Helmholtz-Zentrum Dresden-Rossendorf (HZDR) i—i‘ D R

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

Direct tray and point efficiency measurements including weeping effects
through a convenient addon for air/water simulators

Marchini, S.; Vishwakarma, V.; Schubert, M.; Brunazzi, E.; Hampel, U.;

Originally published:
February 2021
Industrial & Engineering Chemistry Research 60(2021)6, 2600-2612

DOI: https://doi.org/10.1021/acs.iecr.0c05962

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-31747

Release of the secondary publication
on the basis of the German Copyright Law § 38 Section 4.


https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1021/acs.iecr.0c05962
https://www.hzdr.de/publications/Publ-31747

Direct tray and point efficiency measurements including
weeping effects through a convenient addon for air/water

simulators

Sara Marchiniabc*, Vineet Vishwakarmaab, Markus Schubertb”, Elisabetta Brunazzic, Uwe Hampelab

aChair of Imaging Techniques in Energy and Process Engineering, Technische Universitat Dresden,

01062 Dresden, Germany

b[nstitute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrafde 400,

01328 Dresden, Germany

cDepartment of Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 2, 56126

Pisa, Italy
*Corresponding authors: s.marchini@tu-dresden.de (S. Marchini)

m.schubert@hzdr.de (M. Schubert)

Abstract

A direct approach for determining the tray and point efficiencies of an industrial-scale distillation tray
is proposed. The stripping of isobutyl acetate from an aqueous solution with air was used, which is a
manageable and non-hazardous method applicable for performance tests in large hydraulic column
mockups. This work represents the first application of this system in the case of tray columns
exemplified for a sieve tray. A column of 800 mm internal diameter was used for conducting the
stripping experiments. The distribution of isobutyl acetate in the liquid phase on the tray was obtained
via liquid sampling at several deck positions and UV-spectroscopy analysis. A definition for the liquid-
side tray efficiency at weeping conditions is proposed together with an experimental approach for
determining tray and point efficiencies in such conditions. The derived efficiency data show a good

agreement with the model predictions and correlations.
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1. Introduction

Distillation columns are known to be the biggest energy consumers and the largest single investments
in the chemical industry. It has been estimated that about half of the existing distillation columns

globally are equipped with trays today and likely in the future, too [1].

A thorough understanding of the mass-transfer phenomena on the trays requires hydrodynamic
investigations as well as tray and point efficiency data. Hydrodynamic studies are usually conducted in
air/water mockups that are, apart from large pumps and blowers, relatively easy to build and operate
[1]. Most of the manufacturing suppliers and vendors of column internals, such as trays, packings, and
liquid distributors, etc., operate mockup facilities for hydraulic performance tests using air and water
as the working fluids [2]. However, the determination of tray and point efficiencies requires more
complex physical systems, experimental setups (e.g., semi-industrial distillation facilities, mockups

with gas conditioning, recirculation and treatment) and analytics (e.g., gas-liquid chromatography)[1].

The tray efficiencies are experimentally determined by sampling the liquid and gas entering and
leaving the tray. The physical systems used in the literature for efficiency measurements on trays can
be classified into four categories namely hydrocarbon distillation systems, gas stripping systems, gas
absorption systems, and air humidification systems. A list of systems pertaining to each category can

be found in Table 1.

Table 1. Physical systems used for efficiency measurements (TE - tray efficiency, PE - point efficiency,

CP -concentration profile) on tray decks (S - sieve, BC - bubble cap, V - valve).

System Tray dimensions Traydeck TE PE CP  Reference

Hydrocarbons distillation systems

Cyclohexane/n-heptane ®12m S X [3]
®0.429m S X X [4]
i-Butane/n-butane ®12m S X [3]
n-Propanol/sec-butanol ®1.8m S X [5]
®0.61m BC X [5]
Acetic acid/water @ 0.46 m S, BC X [6]
®0.46 m S X [7]
Methanol /water @098 m BG, S, etc. X [8]
0.59m x 0.37 m S X X X [9]
Ethylene glycol/water ®0.429 m S X X [4]
Methanol/ethanol ®0.61m S X X X [10]

n-Propanol/toluene ®0.46 m V,S X [11]




Benzene/n-propanol ®0.46 m V,S X [11]

Gas stripping systems

Air/0Oz-water-glycerol 09mx03m S X [12]
Air/Oz-water $0.6m BC X [13]
0.91m x 0.24 m S X X X [14]
®1.2m S X [15]
®0.12m S X X [16]
Air/NHs-water 1.22m x 0.81m SV X [17]
09m x 0.076 m S X X [18]

Gas absorption systems

NH3-air/water 0.305m x 0.013 m S X X [19]
COz-air/water ®0.8m S X [20]
09mx0.3m S X [12]
0.305m x 0.013 m S X X X [21]
S0z-air/ aqueous buffer solution 0.305m x 0.013 m S X X [19]

Air humidification systems

Air/water ®0.12m S X X [16]
0.76 m x 1.04 m S X X X [22]
®0.46 m S X [7]

The peculiarities and limitations of these system categories hindering efficiency measurements are:

e Hydrocarbon distillation systems. The main disadvantage of these systems is the requirement of

an industrial or semi-industrial distillation facility (i.e., condenser, reboiler, column that can resist
non-ambient conditions, and so forth). The substances used are inherently hazardous, whereas high
temperature and pressure are mostly applied. However, they are advantageous for directly

investigating industrially-relevant physical systems.

