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oped to overcome the existing problems in controlling the vapor split ratio in DWCs. In the
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EAVD, the opening area for the vapor flow is tuned by altering the liquid level of a modified
chimney tray. The liquid level can be adjusted by operating the control valve in each section
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of the DWC. In this study, a laboratory-scale EAVD was tested under a number of experi-
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mental conditions to validate its reliability for controlling the vapor flow associated with

Dividing wall column

its pressure drop behavior in a DWC. The results showed that the use of an EAVD allowed

Active vapor splitter

the pressure drop differences in the above mass transfer section to be compensated, and

Pressure drop

the desired vapor split ratio could be achieved during operation. Furthermore, modification

Operability

of the existing DWCs can be easily accomplished by substituting the current chimney tray

Energy saving

with the EAVD, improving the operability and flexibility of DWCs.
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1.

Introduction

Distillation processes are the most important separation techniques
used in the chemical industry since they account for about half of

effect (Mueller and Kenig, 2007). Moreover, the DWC configuration has
been proven to separate four components by combining three conventional column systems (Ghadrdan et al., 2011). Therefore, the DWC

and Lively, 2016). In the distillation column, the components are separated via vapor-liquid contact (Kister, 1992). In the last few decades,

and its advanced configuration are used for many mass transfer processes related to NGL separation (Amminudin and Smith, 2001), NCC
(Bhargava et al., 2017), petrochemicals (Dejanović et al., 2011), specialty
chemicals (Staak and Grutzner, 2017), and biochemicals (Patraşcu et al.,

the dividing wall column (DWC) concept has drawn significant interest

2017).

for the separation of multicomponent mixtures because of its ability to save energy and capital costs (Chaniago et al., 2016). Unlike

A DWC combines two conventional distillation columns into one
shell column equipped with one or more vertical wall partitions inside
the column. These divide the internal space into two or more sepa-

the total energy consumption in industrial separation processes (Sholl

the traditional method of using two columns to separate three components, a DWC can separate three components into high-purity
products in each outlet stream. The DWC configuration reduces the
required energy of the two-column conventional system by eliminating the excess energy used in the first column with respect to the
middle component, and this is commonly known as the remixing

∗

rate zones (Zhang et al., 2017). As shown in Fig. 1, in a DWC, liquid
flowing down from above and vapor flowing up from the bottom of
the dividing walls must be split into different sections, usually called
the pre-fractionation and main fractionation sections. Therefore, compared to a conventional distillation column, a DWC has additional
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Table 1 – Dimensions of the column internals and cap.

Fig. 1 – Schematic of a dividing wall column and the
variables during operation.

design and operating variables: the liquid split and vapor split ratios.
These two variables must be controlled to obtain the proper L/V ratio
in each section.
Similar to conventional distillation column operation, in most existing DWCs, the liquid split ratio can be adjusted simply by using active
liquid splitters such as liquid flow control valves or liquid pumps. Below
the divided wall section, the vapor flow is split according to the hydrostatic pressure drop on both sides of the dividing wall. The design of
the vapor splitting device is fixed and installed according to the initial
design data, resulting in a specific size and number of chimneys for
vapor flow in each section.
In order to obtain the minimum energy required in the DWC for
a given purity specification, the optimum value of vapor split in a
DWC design is restricted to a narrow operating window (Halvorsen
and Skogestad, 2004). Consequently, when the feed conditions are
changed, the DWC requires a higher reboiler duty to maintain the
purity of the product streams. This condition is irrelevant to advantages of the DWC over the conventional two-column system because
the targeted energy saving cannot be achieved. To address this issue,
several methods and devices have been proposed for vapor split ratio
adjustment. The existing vapor splitting devices have been summarized and discussed previously (Kang et al., 2017). The aforementioned
devices include motor-driven baffles, motor-driven hats, or vapor piping with a control valve, and these can control the vapor flow directly.
A DWC with an active vapor splitter has been operated in an experimental lab pilot column. Each vapor split valve can be operated by
using an external motor to control the vapor split properly (Dwivedi
et al., 2012). However, the practical implementation of the proposed
methods in industry has not been reported yet, probably because
of issues related to structural problems, mechanical stability, extra
maintenance requirements inside the column or uneven vapor distribution.
Consequently, the present study aims to solve the problems related
to the vapor splitter in a DWC by providing an active vapor splitter
®
called an “enhanced active vapor distributor” (EAVD ), which has a
simple structure and allows easy adjustment of the vapor split ratios
with respect to the liquid level in the chimney tray. Previous study (Kang
et al., 2017) has provided initial insights; that is, vapor split ratio adjustment can be achieved by controlling the liquid level in the chimney
tray of the EAVD. According to Sangal et al. (2012), many authors have
neglected the pressure drop during the optimization of the DWC design.
However, their study showed that it is necessary to consider the pressure drop measurement on the DWC, and particularly, its relationship
with the liquid split and vapor split ratio. Therefore, the main objective
of this study is to investigate the pressure drop behavior in the EAVD
during vapor split adjustment while maintaining all the advantages
of the DWC. The present study was carried out by using a pilot EAVD,
which is equivalent to the bottom section of the dividing wall section.

