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Abstract: Tray columns are globally used for distillation processes, and their performance must be optimized to
reduce their cost and energy expenditures as well as carbon emissions. A prerequisite to achieve these targets
demands a realistic account of the tray performance based on tray efficiency model application. The proof of
concept of a Refined Residence Time Distribution (RRTD) model, recently proposed by the authors, is presented.
The multifaceted challenges in acquiring hydrodynamic and performance data suitable for model validation
are discussed in this work. In that regard, an unprecedented experimental campaign was performed in a
representative large-scale air-water tray column simulator based on the application of multiplex flow profiler,
new chemical system, and novel data processing schemes. Using these data and additional case studies, the
capabilities of the RRTDmodel were demonstrated. This model successfully accounted for the impacts of varying
local liquid flow characteristics and vapor flow maldistributions on the tray efficiency thereby advancing the
state of the art of the tray efficiencymodels. This work particularly aimed at proposing a constructive framework
to evaluate tray efficiencymodels in the future campaigns, and those campaignswill benefit from the learnings of
the present work.

Keywords: tray column; Murphree efficiency; mathematical model; residence time distribution; two-phase
hydrodynamics; gas stripping

1 Introduction

Distillation is the leading thermal separation technology that constitutes around 95% of all separations in chemical
process industries [1]. Industrial separations are carried out in large columns, and half of such columnsworldwide
are estimated to be equipped with trays [2]. Despite their enormous cost and energy requirements, these columns
continue to be in service due to the lack of any industrially viable alternative [3, 4]. Today, increasing energy costs
and alarming emergency to control greenhouse gas emissions urgently compel to improve columns’ separation
performance. This can be achieved by improving the performances of individual trays, since such columns are
generally regarded as the cascades of trays with similar geometries and functions [5]. This notion demands an
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accurate account of the individual tray performancefirst,which is traditionally expressed in terms of theMurphree
vapor-side tray efficiency (EMV) as

EMV = yout − yin
y*out − yin

(1)

In Eq. (1), yin and yout are the average mole fractions of a particular component in the vapor1 stream entering and
exiting a tray, respectively. Here, y*out denotes the mole fraction of that component in the vapor phase, which
would be in equilibrium with the liquid phase of the same component exiting that tray. Another efficiency
definition relevant to the trays is the Murphree vapor-side point efficiency (EOV), which is defined as

EOV = yp − yin
y*p − yin

(2)

In Eq. (2), yp is the mole fraction of a component in the vapor that leaves from an arbitrary point ‘p’ on the tray,
whereas y*p refers to the mole fraction of the same component in the vapor that would be in equilibriumwith the
liquid at that point. The point efficiency can vary over a tray depending on the liquid concentration gradient
present on that tray [6]. Still, the point efficiency is generally considered to be uniform over a tray in themodeling
of tray and column efficiencies. EMV is usually greater than EOV, and the former can exceed unity owing to
concentration gradient in the liquid along the flow path [7]. Analogous definitions of given efficiencies also exist
for the liquid phase although they are generally not used to indicate tray performances.

It is long known that the tray efficiency is significantly affected by the flow andmixing patterns of liquid and
vapor in the two-phase dispersion above the tray [8, 9]. The plug flow of liquid and vapor are considered ideal for
tray performance. However, the non-ideal flow profiles such as channeling and bypassing (both in liquid and
vapor), recirculation and stagnant zones (only in the liquid phase) are detrimental to the tray efficiency [10]. The
impact of such liquid profiles on the tray efficiency can be predicted by the so-called tray efficiency models [11].
Moreover, it is postulated that maximizing the tray efficiency is possible by optimizing the flow and mixing
characteristics of the two-phase dispersion via design modifications and revamps. Such optimization can be
achieved by strategically iterating tray designs and revampswith respect to the resulting efficiencies based on the
application of tray efficiency models. Therefore, a realistic tray efficiency model capable of predicting accurate
efficiencies should be at hand, and the corresponding predictions must confirm the efficiencies obtained
experimentally. The existing models in literature suffer from several key limitations, whereas their validation
based on experiments has generally remained challenging.