Gas stripping systems. Such systems involve stripping of low soluble gas from water. Although no
reboiler or condenser is needed, the initial gas dissolution in the liquid demands extended pipe
lengths, static mixers or a stirred vessel. Mostly oxygen is used as the dissolved gas. However, the
most severe limitation is that the system approaches equilibrium in about 10 seconds right after
the liquid enters the column [13]. Beyond, no significant mass transfer can be measured rendering
the system unsuitable for large trays and low liquid flow rates (i.e., for high liquid residence times).
To address the limitation of lower liquid residence time, Thomas and Haq [12] proposed using 50%
wt. glycol-water solution instead of water only, which causes higher liquid viscosity and lower

mass-transfer coefficients. However, due to glycol addition, the initial dissolution of oxygen in the



liquid becomes even more cumbersome and requires efficient diffusers. The stripping of ammonia
from water solution is another system used in the literature. Since ammonia can be dissolved in
higher concentrations in water [23], it is applicable for trays with higher liquid residence times.
However, higher concentrations of hazardous ammonia in the exiting gas demand additional safety

measurements (e.g., gas treatment).

e Gas absorption systems. The most common absorption systems utilize CO2, which can be used
solely or mixed with air at low concentrations ([12],[21]). Air-NHz and air-SO, mixtures at low
concentrations were also used earlier [19]. These systems allow higher liquid residence times on
the tray compared to stripping systems and, thus, are applicable for large trays. However, these
gases pose serious health and safety hazards, even more at higher gas flow rates. Even in the low-
concentration studies mentioned previously, the concentration of the exiting gas exceeds the safety

exposure limit, requiring gas recirculation or treatment systems.

¢ Air humidification systems. In these systems, the measurements are performed at the gas outlet
using humidity sensors. Such systems require precise conditioning of the incoming air for

warranting mass-transfer measurements on the trays.

Based on the above-mentioned review, the traditional systems used for efficiency studies on
distillation trays have numerous operational and technical limitations and safety concerns, which
prevents their application particularly for large column setups and for low liquid flow rates, (i.e., for

high liquid residence times).

Table 1 also illustrates that only few studies provide an experimental investigation of the point
efficiency on large-scale trays. Instead, it is common practice to measure the point efficiency
experimentally using small-scale setups only (e.g., Oldershaw columns [24]) or to extrapolate its value
from measured tray efficiencies using available models. Another approach is using theoretical models
or experimental correlations for predicting the number of transfer units that can be related to the
point efficiency. All these approaches present specific drawbacks that will be discussed in a later
section and that can prevent their application for determining the point efficiency on industrial-scale

trays.

In industrial practice, distillation columns are designed to operate at a weeping fraction of maximum
20%, which is still considered acceptable [25]. As a rule of thumb, a weeping fraction of 20% can cause
a reduction in tray efficiency of approx. 10% [26]. Nevertheless, the majority of the efficiency studies
(including all studies reported in Table 1) ignores or does not account for the effect of weeping. In
order to account for weeping, few theoretical models have been developed considering both uniform
(e.g, [27]) and non-uniform (e.g., [28]) weeping conditions at total, partial or negligible mixing

conditions for both liquid and vapour. On the experimental side, weeping rate has been extensively



measured in the literature (e.g.,, [28], [29]), but no experimental approach for determining tray and

point efficiencies accounting for weeping could be found in the available literature.

The present work proposes the isobutyl acetate stripping with air as a direct approach for the
simultaneous determination of tray and point efficiencies on large-scale distillation trays. The first
application of the proposed physical system on distillation trays is demonstrated in this work. An easy
to build experimental setup allows extending the method to virtually all operating conditions and
environments. The proposed approach is recommended as a simple add-on to already available cold
flow air/water experimental mockups, since only minor modifications are needed for fast acquisition
of the tray and point efficiency data for thorough tray performance assessment. In addition, a full set of
definitions for tray and point efficiencies in weeping conditions is proposed. Experiments are
performed at a weeping fraction of approx. 16% and the effect of weeping on the calculated value of

tray and point efficiencies is assessed.

2. Revisiting the efficiency concepts
2.1 Tray efficiency

Among the existing definitions of tray efficiency, the one proposed by Murphree [30] is the most
preferred in the common use [31] and thus, it has been applied in this work. The Murphree tray
efficiency represents the extent of separation achieved on a real cross-flow tray with respect to an
ideal stage. Using the nomenclature shown in Figure 1a (highlighted by the dashed line), the definition

of vapour!-side tray efficiency is given as

Yn — Yn-1
E === = 1
MV Ynd ~ Yn-1 (1)

where y, is the average composition of the vapour leaving the tray, y,_; is the composition of the inlet

vapour (assumed perfectly mixed), and yjy, 4 is the vapour composition that is in equilibrium with the
average composition of the liquid leaving the tray via the downcomer (X, 4). The liquid-side tray

efficiency is defined in analogy as
EML = _'—_; ’ (2)

where X, is the liquid composition in equilibrium with the average composition of the vapour leaving

the tray.