Variable

Value

The diameter of the sieve tray hole
% hole area of sieve tray
Inside diameter of the tray section
Inside diameter of vapor channel
The height of the cap
Inside diameter of the cap
Outside diameter of the cap
Number of windows in the cap
Window width in the cap
Window height in the cap

2.6 mm
5.84%
53 mm
27.8 mm
280 mm
54 mm
60 mm
1
10 mm
67.5 mm

2.
Enhanced active vapor distributor and
experimental study
2.1.

EAVD configuration

As shown in Fig. 2, the EAVD includes chimney trays in each
section distributing the vapor from the bottom to the two column sections above the tray. A cap is installed above the top
plate, and the cap covers the chimney with a window on its
side. Thus, the vapor leaves the chimney and is discharged to
the above section through the window. The liquid that flows
from the above section is collected in the chimney tray, and
the vapor flow through the cap window is tuned by regulating
the liquid level in the chimney tray. The level of the liquid on
each side of the DWC is adjusted by a control valve located
at each draw-off pipeline. Similar to the principle of the conventional liquid splitter, the liquid pipeline on the side of the
dividing wall is connected to allow liquid flow from the chimney tray to the section below. This chimney tray is known as
the EAVD. The detailed structure and visualization can be seen
in Figs. 1 and 2 of a previous study (Kang et al., 2017).

2.2.

Experimental

Fig. 3 shows the photograph and schematic of the laboratoryscale EAVD simulated DWC, which includes two columns
representing parallel sections in a three-product DWC. An air
compressor was used to supply the vapor from the environment, which was cooled down before flowing to the column.
The total inlet vapor flow was controlled by using a valve.
The total vapor flow rate and vapor flow rate in each section
were measured by a volume flow meter. The liquid metering
pump, which was connected to the water storage tank, was
used to supply the water at the designed liquid flow rates
for distribution to each section. Detailed specifications of the
measurement equipment used are same as the previous study
and are given in Table 2 in our previous paper (Kang et al.,
2017). Table 1 shows the detailed dimensions of the column,
sieve tray, and caps used in the EAVD laboratory setup. Note
that the two sections of the EAVD laboratory setup were built
symmetrically. In the previous study, operation using an EAVD
with a type-H cap was carried out. However, a single S-cap in
each section was used in this study, and this cap consists of
one vertical slit open window.
For the evaluation of the EAVD performance under different
conditions, the vapor and liquid split ratios can be defined by
Eq. (1).
RV =

V1
L1
; RL =
V2
L2

(1)
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Fig. 2 – EAVD configuration in dividing wall column and visualization of liquid level adjustment.

