with an increase in the liquid load. Con-

-
(=]

n=0.176
® Dry tray pressure drop experimental value'

OBP

Dry Tray Pressure Drop, AP , mbar

0.1 1 2
Superficial Gas Kinetic Factor, FS 4 pa"’

Figure 4. Experimental dry tray pressure drop values.'®

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Comparisons of the results calculated by
VCFC model with the experimental results."
Green arrow indicates liquid entrance. (a) Operating at
low gas rate. (b) Operating at high gas rate. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

versely, the VCFC seems more likely occur at the high lig-
uid load.

Emulsion height and clear liquid height profiles
calculation results

The emulsion profiles at different operation velocities are
predicted using the VCFC model. The results are shown in
Figure 5. The predicted profiles are in a good agreement
with the experimental profiles (Figure 5a). Although, the pre-
dicted froth heights in the bubbling and weeping areas are
slightly larger than experimental values operating at the gas
velocity of 1.0 Pa®’ (cf., Figure 5a), the gas-liquid flow
state (i.e., VCFC) is successfully predicted. Furthermore, the
junction point of the weeping and bubbling areas (i.e., frac-
tional bubbling area) predicted by the VCFC model is in a
good agreement with the experimental result (cf., Figure 5a).
As the superficial gas velocity is 1.8 Pa’~, the model predic-
tion result shows that the VCFC would not occur, which is
in accordance with the experimental results. In addition, the
predicted profile is also consistent with the experimental pro-
file (cf., Figure 5b). These comparative results suggest that
the VCFC model proposed in this study can be used to pre-
dict the valve tray VCFC.
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Figure 6. The effect of the superficial gas velocity on
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Arrow indicates liquid entrance. [Color figure can be

viewed in the online issue, which is available at wileyon-
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The clear liquid height profiles were predicted using the
VCFC model, and the results are shown in Figure 6. The
VCEFC is obviously observed in the case of low gas velocity.
The liquid height is much higher in the weeping area than in
the bubbling area when VCFC occurs. Kister’ stated that
once the gas channel is formed in a region, the gas flow
resistance will be evidently reduced because of the reduction
of the clear liquid height. This condition facilitates the gas
flow through this area, and this operation state becomes
more stable. The liquid heights of the weeping and bubbling
areas slightly change with increasing superficial gas velocity,
and the VCFC disappears when the superficial gas velocity
is approximately 2.0 m s~ ' (cf., Figure 6).

As stated earlier, the liquid potential energy is much larger
than the liquid kinetic energy. Based on this assumption,
some simplifications were performed to simplify the deriva-
tion process. The expressions of the liquid potential and
kinetic energies involved in the simplification process are
listed in Table 1. The ratio of the liquid potential energy to
the liquid kinetic energy is obtained using the VCFC model,
and the results are shown in the Figure 7. Figure 7a (the
ratio of the two types of energy involved in Eq. 22) suggests
that the potential energy is much larger than the kinetic
energy. Although, the ratio decreases with the increase in the
liquid load, the ratio is still more than 100 when the liquid
load is approximately 40 X 1072 m®> m~' s~ '. Given that
the expressions of potential and kinetic energy involved in
the second simplification is similar to those involved in the
third simplification, Figure 7b is the representative result of
the ratio of these two types of energy. The potential energy
is remarkably larger than the kinetic energy. Therefore, the

Table 1. Summary of the Expressions of Potential and
Kinetic Energies

The Potential Energy Kinetic Energy
Formula Expression Expression
Eq. 22 PgWh Plle(1 — @) /6WH
Eq. 26 pg(h—hea) pOf (1—a03) /12W2R?
Eq. DI pg(h—ha) P07 (1=009) /12W2 2
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Figure 7. The ratio of the liquid potential energy to the
liquid kinetic energy.
(a) The ratio of these two kinds energy involved in Eq.
22. (b) The ratio of these two kinds energy involved in
Eq. 26. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

simplifications of Eqs. 22, 26, and D1 (cf., Appendix D) are
reasonable.