1 The terms ‘gas’ and ‘vapour’ are used interchangeably in this work.



Assuming that the vapour-liquid equilibrium data can be approximated by a line of slope m and
intercept b and that the gas and liquid molar flow rates are constant, the liquid-side and vapour-side
tray efficiencies can be related via material balance on the tray as

B = Em1, 3)
My Emp+A(1 = Epy) '

where 1 = m% and G and L are the molar gas and liquid flow rates, respectively.
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Figure 1. Nomenclature for the tray efficiency definition (highlighted by the dashed line) and for the
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point efficiency calculation neglecting (a) or considering weeping (b).

2.2 Vapour-side tray efficiency definition in case of weeping

In case of weeping, the concept of vapour-side tray efficiency can be adapted to account for the liquid
leaving the tray via both the downcomer as well as via weeping. The definition of the so-called reduced

vapour side tray efficiency was proposed by Kageyama [32] as:

yn_yn—l
Evy = ———, 4
M — Yaa ()
where
. L—W))Znq + Woik
Yol =mxy+b=m Sl “L’d . n'W]+b, (5)

Xn,w is the average liquid concentration of the weeping liquid and W, is the weeping molar flow rate

from the tray (according to the nomenclature shown in Figure 1b).

2.3 Point efficiency



The Murphree point efficiency [30] is defined over a dispersion element, assuming that the inlet
vapour is perfectly mixed, as

Yn— }_’n—l

= 6
Yn — Yn-1 ( )

Eoc =

where y,_, and y, are the compositions of vapour entering and leaving the dispersion element,
respectively. Here, y; is the vapour composition that is in equilibrium with the liquid in that

dispersion element.

As mentioned in Section 1, it is a common practice to determine point efficiencies of large-scale trays

either based on

1) small-scale studies,
2) the estimated number of transfer units, or

3) models that relate the measured tray efficiency to the point efficiency.

The first approach assumes that the point efficiencies of large and small-scale trays are identical
provided that the same physical system is used while maintaining the froth conditions. Typical
experimental setups used for conducting these experiments include small cross-flow trays as well as
Oldershaw columns (e.g. [24]), in which the liquid on the tray is considered as perfectly mixed, and
hence, Eqg = Emy- However, this approach does not account for wall effects that are hardly negligible
at small-scale and lacks agreed criteria that allow reproducing the large-scale froth condition on a
small-scale [33, 34]. Proposed criteria include the fractional approach to flooding [35], the clear liquid
height and the tray geometry [36]. Other examples of small-scale studies and relevant criteria are

covered by Finch and Van Winkle [37], Garrett et al. [38] and Biddulph et al. [39].

In the second approach, the number of overall gas transfer units Ny is determined, which can be

related to the point efficiency as

Eog = 1 — exp(—Nopg)- (7)

Here, it is assumed that the gas rises in a plug flow manner, the liquid composition is vertically
uniform, and the dispersion height is constant [33]. Ngg can be estimated using correlations derived
from the experiments such as those proposed by Zuiderweg [40], Gerster et al. [41], Chan and Fair [42]
and Stichlmair [43]. Nog can also be estimated using semi-empirical models, which segment the
overall dispersion into different regions based on their flow characteristics and predict the number of
transfer units in each of those regions. An application of such models can be found in the works of
Prado and Fair [16] and Syeda et al. [44]. The disadvantage of this approaches is that the applicability
of the mentioned models is limited to the specific physical systems they have been developed for,
while the correlations can offer reliable data only in those systems where the resistance to mass

transfer is limited to the liquid side [33].



The third approach is determining the tray efficiency experimentally, and extrapolating the point
efficiency according to the analytical models available in the literature. An example of this approach
can be found in the study of Garcia and Fair [4]. The disadvantage of this approach is that the available
models rely on assumptions (mainly on the degree of liquid mixing) that are often non-representative
of the physical reality and unable to account for all the non-idealities happening on the tray. Another
disadvantage is that they often require parameters (e.g., eddy diffusivity) that need additional

experiments and equipment to be measured.

Only few experimental studies have been published that deal with the point efficiency measurements
on large-scale setups (see Table 1). For example, Garcia and Fair [4], Foss et al. [14] and Prado and
Fair [16] proposed experimental setups that are capable of producing perfectly-mixed froth conditions
on large-scale trays, however, altering the hydrodynamics in that process. Lockett et al. [19], Lockett
and Uddin [21], Lockett and Ahmed [9] and Shore and Haselden [10] proposed the approaches based
on measured liquid concentration profiles on the tray, but did not account for the transverse degree of
mixing, which is a characteristic feature of large-scale trays. Lamprecht [22] measured the point
efficiency at the center of the outlet weir, which cannot be considered representative of the entire tray.
Thus, the present work also provides an experimental approach that allows obtaining reliable data for

the point efficiency on large-scale distillation trays, accounting for both axial and transverse mixing.

3. Experimental methods and efficiency calculations
3.1 Air/water tray column mockup

The schematic diagram of the column mockup (of 800 mm ID) with design details of the tray and
column is shown in Figure 2. The entire facility contains two sieve trays (4, 5), each with 13.55%
fractional free area. The gas was supplied to the column bottom by a high-pressure blower (1) at
constant temperature and humidity. To ensure a homogeneous gas distribution in the column cross-
section, a baffle plate (3) was installed at the entry of the gas passage. The gas safely exits the column
from the top without the need for any particular treatment. Two separate 1 m? tanks D1 and D2 acted
as a liquid reservoir and collector, respectively. A batch of deionized water with an initial
concentration of the isobutyl acetate equal to 400 ppm was prepared in advance by manually injecting
(7) a known quantity of isobutyl acetate in a closed-loop circulating and mixing the liquid via
centrifugal pump (P3). A mesh distributor (6) is also used to homogenize the flow of entering liquid at
the column top. The liquid weeping from the lower tray was collected in a separate tank (D3) using a
pump (P2). The weeping flow rate was determined by dividing the volume of liquid collected in the

tank by the duration of the experiment.