Fig. 3 – Left: Photograph of the EAVD laboratory setup (1 and 2 are pre-fractionation and main fractionation sections,
respectively) with inset showing the (a) sieve tray and (b) S-cap used in this study. Right: Schematic of laboratory setup for
the assessment of the EAVD: 1. air compressor; 2. air cooler; 3. valve; 4. airflow meter; 5. water tank; 6. metering liquid
pump; 7. sieve tray; 8. S-cap; 9. chimney for vapor channel; 10. window; 11. liquid overflow channel; 12. base of EAVD
chimney tray; 13. liquid level; 14. liquid level control valve; and 15. manometer.
Here, RV and RL are the vapor split and liquid split ratios,
respectively. L1 and V1 are the liquid and vapor flow rates in
section 1, and L2 and V2 are the liquid and vapor flow rates
in section 2. In the experiment for studying the pressure drop
behavior, the total inlet vapor and liquid flow rates were maintained at 15 Nm3 /h and 15 L/h, respectively.

2.3.

vapor splits are dependent on the position of the dividing wall
and the liquid loading of the two sections on each side of the
dividing wall (Mutalib and Smith, 1998). The equal pressure
drop correlation is given by Eq. (2).
P1 + P’1 = P2 + P’2

(2)

Study of pressure drop behavior

During the design and operation of a DWC, the vapor is divided
into two sections to ensure equal pressure drop between the
sections on each side of the dividing wall. As stated earlier, the

Here, P1 and P2 are the pressure drop across the packing or


trays in section 1 and section 2, respectively. P1 and P2 are
the pressure drop in the chimney tray of the vapor splitter in
section 1 and section 2, respectively.
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In a conventional DWC vapor splitter, the optimum vapor
split ratio is fixed during the design stage to meet certain
operating conditions. The optimum vapor split ratio is given
by the pressure drop across both sections, which depends
on the internal type and geometry. As a result, each section
usually has a different open area for vapor flow that cannot
be changed during continuous operation. Consequently, each
chimney tray should be designed to ensure that the total pressure drop is the same in each section at the designed vapor
flow rate by compensating for the pressure drop difference of
the mass transfer zone (packing or trays) above the chimney
tray.
However, the vapor split ratio can deviate from the
designed value in operation when other operating parameters
are changed (Sangal et al., 2012) because it changes automatically to approach the equal pressure drop state (Maralani et al.,
2013), as shown in Eq. (2). As an example, during operation,
the liquid split ratio can be adjusted. However, in the existing DWC, the vapor split ratio control in each section cannot
be regulated. According to the equal pressure drop state in
Eq. (2), the vapor split ratio change is inversely proportional
to the liquid split ratio change. This occurs naturally because
of the fixed design of the conventional chimney tray, as we
have shown previously (Kang et al., 2017). It indicates that the
change in the pressure drop difference of the mass transfer
section above the chimney tray shall be compensated during
the DWC operation.
Here, the EAVD is expected to be able to compensate for the
change in the pressure drop differences between the fractionation zones (packing or tray) in each section by adjusting the
pressure drop differences in the EAVD. The pressure drop can
be adjusted by manipulating the level of the liquid in the modified chimney tray. In the present work, the sieve trays were
used as the internals. For tray columns, Sangal et al. (2012)
reported that the pressure drop across each section depends
on three factors: (1) the vapor flow through the holes or orifice
of a dry sieve tray, (2) the static head of liquid on the plate, and
(3) the residual head required to push vapor through the holes
of the tray in the wet condition.
Therefore, the EAVD experiments were carried out to
demonstrate the compensation for the change in the pressure drop differences across the sieve tray that can be covered
by adjusting the liquid level in the EAVD. In this study, as a
result of the liquid level adjustment, the pressure drop can
be measured using a manometer. The correlation for evaluating the change in pressure drop differences ( (P)) that can
be covered by the single S-cap EAVD across the sieve tray is
expressed by Eq. (3).





 (P) = |P1 − P2 | = P’1 − P’2 

3.

(3)

Results and discussion

The EAVD was designed to distribute the vapor flow appropriately in both sections of the DWC. During operation, the
operating conditions can be changed depending on factors
such as the feed compositions and product purity. To obtain
the desired L/V ratio, the vapor flow in both sections must be
tuned to increase the vapor flow in the section where the liquid
load is increased. In a multi-pass tray or packing, the maldistribution caused by an imbalanced L/V ratio can lead to a
reduction in the efficiency of the fractionation tray or packing.
Premature flooding and non-uniform froth height generation
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can decrease the overall column capacity (Bolles, 1976). Therefore, three sets of experiments were carried out to examine the
EAVD performance: (a) the EAVD was operated at a constant
liquid split ratio (RL : 1); (b) the EAVD was operated to obtain a
constant L/V ratio; and (c) a case study of DWC operation.