Bubbling area fraction and open balance point
calculation results

The liquid load and superficial gas velocity on fractional
bubbling area are examined using the VCFC model, and the
results are shown in Figure 8. The fractional hole area
increases with increasing superficial gas velocity, and then, it
remains constant. The velocity of the turning point is defined
as the valve Open Balance Point (OBP). The higher the lig-
uid load, the higher the superficial velocity of the valve OBP
and the higher the possibility of VCFC occurrence. This
result is in accordance with the field experience summarized
in the literature,3 that is, VCFC may occur when the liquid
load is over 50-60 m® m~' h™'. This standpoint can also be
verified by analyzing the detailed calculation results of the
VCFC model.

1. Figure 8 shows that the higher the liquid load, the
lower the fractional bubbling area would be. This result sug-
gests that the gas—liquid contact condition will become unde-
sirable with increasing liquid load. The true value of the tray
efficiency is lower than the designed value expected by an
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Figure 8. The effect of the liquid load on valve opening
process.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

engineer, as the mal-distributed vapor flow through the
ray.2021

2. Generally, based on the experimental dry tray pressure
drop data (cf., Figure 4), the tray operating at the condition
of the superficial velocity approximately 1.5 Pa® is consid-
ered to be of good performance. However, the result calcu-
lated by VCFC model indicates that the fractional bubbling
area is only approximately 0.76 at the operation condition
with liquid load of approximately 42 X 107 * m® m™' s~ "
In this case, excessive weeping may occur in the other areas.
This flow state will significantly reduce the tray efficiencies.

The VCFC model calculation results of the gas velocity
of the valve OBP operating at different liquid loads are
compared with the results calculated by the reference
model."” The results are shown in Figure 9. The variation
tendencies of the velocity of the valve OBP along with
increasing the liquid load, which are predicted by these two
models, are diametrically opposed. The VCFC model calcu-
lation results show that the OBP velocity increases with the
liquid load. The results calculated by the reference model

24 -
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o
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Figure 9. Comparison of the result calculated by VCFC
model with the result calculated by literature
model."®

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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valve opening process.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

show the OBP decreasing with the increase of the liquid
load. This phenomenon may have been caused by the effect
of liquid horizontal velocity (horizontal inertia of the liquid
on the tray) on the velocity of valve OBP that has been
neglected in the current model, which is considered in the
correlation of Ref. 15.

The influence of the fractional hole area on fractional bub-
bling area can be directly observed in Eq. 27. The ¢, is in
line with the ;772/ 3 without considering the effect of 1 on the
other hydraulic parameters, such as gas or liquid hold-up.
The VCFC model predicted results are shown in Figure 10.
Colwell’s correlation®” is used instead of Eq. 32 to calculate
liquid hold-up, given that the effect of the fractional hole
area on liquid hold-up has not been included in Eq. 32. Fig-
ure 10 shows that the fractional bubbling area changes dra-
matically with increasing fractional hole area. Furthermore,
the larger the fractional hole area, the less the fractional bub-
bling area, such as when the fractional hole area is 0.176
with superficial velocity of approximately 0.75 Pa’ and lig-
uid load of approximately 19.2 X 1072 m’ m™' s/,
whereas the fractional bubbling area predicted by the VCFC
model is only 0.68. Given that the fractional hole area is
0.08 with the same operating conditions, the predicted value
shows that the gas has sufficient contact with the liquid. The
comparative results indicate that the larger the fractional
hole area, the more likely VCFC will occur. This conclusion
is consistent with previously published field experience.3

Conclusion

A VCFC model that can be used to predict the VCFC of a
column with large diameter and high liquid load is estab-
lished. The gas and liquid on a tray can be regarded to be a
system, and the stability of the system depends on its energy.
The main energy on a tray includes liquid potential and
kinetic energies as well as surface energy. When the energy
achieves the lowest point of the system, the ratio of the dry
tray pressure drop to the liquid height of a tray determines
the gas distribution on the tray.