The aim of this work is to present an unprecedented framework for direct experimental assessment of an
advanced tray efficiencymodel. First, the limitations of the existingmodels followed by recent development of an
advancedmodel targeting those limitations are discussed in Section 2. In that section, the technological challenges
involved in the validation of tray efficiency models are also revisited briefly, and the parameters of interest
pertaining to two-phase hydrodynamics and mass transfer performance for advanced model validation are
introduced. Then, the particulars of a constructive framework comprising of a sophisticated multiplex flow
profiler, new chemical system, and novel data processing schemes are described in Section 3 along with their
application in a representative large-scale air-water tray column simulator for hydrodynamic and performance
data acquisition. Based on the recorded experimental data as well as supporting case studies, the superiority of
the advanced tray efficiencymodel is evaluated in Section 4 by comparing its predictionswith those of the existing
models. Section 5 provides concluding remarks on the utility of this work for realistic assessment of tray
performance as well as for checking the applicability of the models predicting fluid dynamics and tray efficiency.
Furthermore, the authors acknowledge the multifaceted challenges involved in the experimental assessment of
tray efficiency models, which are difficult to address altogether. Thus, it was necessary for the authors to refer to
their recent progress on this topic for reasonably demonstrating direct validation and assessment of the tray
efficiency models.

1 The ‘vapor’ and ‘gas’ terms are used interchangeably in this work.
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2 An overview of the tray efficiency models and general challenges
in their validation

The development of tray efficiency models basically relied on the analyses of two-phase flow, crossflow
hydraulics and mass transfer over the trays [12]. Depending on their formulation, these models state EMV as a
function of EOV and other parameters such as stripping factor (λ), Péclet number (Pe), number of perfectly
mixed liquid cells along the flow path (k), and so forth. The stripping factor is a system parameter, which is the
ratio of the slopes of vapor-liquid equilibrium (VLE) line and operating line (i.e., determined from the VLE data
and tray loadings, respectively). According to their respective accounts of individual liquid and gas flows, the
existing models and their schemes are summarized in Table 1. The perfectly mixed model (Eq. (3)) and the plug
flowmodel (Eq. (4)) [13] are the basic models, where the liquid on the tray is assumed to be completely mixed and
completely unmixed (longitudinally), respectively. On the other hand, more realistic models consider partial
liquid mixing along the flow path on a tray in terms of Pe, k and f(t) (i.e., residence time distribution (RTD)
function) in the AIChE model (Eq. (5)) [14], mixed stages model (Eq. (6)) [15] and RTD model (Eq. (7)) [16],
respectively (refer to Table 1). Here, Pe and k point to liquid mixing in the respective models [17], whereas f(t)
refers to the liquid flow behavior with combined effects of both eddy mixing and velocity gradients [18]. The
mixing parameters stated earlier can be derived from this function. The general assumptions in these models
include constant point efficiency, linear VLE, vapor plug flowwith perfectmixing between the trays, and uniform
dispersion height in some models. Among more realistic models, the AIChE model has received the most
recognition (finding its way into the acclaimed AIChE’s bubble tray design manual (1958)) owing to its simplicity.
However, the RTD model remained the most realistic one among the practical models because of its ability to
account for different degrees of liquid maldistribution [16]. The feasibility of the stimulus-response experiments
in general makes the application of the RTD model practicable. A collective formulation and assessment of the
existing models (including a few of those not mentioned here) and corresponding validation schemes can be
found elsewhere [11].

The existing models suffer from two prominent limitations that should be addressed for better estimation of
the tray performance. First, those models rely on parameters such as liquid Péclet number, number of perfectly
mixed liquid cells, etc. that are usually retrieved based on tracer sampling at the tray outlet (refer to model
schematics in Table 1). This suggests the consideration of a homogeneous liquid flow characterized by the given
parameters in thosemodels. This is contrary to the real scenario, where liquid flow characteristics may vary over
a tray deck due to the agitation caused by rising vapor, dispersion as well as expanding and contracting flow path
in the column cross-section [20]. In principle, such models disregard local flow variations in the liquid phase and
consider the tray as a black box for efficiency predictions. The second key limitation is the ignorance of such
models to any vaporflowmaldistribution. As a compromise, uniform and unidirectional flow of vapor is assumed
unanimously in the existing models, which is also evident in their schematics in Table 1. This assumption may
hold either for a small tray or the lowest tray in a column next to reboiler, however, it is certainly invalid for a
large tray due to its long flow path [17, 21]. According to [22]; excessive hydraulic gradients in the liquid phase on a
tray leads to non-uniform vapor distribution, and vice-versa. To the best of the authors’ knowledge, only few
studies [21–23] attempted incorporating vapor flow maldistribution in the eddy diffusion concept for tray effi-
ciency predictions, but they remained largely focused on examining tray efficiencies for either perfectly mixed
liquid or liquid plug flow during non-uniform vapor distribution. Even for these theoretical cases of the liquid
flow, the referred studies provided contradicting observations about the impact of vapor flowmaldistribution on
the tray efficiency, which demanded further investigation.