3.1.
Assessment of the pressure drop behavior of the
DWC using the EAVD
The change in the pressure drop difference across the sieve
tray above should be compensated by the pressure drop
change in the EAVD so that proper distribution of the vapor
to the section above can be achieved.
Thus, the effects of the liquid level variation on the pressure drop behavior and the vapor split ratio were examined in
two experiments. In the first experiment, initially, the level
of the liquid in both sections was kept constant at 35 mm
above the bottom of the window. In this manner, the vapor
was divided equally into both sections. Furthermore, for each
run, the liquid level of section 1 was increased by every 10 mm
until the maximum level (window is fully closed and further
liquid overflows through the downcomer), while the liquid
level of section 2 was decreased by 10 mm up to the minimum
level (window is completely open). In the second experiment,
the liquid level was adjusted to maintain a constant L/V ratio
for each run. Thus, to obtain the proper vapor split ratio, the
height of the rising liquid level in section 1 should be the same
as the depth of the lowering liquid level in section 2 until the
window in section 2 is fully open, whereas the liquid level
in section 1 can be adjusted up to the maximum level. As
shown in Fig. 4a, by altering the liquid level of the chimney tray
sequentially, one can change the pressure drop behavior in the
chimney tray and the sieve tray above. Moreover, as shown in
Fig. 4b, once P2 increases because of the higher liquid load
in section 2, one can increase the pressure drop in the EAVD

chimney tray of section 1 (P1 ) to supply more vapor to section
2. Therefore, it can be concluded that the EAVD compensates
for the pressure drop differences of the trays in each section,
(P2 − P1 ), by adjusting the pressure drop differences of the


EAVD in each section, (P1 − P2 ).
Fig. 5 shows the change in the vapor split ratio with changing liquid level difference and the change in the pressure drop
difference. The vapor split ratio changes as a result of the
change in the pressure drop differences (solid line) in both sections. For this reason, the vapor split ratio decreases with the
difference in liquid level (HL1 − HL2 ) because of the lower liquid
level in section 2 and higher liquid level in section 1. As shown
in Fig. 5a, during constant liquid split ratio operation, sequentially changing the liquid level allows for the vapor split ratio
to be easily changed. Furthermore, Fig. 5b shows that once the
liquid split ratio is decreased or increased, the vapor split ratio
can be adjusted in the same manner.
As observed through experiments, the pressure drop differences are affected by the variation of the liquid split ratio.
When the liquid flow increases in section 2, the liquid level
in the EAVD is adjusted to cover the change in the pressure
drop arising from the higher liquid flow in section 2. In addition, to achieve a constant L/V ratio during operation, the EAVD
should be able to compensate the greater pressure drop difference resulting from the higher vapor flow supplied to section 2.
Fig. 5b shows that when more vapor is required to be supplied
to section 2, the liquid level in section 1 must be higher. Our
results show that the EAVD can regulate the required vapor
split ratio to maintain a constant L/V ratio by simply chang-

516

Chemical Engineering Research and Design 1 4 4 ( 2 0 1 9 ) 512–519

Fig. 4 – Effect of liquid level difference in both sections on pressure drop in two different experiments: (a) using a constant
liquid split ratio of 1 and (b) a constant L/V ratio.

Fig. 5 – Effect of liquid level difference in both sections on vapor split ratio in different experiments: (a) using a constant
liquid split ratio of 1 and (b) a constant L/V ratio.
ing the level of the liquid in both sections. In addition, this
experiment shows that after the window of the cap is completely covered in section 1, one can continue to adjust the
higher liquid level in this section to obtain the desired vapor
split ratio.