O (@]
T3 Té
6 e O ]
ﬁ I ET2 T5 0z
=
= 207 mm

(

' 4 Particulars Dimensions

Internal column diameter 800 mm
Hole specifications 5mm@; A12 mm
Inlet weir length 532 mm
Inlet weir height 35 mm
Outlet weir length 465 mm

: Outlet weir height 20 mm
Flow path length 620 mm
Active (bubbling) area 0.44 m?2
Fractional free area 13.55%
Downcomer clearance 20 mm
Tray spacing 365 mm

Figure 2. Schematics of the sieve tray column setup (D1, D2, D3 - liquid tanks, P1, P2 - liquid pumps,
P3 - liquid mixing pump, 1- high-pressure blower, 2 - column mockup, 3 - gas inlet distributor, 4, 5 -
sieve trays, 6 - liquid mesh distributor, 7 - injection system,) with dimensions and liquid sampling

points.

The locations of the liquid sampling points on the tray are also provided in Figure 2 (right). The
samples were collected from 20 mm high taps above the tray. The sampling height was chosen as such,
because of the majority of the liquid holdup observed in that region in another study [45]. Based on
preliminary studies [45, 46], the weir-to-weir liquid flow patterns on the tray can be considered as
symmetric with respect to the centerline. Thus, liquid sampling from only one half of the tray is
considered. Since the liquid is well-mixed before entering the column top, only one sampling point is
considered prior to the inlet weir. The liquid leaving the lower tray was also sampled before entering

the outlet tank (D2).

Since the solubility of isobutyl acetate in deionized water is a function of temperature, the air was
partially saturated by liquid on the lower tray acting as an air-water contactor. Such contacting

prevents possible fluctuations in the liquid temperature on the test tray.



The gas and liquid loads used in the experiments are summarized in Table 2 along with other
operational parameters and the number of test repetitions performed for ensuring data
reproducibility. The clear liquid height (h.) was measured using a tray-mounted U-tube manometer.

The stripping factor (1) was calculated using Henry’s law as described below.

Table 2. Tray loadings and operational parameters.

f-factor Weir load A ha No. of
repeats
(Pa®3) (m3hm1) ) (mm) )
1.77 2.15 21.5 9 2
1.77 4.30 11.1 11 2
1.77 6.45 7.2 12 3

3.2 Gas-liquid system and analytics

The present work introduces the air-led stripping of isobutyl acetate from aqueous solution for direct
measurement of tray and point efficiencies on distillation trays. Isobutyl acetate (C¢Hi202) is a
colorless solvent with a fruity odor and moderate solubility in water. This system was recently used
for measuring liquid-side mass transfer coefficients in packed columns by Lamprecht and Burger [47],
however, no previous application for distillation trays is known yet. The stripping of isobutyl acetate
offers several advantages over the existing systems (see Section 1) especially for the implementation

on large hydraulic installations for performance tests. In particular,

e 1o health and safety hazards are attributed to low concentrations of isobutyl acetate in the effluent
gas stream (as prescribed by local occupational exposure limits such as TRGS 900 or the European
Union Directive 2019/1831/EU), which exempts from gas treatment and recirculation duties,

e provision of a mixing pump (for batch preparation) and liquid sampling points on the tray is
sufficient for efficiency tests using available air-water mockups (the system is compatible with
many common installation materials such as aluminum and plastics),

e mixing of isobutyl acetate (in liquid form) with the liquid batch is much easier compared to the gas
dissolution in liquid,

e liquid-side measurements can be performed using UV-spectroscopy (i.e., a fast and accepted
technique for concentration measurement) without needing any gas sampling and analysis, and

e the system is applicable also for large-scale trays and even for low liquid flow rates, since the initial
concentration of isobutyl acetate in the liquid batch can be adjusted according to the requirements

within the safety regulations.

An initial concentration of 400 ppm isobutyl acetate in the liquid batch is selected based on

preliminary tests. The physical properties of the resulting batch (i.e., viscosity, surface tension, density,



etc.) remained identical to those of pure water. This permits relating the hydraulic and efficiency data
obtained in the air/water column mockup. The offline UV spectrometer OceanOptics HR4000 and the
OceanView 2.0 software were used for sample analysis and data acquisition, respectively. UV
spectroscopy is based on the attenuation of electromagnetic radiation penetrating through a sample at
a particular wavelength. According to Beer-Lambert law, the absorbance is defined as

A=logio (D), ®)

where I and I, are the intensities of the attenuated and the incident radiation, respectively. Since the
absorbance is related to the concentration of isobutyl acetate in the sample, the technique is suitable
for quantitative analysis. All liquid samples were maintained at 17 °C to minimize the effect of
temperature on the absorbance value. In order to eliminate possible effects of dissolved salts on the
measured absorbance and to allow a better comparison of the results from different experiments,
deionized water was used in this study. Three samples with different isobutyl acetate concentrations
(100 ppm, 200 ppm and 400 ppm) were analyzed spectroscopically. The absorbance spectra at
different wavelengths for each sample are plotted in Figure 3a. Figure 3b shows the linear relation
between the concentration and the measured absorbance at three different wavelengths. Eventually,
the 215 nm wavelength was selected to derive the linear reference relationship between the

concentration of isobutyl acetate (expressed in ppm) and the absorbance as
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Figure 3. a) Absorbance spectrum at given wavelengths for 100 ppm, 200 ppm, and 400 ppm isobutyl
acetate solution, and b) reference measurements relating solute concentration and absorbance for
three different wavelengths (note that the solutions were prepared with deionized water of 9 uS/cm

conductivity and the analysis was performed at 17°C).