To overcome the limitations of the existing tray efficiency models and eventually propose an advanced
model, wefirst geometrically discretized a tray into a series of compartments along theflowpath (see Table 1) [19].
In this new model, each compartment (i.e., characterized by its area fraction (a)) was assumed to operate as an
individual tray with distinct RTD function and separation efficiency according to the conventional RTD model.
Then, the compartment efficiencies were interlinked with the overall tray efficiency through integral transform
and system theory resulting in a new model referred to as the Refined RTD (RRTD) model (Eq. (8)). The RRTD
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model ensures the contribution of the local dynamics of the evolving liquid phase on the overall tray performance
via compartment efficiencies, which addresses the concern of previous black box efficiency predictions. The
discretization scheme in the RRTD model also permits considering different vapor flow in the compartments
(i.e., vapor flow maldistribution) through their vapor allocation indices (d) for efficiency predictions. These
arguments clearly state the advancements in the tray efficiency modeling achieved by the RRTD model. Initial
verification of the RRTD model involved separately analyzing the tray efficiencies for perfectly mixed and plug
flow of liquid in the compartments with vapor plug flow through the tray. For these conditions, the RRTD model
correctly transformed into mixed stages model and plug flowmodel, respectively (see Table 1 for reference). The
RRTD model transformation into the plug flow model was also verified for any arbitrary distribution of vapor
flow through the tray, which proved the corresponding claims of [21] and [23]. Full description of the RRTDmodel
formulation and related assumptions are available elsewhere [24]. It should be noted that the RRTDmodel has not
been validated so far due to the unavailability of the high-resolution two-phase flow and mass transfer data
pertaining to an operational column tray.

Table : Synopsis of the tray efficiency models proposed in the literature.

Reference Schematic Model and parameters

Perfectly mixed model

EMV = EOV (3)

Plug flow model [13]

EMV = e(λEOV – 1)

λ
(4)

AIChE model [16]

EMV

EOV
= 1 − e−(η+Pe)

(η + Pe)(1 + η+Pe
η )

+ eη − 1

η(1 + η
η+Pe)

(5)

Mixed stages model [15]

EMV =
(1 + λEOV

k )k

− 1

λ
(6)

RTD model [16]

EMV =
1 − ∫

∞

0
e−λEOV t/τ ⋅ f(t)dt

λ∫
∞

0
e−λEOV t/τ ⋅ f(t)dt (7)

RRTD model [19]

EMV =
[{∏

n

i=1
(1 + aidiλEMV, i)} − 1]

λ
(8)

Here, η = . · Pe{ ̅̅̅̅̅̅̅̅̅̅̅̅̅
 + (λEOV/Pe)

√ − }. Other parameters are defined in the text.
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The general requirements for validating any tray efficiency model include hydrodynamic and mass transfer
data of an operational column tray. With reference to Table 1, the hydrodynamic data correspond to f(t) and

τ(= ∫∞

0 tf ( t)dt, i.e., liquid mean residence time), Pe and k (depending on the model preference) at selected liquid
(L) and vapor (V ) flow rates. As this work aims to experimentally validate the new RRTD model, the liquid RTD
functions and residence times related to the compartment flow domains and the entire tray were targeted within
the froth dispersion, as often encountered in industrial columns [25]. To do so, it is required to identify the
effective froth height followed by the underlying distributions of liquid holdup and tracer concentration as
demonstrated in Figure 1. This would be sufficient for the application of the tray efficiency models provided they
are complemented with VLE slope and point efficiency data. The complementary data and the actual tray
efficiency (for model validation) constitute the performance data usually obtained via species transfer between
phases by applying a suitable chemical system. The chaotic and 3D nature of froth dispersion [26, 27] and the
limitations posed by traditional measurement techniques and chemical systems [28, 29] make acquiring the
hydrodynamic and performance data very challenging.