3.2.
Assessment of the EAVD to adjust the vapor split
ratio during DWC operation
The case study discussed here illustrates DWC operation
where the liquid and vapor flow rates to both sections of
the DWC change from its optimal design. The experimental results of the case study are summarized in Fig. 6. For
investigating the hydraulic behavior, the arbitrary value of the
optimal vapor split ratio in the design stage was 0.95 (see point
A in Fig. 6). A conventional chimney tray was designed to have
the vapor distribution in both sections at a set value. To simulate any changes in conditions during operation, a higher
liquid flowrate was loaded to section 2, but the total reflux
rate remained the same. This means that the liquid split ratio
is lower than the designed ratio. Due to the inability of the conventional chimney tray to actively control the vapor flow, the
vapor flow rates on the two sides of the DWC are changed naturally such that the pressure drop across the two sides of the
column remains the same (see Eq. (2)). Thus, the vapor split
ratio responds in the opposite manner to the liquid split ratio
change. As a result, the vapor split ratio is increased to 1.05 (see
point B), which is higher than the designed value. This results

Fig. 6 – Summary of vapor split ratio adjustment for a case
study during DWC operation with inset showing the liquid
level difference in both sections: (A) Design, (B) without
EAVD, (C) EAVD adjusted to have the same RV as designed,
and (D) EAVD adjusted to supply more vapor in section 2.
in an unfavorable loss of separation efficiency (Lee et al., 2011).
The EAVD can alter the backward vapor split as designed by
maintaining a higher level of liquid in section 1 to provide a
liquid level difference of about 50 mm (see point C). Moreover,
when the liquid loading of section 2 increases significantly, the
vapor load needs to be increased in this section to maintain
the desired L/V ratio in both sections. By lowering the liquid

Chemical Engineering Research and Design 1 4 4 ( 2 0 1 9 ) 512–519
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Fig. 7 – Temperature control structure in dividing wall columns before and after introducing an EAVD.

level in section 2 and increasing the liquid level in section 1, a
higher vapor flow can be intentionally achieved, as can be seen
in point D of Fig. 6. This shows that control or change of the
pressure drop in the EAVD can be achieved, thereby uniformly
distributing the vapor from the bottom section of the DWC to
each section above. Therefore, the EAVD can improve the operating performance of a DWC and maintain its energy-saving
efficiency.

4.

EAVD for enhanced control of DWCs

Previously, because of the lack of commercial active vapor
splitters, DWCs were designed with a four-temperature control structure, which only added the liquid split ratio that
depends on the temperature measurement of the mass transfer section below (Ling and Luyben, 2010). However, as stated
earlier, because of the hydrostatic pressure of the DWC, if
one increases the liquid rate in one section, the vapor rate
decreases in that section, that is, following the equal pressure
drop stated in Eq. (2). As a result, the reboiler duty must be
increased to compensate for the loss of efficiency. Thus, the
liquid splitter is often of no use, and the DWC user reverts
to a three-temperature loop control system (without controlling the liquid split ratio), limiting the advantages of the DWC.
Therefore, to enable the use of the liquid splitter during the
DWC operation, the implementation of a new control structure in the DWC by including an EAVD is proposed, as shown
in Fig. 7.
The liquid level adjustment can be achieved using a typical
liquid control valve. The control valve opening is dependent
on the temperature in the mass transfer section above. By
placing the temperature controller in the packing or trays
in the prefractionation section, one can identify the section
that requires more vapor. One can decrease the liquid level
in the section that requires more vapor and simultaneously
maintain a higher liquid level in the section that requires less

vapor. Therefore, when employing the EAVD as an active vapor
splitter, the liquid split ratio and vapor split ratio became controllable during the DWC operation. By actively controlling
both the liquid split and vapor split ratio as degrees of freedom during the operation, minimum energy consumption is
ensured against both feed flow rate and composition disturbances (Halvorsen and Skogestad, 1999).