[t should be noted that the air-led stripping of isobutyl acetate from the aqueous solution is unsuitable
for measuring the liquid- or gas-phase mass-transfer coefficient, because both gas- and liquid-side
resistances cannot be fully neglected in the experiments. An analysis of the respective resistances is

provided in Section S1 of the Supplementary Information. However, this did not prevent the



application of the proposed method for efficiency estimation, since the determination of single-phase

mass transfer coefficients was beyond the scope of this study.

[t is worthwhile to mention that the influence of the hydrolysis reaction of isobutyl acetate in a dilute
solution has been evaluated, which confirmed a negligible effect. The relevant assessment can be

found in Section S2 of the Supplementary Information.

4 Efficiency calculation approaches

4.1 Point efficiency calculation neglecting weeping

Henry’s law describes the equilibrium of air and an aqueous solution of isobutyl acetate according to
Yo' P-H?P =0y, (10)

where ¢, is the concentration of isobutyl acetate in the liquid that is in equilibrium with the vapour
leaving the tray, P is the total gas pressure and H°P (2.2 X 1072 m3Pa/mol) is the Henry’s constant at
25°C [48] for deionized water (as used in this study). To describe the change in solubility related to the

liquid temperature T [K], Sander [48] proposed
d In(H®P)
1
4(r)

The total gas pressure was calculated via manometer-led gauge pressure of the gas entering the tray.

Since the composition of the exiting vapour cannot be measured directly, a material balance was used.
The approach explained in this section follows the nomenclature shown in Figure 1a. The overall

change in vapour composition over the test tray can be written as

1

Yo —Yn-1= A_ (Yn - }_’n—l)dAb ’ (12)
b Ja,

where y, is the local composition of the vapour leaving the tray n, y,_; is the composition of the
vapour entering the tray n, that is assumed uniform (thus, y,_; = y,_1) and Ay, is the tray bubbling

area.

Assuming that Eq is constant over the tray and using Equation 6, Equation 12 can be modified as

Eog

e n — ¥n-1)dAy . (13)
b Ja,

Yn—Yn-1=
The assumption of constant point efficiency over the tray has been widely used in the literature to
simplify the tray performance assessment (e.g., [21], [22], [13]); Lockett and Dhulesia [49] also
reported that the point efficiency is a week function of the superficial vapour velocity and that it can,

thus, be assumed constant over the tray, regardless to any vapour maldistribution.



Using Equations 1 and 13 and considering linear vapour-liquid equilibrium, the tray-to-point

efficiency ratio [41, 50] can be derived as

1 . — 1 .
Emv A_bfAb(yn — ¥n-1)dA4p {A_b fAb(xn — xn—l)dAb}

(14)

Eog y;d ~ Yn-1 JEn,d - f;—l
Equation 14 expresses the Eyy/Eqg ratio as a function of the liquid concentration distribution on the
tray. The right term of Equation 14 contains all experimentally measured liquid concentrations apart
from x;_;, that needs to be determined considering Henry’s law and the following material balance

over the lower tray:
G(yn—l - }_In—z) = L(fn,d - JEn—1,d)- (15)

The value of Ej;, that is needed to extract E,; from Equation 14 can be calculated considering
Equations 2 and 3. The value of X, that is required in Equation 2, can be calculated considering

Henry’s law and the following material balance over the entire column:

G(yn - }_’n—z) = L(fn+1,d - JEn—1,d) . (16)

To provide a better understanding of the proposed approach, a detailed workflow is provided in

Section A1l of the Appendix.

4.2 Efficiency calculations accounting for weeping

4.2.1 Proposed general tray and point efficiencies definitions

Hitherto, an accepted definition of the liquid-side tray efficiency at weeping conditions is missing in
the literature, since the approach proposed by Kageyama [32] only provided the vapour-side tray
efficiency definition. In order to provide a complete set of definitions, the following approach is
proposed. The concentrations of the liquid leaving and entering the tray, X, 4 and X, 4, respectively,
in Equation 2 are adjusted to account for the liquid leaving the trays via weeping. Accordingly, the

generalized (reduced) liquid-side tray efficiency is

—r —r
X n+1 — Xn

Ey,=——"—, (17)
xrn+1 - x;
where
- Wa _
Xn = Xnq — T (xn,d - xn,w) ’ (18)
—r _ = Wht1 (- . d
X n+1 = Xn+1,d — T (xn+1,d - xn+1,w) ,an (19)

Yo =mE; +b. (20)



A relationship that allows calculating the value of Eyy from the measured Eyy is derived in this

section. Following the nomenclature in Figure1b, the mass balance over the n'® tray gives
(L = Whs)Xns1,a ¥ Wi Xngrw — (L = Wo)Xn g — Woknw = G(Vn — Yn-1) (21)
that can be written as
L(xp41 = xn) = G(On = Yn-1)- (22)

Considering Equations 4, 5, 17, 20 and 22,
a=ME (L) (L) (23)
L \Efw EmL '

En,
Ey + A1 — Ey)

that gives

which is the analogous relation as that of the traditional efficiency definitions (see Equation 3).