The proposed VCFC model comprises five main equa-
tions, that is, fractional bubbling area equation, dry tray pres-
sure drop equation, liquid height of the weeping area
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equation, clear liquid height of the bubbling area equation,
and liquid hold-up equation. Given that the previous three
equations were obtained by theoretical analyses, these mod-
els can be widely applied. The other equations are empirical
correlations; therefore, the application range of these two
equations should be noted. The VCFC model predicted
results are compared with the experimental values (including
tray pressure drop and liquid height emulsion profile), and
good agreement between the two values is observed. Further-
more, the model prediction results, that is, the effects of lig-
uid load and fractional hole area on VCFC, are consistent
with published field experiences. These results reflect that
the VCFC model is reasonable. Therefore, the VCFC model
may provide a new way to design the column with large
diameter and high liquid load.
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Notation

A = intermediate variable
AA = intermediate variable
Aj, = valve hole area, m>
B = intermediate variable
BB = intermediate variable
C = intermediate variable
CC = intermediate variable
Cpr = orifice coefficient of the liquid flowing through the valve at
closed state
Cp¢ = orifice coefficient of the gas flowing through the valve at float-
ing state
Cp, = apparent orifice coefficient
Cp, = orifice coefficient of the gas flowing through the valve at open
state

Ey, = surface energy of the bubbling area, J
Ey, = liquid potential energy of the bubbling area, J
E, = liquid potential energy of the weeping area, J
Eym = liquid kinetic energy of the weeping area, J
Es = total energy, J
es = total energy per meter of the tray, J m ™'
Fr = Froude Number
F = gas kinetic factor, pa’?
F,; = force acting on the liquid in the bubbling area, N
F,, = force acting on the liquid in the weeping area, N
g = gravity acceleration, m s~
h = liquid height of the weeping area, m
hq = clear liquid height, m
hy = froth height, m
L = liquid flow path length, m
L, = bubbling area length, m
n = valves number on the tray
P = pressure at the liquid surface, Pa
0 = liquid flow rate, m’s!
Q. = liquid weeping rate, m” s~
r, = mean bubble radius, m
u.g = velocity of the gas flowing through the valve orifice at the
closed balance point, m s~
u,g = velocity of the gas flowing through the valve orifice at the open

balance point, m s
us = superficial gas velocity, m s~
W = outlet weir length, m

1

Greek letters

o = liquid hold-up
AP, = dry tray pressure drop with liquid existing, Pa
APg = Tray pressure drop, Pa

1040 DOI 10.1002/aic
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n = fractional hole area
A = flow parameter
pe = gas density, kg m?
p1 = liquid density, kg m~>
¢, = fractional bubbling area
¢ = liquid surface tension, N m
¢, = valve’s number fraction of open state on the tray
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Appendix A: The Detailed Integration Process
of Eq. 3

2
. :JL—Ll o Wh 0,—xA;,nCpL 2(p1gh—APs)/P1/L dx
wm Wh

0 2

(AD)

Equation A1l can be rewritten as

L—L, p
Ewm=J L <Q12—2Q1xAhnCDL \/m/l‘)
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L2 .
+——x (AhnCDL\/2(p1gh—APg)/p1/L) dx (A2)

2Wh
Equation A2 can be simplified as
Ewm=AA+BB+CC (A3)

with

L—L, 2 L—L,
AA=J deBB:J
o 2Wh .

o
- m (201xAunCoL/2(p1gh—APs) /py /L)
L=bep, 2,
dx, CC=J —(AhnCDL\/2(p1gh—APs)/pl/L) 2dx
o 2Wh

The respective integration results of AA, BB, CC are

P1Q12

AA=
2Wh

(L—Ly) (A4)

_ P
2Wh

€= P (AunCou/2psh—BPS) o /L) (L-L1)° (A6)
oW \AnnCoL P8 S)/ P !

The liquid weeping rate is equal to the liquid flow rate oper-
ating at seal point

BB= (AhnCDL 2(pigh—APs) /p, /L) (L—L))* (AS)

01=0u (A7)

The weeping rate can be calculated by orifice equation; there-
fore, Eq. A8 is obtained, that is

Ow=AnCpL/2(p,gh—APs)/p,(L—L;)/L (A8)

Substitution of Eqs. A7 and A8 into Egs. AS and A6, respec-
tively, yields

_ pO°

BB= Wh (L*Ll) (A9)
_no
cCc= Wi (L—L,) (A10)

Substitution of Eqs. A4, A9, and A10 into Eq. A3 yields

PlQ12

E, ==L
Y 6Wh

(L—Ly) (A11)

Appendix B

3
Eva="2 (1—0) Whe L, (B1)
'y

The froth height /4 involved in Eq. B1 can be calculated by,

h
hy= fel (B2)
o

where /., is the clear liquid height of the bubbling area. o can
be calculated by Azbel,’

1
"1+ F03 B3)

with F. r=(uSL/L1)2 /ghe1, where Fr is Froude number.