5.
Further applications of EAVD in
conventional packed columns
Furthermore, the EAVD can be utilized in a conventional distillation column, particularly when packing is used as the
internal mass transfer equipment. The vapor distribution
device is typically positioned between the vapor feed and
the mass transfer zone, which is located above. Thus, proper
design of a device for the uniform distribution of vapor during turndown operation is necessary. In practice, a reduction
in the vapor rate during turndown operation normally occurs.
Thus, in the existing vapor distribution equipment, which has
a fixed area for vapor flow, there exist difficulties in ensuring
uniform vapor distribution to the packing above. This situation cannot be neglected because the use of a large area,
which is based on normal operating conditions. Although the
designer considers the turndown operation case, the fixed
design of the vapor distributor can only cover a limited operating range. A sufficient pressure drop is required in the chimney
tray to allow even vapor distribution to the section above. As
described by Kister (1990), a vapor distributor with an insufficient pressure drop may be ineffective and result in poor
column efficiency. It would be better to have an active vapor
distributor in the packed column for maintaining a sufficient
pressure drop for vapor flow, so that the desired column efficiency can be achieved.
Therefore, by replacing the conventional vapor distribution
with the EAVD, the operating range of the conventional packed
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Fig. 8 – Replacement of the conventional vapor distributor with an EAVD in a conventional packed column.
column is significantly increased. The vapor distribution can
be actively maintained by altering the liquid level in the chimney tray. Using the EAVD, one can adjust the pressure drop to
find the best conditions during operation. Similar to the DWC
design, the temperature loop control can be utilized to operate the control valve of the EAVD. An illustration of replacing
the conventional vapor distributor with an EAVD is shown in
Fig. 8.

6.

Conclusions

Practically, the DWC has been associated with some limitations that hinder its effective utilization in the chemical
industry. A major concern is the unavailability of a commercial
active vapor split ratio controller to ensure proper vapor flow
into the pre-fractionation and main fractionation sections of
the DWC during operation. In this work, the proposed EAVD
is shown to function reliably as an active vapor splitter that
enables successful operation of the DWC. In the EAVD, specially designed caps were used to cover the chimney as the
vapor channel in the vapor distribution tray. The liquid level
of the modified chimney tray in each section of the DWC was
tuned to obtain the desired vapor split ratio. By altering the
liquid level in the modified chimney tray of both sections, the
EAVD could compensate for the change in the pressure drop
differences across the packing or fractionation trays in both
DWC sections above the EAVD. From the three experiments
performed in this study, it was concluded that once the EAVD
was installed in a DWC, the operator could increase the vapor
flow in the section in which the liquid load was increased
and rigorously maintain the desired L/V ratio during operation, in accordance with changes in the operating conditions.
As the result, a new control scheme for the DWC is proposed
in this study by actively manipulating both the liquid and
vapor split ratios to obtain the minimum required energy for
the DWC during operation. By addressing the critical issues
associated with vapor splitting during DWC operation, the
proposed EAVD technology will contribute to reducing the
operability issues associated with DWCs in industry and provide a promising solution to expand the DWC implementation
over the next few decades. Moreover, the EAVD can be implemented and designed not only for precise control of the vapor
split ratio but also for uniform vapor distribution to the mass
transfer section of packed distillation column. Thus, a wider
operating range and stable turndown operation of the conventional packed distillation column can be achieved by replacing
the conventional vapor distribution equipment with an EAVD.
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Patraşcu, I., Bildea, C.S., Kiss, A.A., 2017. Dynamics and control of
a heat pump assisted extractive dividing-wall column for
bioethanol dehydration. Chem. Eng. Res. Des. 119, 66–74,
http://dx.doi.org/10.1016/j.cherd.2016.12.021.
Sangal, V.K., Bichalu, L., Kumar, V., Mishra, I.M., 2012. Importance
of pressure drop in divided wall distillation column. Asia-Pac.
J. Chem. Eng. 8, 85–92, http://dx.doi.org/10.1002/apj.1633.
Sholl, D.S., Lively, R.P., 2016. Seven chemical separations to
change the world. Nature 532, 435–437,
http://dx.doi.org/10.1038/532435a.
Staak, D., Grutzner, T., 2017. Process integration by application of
an extractive dividing-wall column: an industrial case study.
Chem. Eng. Res. Des. 123, 120–129,
http://dx.doi.org/10.1016/j.cherd.2017.04.003.
Zhang, Y., Han, G., Sun, W., 2017. Estimation of the number of
distillation sequences with dividing wall column for
multi-component separation. Chem. Eng. Trans. 61, 343–348,
http://dx.doi.org/10.3303/CET1761055.