Following the same path, the definition of the point efficiency can be adapted to account for weeping,

too, as
y— yn—l
Elc = ———, 25
0Ty — Y, (25)
where
yr=mx'+b, (26)

where x” is the composition of the liquid leaving the control volume accounting for weeping and
defined in analogy to Equation 18. Assuming that the concentration of the liquid weeping from the

control volume is the same as the liquid leaving the control volume on the tray,
y=mx'+b=mx+b=y". (27)

Thus, the definition of the point efficiency in the case of weeping corresponds to Equation 6.

4.2.2 Point efficiency calculation accounting for weeping

The same approach used in Section 4.1 can be applied to derive the Eyy/Eqg ratio in case of weeping
according to

1 = 1 -,
By A I Of = Ia-0ddy (g [, G = Bo1)dAy

r —=r* r __
EOG Yn — YVn-1 Xn — Xp-1

(28)




The right term in Equation 28 includes x,, which has been experimentally measured, and Xy and X;,_;,

that have to be determined.

The definition of Xj, was given in Equation 18 and to determine its value, W, and x,,, are needed.
Assuming that both trays have the same weeping rate, W, can be taken equal to W,,_;, that has been

measured in the experiments.

The measured liquid concentration distribution on the tray x, and an assumed weeping distribution

wy, were used to estimate the overall weeping concentration on the test tray X, ,,. Accordingly,

Xn,w WnXndAp , (29)

M/nAb

where w,, is the local weeping rate per unit of the bubbling area. When selecting the weeping

distribution, the following equation has to be taken into account:
W,=| wnyd4y. (30)

Ap

In order to determine X;_;, that is needed in Equation 28, Henry’s law and the following mass balance

over the lower tray should be considered:
G(Fn-1— ¥n-2) = L0y — frri—l) . (31)

In the proposed configuration, both the total weeping rate and the average weeping concentration

from the lower tray were experimentally measured. Thus, x},_, could be directly calculated as

Wn—l
L

frrl—l = fn—l.d - (fn—l,d - JEn—1,w) . (32)

The value of Eyy, that is needed to extract E,; from Equation 28 can be calculated considering
Equations 17 and 24. It should be noted that since in the available experimental setup no tray was

located above the test tray,

Xne1 = Xny1 - (33)
The value of X;, that is required in Equation 17, can be calculated considering Henry’s law and a mass
balance over the column, that gives:

L(frr1+1 - frl;—l)

- (34)

Yn =V¥n—2t

To provide a better understanding of the proposed approach, a detailed workflow is provided in

Section A2 of the Appendix.



5. Results and discussion
5.1 Concentration distribution and average concentration profiles

The concentration distributions were obtained by analyzing the samples along with the sampling
locations on the tray. For each flow rate, the measured concentrations at the sampling points are
reported in Figure 4a-c. Table 3 reports the temperature of the gas leaving the tray (T;), the gas total
pressure (P) and liquid temperature (T;) on the test tray, the measured concentrations of the liquid
leaving the downcomer of the lower tray (C,_; 4) and weeping from the lower tray (C,_;,,) and the
weeping fraction. All the reported values are referred to one of the repetitions performed (see also

Table 2); uncertainties and repeatability evaluations will be provided in Section 5.3.
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Figure 4. Liquid concentrations at sampling points (a-c) and distributed on the tray based on the

polynomial fitting (d-f). Note that all concentrations are given in ppm.



Table 3. Operating conditions, outlet and weeping liquid concentration.

Weir load T P T. Cu 14 Cotw Weeping
fraction
(m3h1m-1) (°C) (Pa) Q) (ppm) (ppm) (%)
2.15 16 101835 13.7 8 0 15.0
4.30 16 101835 13.7 39 17 12.5
6.45 16 101835 13.7 112 52 15.8

To obtain the concentration distribution as a function of the spatial coordinates on the tray (for the
sake of easier integration according to Equation 16 and 29) a polynomial fit was applied. The

corresponding concentration distributions on the tray are shown in Figure 4 (d-f).

In Figure 4 (a-c), it can be seen that at each considered flow rate, taps T1 and T2 as well as taps T4
and T5 have similar concentrations, while the concentrations at tap T3 and T6 differs from their lateral
neighbors. This is compatible with a prolonged liquid residence time in the area close to the column

wall possibly as a result of local recirculation zones or stagnant areas.

The weir-to-weir concentration profiles have also been evaluated taking the arithmetic averages of the
respective equally-spaced taps in the direction orthogonal to the longitudinal liquid flow path. The
results are shown in Figure 5 for different weir loads (S). The concentration profile is dependent on
the liquid flow rate. A lower liquid flow rate causes a higher residence time and thus, a lower outlet

liquid concentration.

1.00
— & §5=215m?h"'m™!
0.80 B ST
—&— S =430m°h™'m
} —e-5S=645m3h Im™!
% | T 060 .
| |1n ™,
| |
|
B, T 040 1 _
e . e T T ==
0.20 - _
0.00 T T T T T T
0.00 0.20 0.40 0.60

Distance from inlet (m)

Figure 5. Liquid concentration profiles for different weir loads.