The liquid height relation between the weeping area and the
bubbling area operating at seal point is (see Appendix C for
more detailed information)

ha=ho"?> (B4)
Substitution of Eqs. B2, B3, and B4 into Eq. B1 yields

30’WLush0‘5 060‘25
Ep,= 05
Tv8™

(B5)

Appendix C: Relationship Between h and h,

Assuming the gas distribute uniformly in liquid, we can
obtain Eq. C1 in the bubbling area (seen in Figure C1), that is

——=Topg (CD)

cl

weeping area

bubbling area
O]

junction line

Figure C1. Schematic illustration of control sections.

Green arrow indicates liquid entrance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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P—P.=0p,g(hs—hy) (C2)

The force of the liquid gravity acting on the bubbling area is

D
Fy =J (P—P)Wdh (©3)
0
Substitution of Eq. C2 into Eq. C3 and integration yields
1
Fa=3 op ghi W (C4)

The force of the liquid gravity acting on the junction of the
weeping area and bubbling area can be also given

1
Fa=3 pigWh* (C5)

The liquid horizontal momentum balance equation between
the junction line (cf., Figure C1) and bubbling area is

mOr | wpgWhi _ piOf | pigWh?
W' 2 W 2

(Co)

As the liquid flow rate is equal to the weeping rate of the
weeping area operating at seal point, the liquid rate flowing
through the junction line is zero. Therefore, Eq. C7 can be
obtained from Eq. C6

apgWhi _ pigWh’

C7
) ) (e7))
Equation C7 can be rewritten as

ha=ha"? (C8)

Appendix D

As previously assumed, the value of B is much larger than A.
However, as the relationship between the C and (B —A) is
unknown, a segmentation discussion is performed to establish
the final form of ¢;. The detailed information is described as
follows.

In the Case of C<(B — A)

As A<<(B—A), the expression AC<<(B —A)C is correct.
And C<(B—A), then the expression AC<<(B— A)* can be
established. Therefore, the expression y/1+4AC/(B—A)? can be

simplified and approximated by 1+4AC/2(B—A)*.
Then, Eq. 26 can be simplified as

C C
= ~— D1
Substitution of the expressions of B and C into Eq. D1 yields
APy D2)

P pig(h=ha)

Substitution of the expression APy = 0.5 /r)g(us/(meDg)2 in to
Eq. D2 yields

2
- 5P (s /nCy)
Y pg(h—ha)

Then, Eq. D3 can be rewritten as

(D3)

) 2}

p18(h—he)

In the Case of C=(B — A)

The  expression 1+4AC/(B—A)* is equal to
\/1+4A/(B—A). Then, Eq. 26 can be simplified as
—(B—A)+(B—A)(1+4A/2(B—A
o B BN

! 24
In the Case of C>(B —A)
1+4AC/(B—A)*

B —(B—A)+(B—A)
1= A

L ZBABATFABEA) o

24 -

The value of ¢, should be in the range of 0 < ¢; < 1. There-
fore, if @;>1, @; = 1. As a result, in this case the value of C
has no effect on calculated result of ¢;.

Based on the above analyses, the final simplified expression

of ¢ is
. ENE
_[2Ps (”S/”CDg)
[ e — (D7)
p1g(h—ha)
with 0< ¢, <1,and if ;> 1, ¢, = 1.
Appendix E
Equation 28 can be rewritten as
£18@1 (h—ha) =@ APa=(1—¢,)APy (ED)
Then
@1(p1gh—APs)=(1—¢,)APq (E2)

Substitution of Eq. 14 into Eq. E2 yields

P { 0 T_Apd

=— E3)
2(1—¢,)* [AnnCpL a2 (

Equation E3 can be rewritten as

Py ( O )2: Py (Ms )2 (E4)
2(1—¢,)* \AwnCpr 2913 \nCnyq

Then

P = (ES)

oo \/r ’
1 j=F£ 1 Fe [ _us
with A=14 (Ahncm> /3 (:10;;) .
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