5.2 Tray and point efficiencies

5.2.1 Comparison between experimental and predicted point efficiencies



In Figure 6, the experimental point efficiencies obtained neglecting weeping are compared with the
predictions computed using the AIChE [41] and the Zuiderweg correlations [40]. The correlations and

parameters used in this section are reported in Section S3 of the Supplementary Information.
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Figure 6. Experimental and predicted values for the point efficiency.

As reported by Lockett [33], the correlations give significantly different predictions. The correlation of
Zuiderweg has been obtained using distillation data and is known to give a good estimate of the ratio
between the gas- and liquid-side resistances, however, it does not reliably predict the absolute values
of the number of transfer units (i.e., point efficiency). The AIChE correlation was developed based on
stripping and absorption data. It is known to properly estimate systems with dominating liquid-side
resistance and to deviate in case of systems with prevalent gas-side resistance. The good agreement
between the experimental values and the AIChE model predictions is compatible with a system with
prevalent resistance on the liquid side (see also the assessment provided in Section S1 of the
Supplementary Information) and with the fact that the test system proposed here is a stripping

system.

5.2.2 Comparison between experimental and predicted tray efficiencies

Figure 7 shows the comparison between the experimental tray efficiency values and the predictions
using the plug-flow model (representing the upper physical limit for the tray efficiency) and the
perfectly-mixed model (representing the lower physical limit for the tray efficiency) as well as the
ones obtained from the AIChE model. The mentioned efficiency models are provided in Section S3 of
the Supplementary Information. Since these efficiency models do not account for weeping, the
predicted values are compared with the experimental ones obtained by neglecting weeping, too. It
should be noted that the point efficiency values predicted by the AIChE correlation and reported in

Figure 6 have been used to obtain the predictions reported in Figure 7.
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Figure 7. Experimental and predicted values for the vapour-side tray efficiency.

All experimental values of the tray efficiency (Ewv) are between the upper and lower physical limits. At
higher weir loads, the obtained efficiency values are similar to the plug flow values, because of the
minor liquid mixing happening on the tray axially. The magnitude of the experimental values is in good
agreement with the predictions of the AIChE model. However, the slightly decreasing trend predicted
cannot be fully reproduced by the experimental data, at least in the last data point. This inconsistency
could be due to the dependency that the point efficiency value predicted by the AIChE correlation (and
used to obtain the predictions shown in Figure 7) have on the clear liquid height. The value of the
clear liquid height was determined experimentally using a tray-mounted U-tube manometer. High
fluctuations in the value showed by the manometer, especially at higher liquid flow rate, have

introduced an error in the measured value.

5.2.3 Effect of the liquid weeping on the measured tray and point efficiencies

In Table 4, the efficiency data accounting for weeping (i.e., by assuming a homogeneous weeping

distribution on the upper tray) are compared with those obtained by neglecting weeping.

Table 4. Comparison between the tray and point efficiencies obtained by neglecting and considering

weeping.
Weir load Weeping Eyy, Evi Ewi— Em| Ewv Ewy  Ewv—Ewmv | Eog oc  Eoc — Eog
rate Ey, Eny Eog
(m*hm?) | m3h™Y) | (%) (%) (%) (%) (%) (%) (%) (%) (%)
2.15 0.15 89.5 85.7 4.3 26.4 20.2 23.5 9.0 8.7 3.3
4.30 0.25 77.9 73.9 5.1 22.9 19.3 15.7 114 10.6 7.0
6.45 0.47 73.3 69.2 5.6 25.9 22.2 14.3 14.8 14.0 5.4




As expected, the efficiencies accounting for weeping are lower than the ones obtained when weeping is

neglected.

The liquid-side tray efficiency decreases with increasing liquid flow rate, which agrees well with
trends reported in the literature [12, 13]. It should be emphasized that the apparent inconsistency in
the trend of the vapour-side tray efficiency data (i.e. partially increasing and partially decreasing) if

weeping is neglected, is mitigated once weeping is considered.
The point efficiency increases with the liquid flow rates as known from the literature [51].

It should be noted that this study is not meant to evaluate the effect of weeping on tray performance,
but to provide a general approach that allows determining tray and point efficiencies in case of both
negligible and non-negligible weeping conditions. Since both approaches are based on the
experimentally measured concentration distribution, which is the result of all the phenomena
happening on the tray (e.g., channeling, recirculations, stagnant areas), including weeping, a direct
comparison between the values shown in Table 4 could be misleading. To make a meaningful
evaluation, the results that account for weeping should be compared to those obtained using the
concentration distribution measured at the same conditions, but without weeping. This comparison is,

for clear reasons, not possible.

5.3 Repeatability and uncertainties

To test the reproducibility of the efficiency data, several repetitions of each experiment were
performed (refer to Table 2). The difference in the measured absorbance values between samples

taken from the same tray positions at fixed operating conditions can be mainly related to

o fluctuations of the local liquid concentration on the tray,
e the uncertainties of the UV spectrometer, and

e minor fluctuations in the sample temperature.

Considering the weir load of 6.45 m3h™'m™! for which the highest repetitions were performed, the
recorded absorbance values differed from the average with +7% variation. This is also the maximum
deviation observed during the species sampling for the remaining weir loads. By assuming that the
error in the measured absorbance values are randomly distributed within the given deviation, ten
thousand hypothetical liquid concentration distributions were generated randomly. Efficiency
calculations were performed using those distributions to quantify the uncertainty of the measured
efficiency values. Weeping was neglected in this case. The probability density functions of the obtained

results are illustrated in Figure 8.
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Figure 8. Probability density function (PDF) for tray (left) and point (right) efficiencies obtained from

simulated concentration distributions, neglecting weeping.

The resulting standard deviation is 0.6% for the point efficiency and 1.0% for the tray efficiency.

6. Conclusion and further developments

The stripping of isobutyl acetate from an aqueous solution using air is a very promising candidate for
investigating tray and point efficiencies of distillation trays. The use of this system allows overcoming
the main criticisms related to traditional systems. No significant hazards are related to the use of the
substance at low concentrations and no up- and downstream treatment on the gas stream is required.
The preparation of the initial solution can easily be done since isobutyl acetate is a liquid at ambient
conditions. The possibility of increasing the initial concentration of isobutyl acetate allows applying
the system to large trays also at low liquid flow rates. The proposed experimental setup is relatively
easy to implement in existing cold fluid air/water mockups designed for hydrodynamic studies. Since
the addition of small quantities of isobutyl acetate does not affect the liquid properties, the measured

efficiency values can be combined with hydrodynamic data obtained with air/water systems.

This work is one of the few examples in the literature, in which the experimental determination of the
point efficiency in a large-scale distillation tray is attempted and achieved. Since the determined values
of the point efficiency are based on the actual liquid concentration distribution on the tray, it also takes
into account axial and transversal liquid mixing, stagnant areas, recirculation, channeling and other

possible flow non-idealities.

A full set of definitions for tray and point efficiencies in case of weeping has been provided in this work
and the proposed approach was shown to be applicable for investigating the effect of tray and point

efficiency at weeping conditions.



The measured tray and point efficiency values (also accounting for the effect of weeping) can be used

to validate tray efficiency models. The proposed method is also suitable for evaluating the

performance of devices (such as flow conditioners) used to improve the tray design and to prevent

stagnant areas and to provide experimental validation benchmarks for CFD distillation tray models.
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Nomenclature

Symbol Description

A Absorbance

Ay Tray bubbling area

b Intercept of the linearized vapour-liquid equilibrium data
c Liquid concentration

c* Liquid equilibrium concentration

C Liquid concentration

Emv Murphree vapour-side tray efficiency
EmL Murphree liquid-side tray efficiency
Eog Murphree vapour-side point efficiency
G Molar vapour flow rate

HCP Henry constant

hq Clear liquid height

I Transmitted UV radiation intensity

Iy Incident UV radiation intensity

L Molar liquid flow rate

m Slope of the linearized vapour-liquid equilibrium data
Nog Number of overall gas transfer units

P Pressure

S Weir load

T Temperature

X Local liquid molar fraction

x|

Average liquid molar fraction

Unit

mol m—3

mol m~3

ppm

mol s~

mol m3Pa~!
m
W
W

mol s~

Pa

m3h~m



x* Liquid equilibrium molar fraction
y Local vapour molar fraction
y Average vapour molar fraction
y* Local vapour equilibrium molar fraction
v Vapour equilibrium molar fraction
w Transverse spatial tray coordinate m
Ly Outlet weir length m
A Stripping factor
Subscripts
G Gas
L Liquid
Tray number
Downcomer
w Weeping
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Appendix
A1. Efficiency calculation procedure neglecting weeping

The following points summarize the calculation procedure for point efficiency in case weeping is

neglected:

1. From the experiments the following parameters are known: X1 4, Xn, Xn,d» Xn—1,d» Xn—1,w» Wn-1, L,

Yn-2G, P, Ty
2. Calculate ¥, using Equation 16
3. Calculate the value of HP at T, using Equation 11
4. Calculate ¢, using Equation 10 and convert this concentration value into molar fraction (x;,)
5. Calculate the liquid-side tray efficiency using Equation 2
6. Calculate A
7. Calculate the vapour-side tray efficiency using Equation 3
8. Calculate y,_; using Equation 15
9. Calculate ¢,,_4 using Equation 10 and convert this concentration value into molar fraction (ix_;)

10. Calculate the vapour-side point efficiency using Equation 14



A2. Efficiency calculation procedure considering weeping

The following points summarize the calculation procedure for point efficiency in case weeping is

considered:

1. From the experiments, the following parameters are known: xy, 11 4, Xn, Xn d» Xn—1,d» Xn-1.w» Whn-1,

L, yn_o G,P, T,
2. Calculate X7, ; using Equation 19
3. Calculate x},_; using Equation 33
4. Calculate y,, using Equation 34
5. Calculate the value of HP at T, using Equation 11
6. Calculate ¢, using Equation 10 and convert this concentration value into molar fraction (x;,)

7. If not experimentally available, assume a weeping distribution considering Equation 30 and

calculate X, ,, using Equation 29
8. Calculate x}, using Equation 18
9. Calculate the liquid-side tray efficiency using Equation 17
10. Calculate 4
11. Calculate the vapour-side tray efficiency using Equation 24
12. Calculate y,,_; using Equation 32
13. Calculate ¢;;_; using Equation 10 and convert this concentration value into molar fraction (x;_;)

14. Calculate the vapour-side point efficiency using Equation 28