Non-invasive techniques such as γ-ray densitometry [30–35] and γ-ray computed tomography [36–39] have
been used in the past for studying local froth characteristics and process monitoring (including column
troubleshooting), respectively. Few studies employed probe techniques (such as those based on conductivity and
light transmission) to investigate local bubble characteristics in the froth above the tray [34, 40, 41]. Overall, 3D
accesses to the tray hydrodynamics including froth height and liquid holdup on large-scale trays remained
impossible so far, and compromisingly, many studies resorted to visual estimation of such heights. Further, liquid
flow monitoring on trays via tracer has traditionally relied on either point measurements via fiber-optic probes
[42], conductivity probes [43], wire-mesh sensor [9] or camera techniques such as photographic [44] and infrared
imaging [10]. The point measurement techniques (without any tracer) employed in this regard also included
strain gauge probes [45], thermocouples [46], hot film anemometer [47] and thermometers [48]. Despite being
reasonably successful in revealing gross liquidmaldistribution, the camera techniques are only good for the near
surface visualizations, whereas probe measurements often require complicated calibration procedures and
suffer from low spatial resolution, substantial signal interference, complex electronic schemes, and highly
invasive behavior. A thorough review of these techniques and their application on column trays can be found
elsewhere [11].

Air-water column simulators are popular among suppliers and vendors of column internals for hydrody-
namic evaluations. Acquiring separation performance data from those simulators generally demands the
application of a chemical system followed by species concentration analysis using a recognized measurement
technique. For convenience, the systems applied in the past are classified into four categories namely gas
stripping systems (air–O2+water [49], air–NH3+water [50]), gas absorption systems (NH3+air–water [51],
CO2+air–water [52]), air humidification system (air–water [53, 54]) and organic distillation systems (cyclohexane–
n-heptane [55, 56], methanol–water [57]). Few common systems pertaining to each category are also provided in
parentheses for reference. Low gas solubility in stripping systems makes them inapplicable for large trays,
whereas using gases like NH3, CO2, SO2 etc. in both absorption and stripping systems pose severe health and safety

Height (mm)

Liquid holdup (−)

Region of interest for tracer sampling

Effective froth height

Tracer

Comp 2 Comp 3Comp 1

Figure 1: Illustration for
hydrodynamic characterization
of a column tray that is
geometrically discretized into
compartments for the RRTD
model validation.
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hazards and require effluent conditioning and treatment. Precise air conditioning and monitoring needed for
humidification systems challenges their integration in column simulators. The organic distillation systems
demand industrial-scale facilities that can process inherently hazardous mixtures usually at higher temperature
and pressure. In the latter, getting relevant hydrodynamic data formodel validation is not even feasible although
their performance data would be highly relevant for the industry [58]. Furthermore, using a small tray [16] or a
small-scale Oldershaw column [59]) is common for measuring point efficiencies, although their wall effects and
flow characteristics can be significantly different from those of large trays. Other general approaches to deter-
mine point efficiencies include (i) back calculation through tray efficiency model application in cases with
predetermined tray efficiency and mixing parameter, and (ii) calculation via number of transfer units based on
correlations and mass balances. Further description of the existing systems including their specifications and
drawbacks are available elsewhere [28].

3 Advanced experimental campaign for validating tray efficiency
models

This section describes the comprehensive experimental campaign undertaken to generate unprecedented hy-
drodynamic and performance data and validate the new RRTD model.

3.1 Framework for hydrodynamic data acquisition

3.1.1 Experimental facility and imaging technique

An air-water column simulator (DN800) housing two sieve trays (each with 3,052 holes of 5 mm diameter) was
built to obtain high-resolution hydrodynamic data for the RRTD model validation. The schematic diagram of the
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Figure 2: Description of the experimental setup andmeasurement technique (center) for hydrodynamic characterization of the two-phase
dispersion over sieve tray along with technical specifications of the facility (top left), electronic scheme of the profiler exemplified for a 4 × 4
probe arrangement (left middle), column loadings (top right) and data processing algorithms (right). (D – probe data, FI – flow indicator,
f′(t) – appearance time distribution function, I – insulation, L′ – liquid-only probe signal, R – receiver, S – shielding, T – transmitter, t – time,
V′ – gas-only probe signal, α – time-averaged liquid holdup, and κ – liquid conductivity).
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constructed facility and its technical specifications are presented in Figure 2 (middle and top left). As shown in this
figure, pressurized air was introduced to the column from the bottom, whereas tap water was pumped to the
column top. The tap water flowed downward in the column along a zigzag path and interacted with the air rising
through tray perforations. The resulting froth on the top tray (see Figure 2 (middle)) was targeted for the
hydrodynamic characterization. Based on preliminary tests, theweir loadings (i.e., liquidflow rate per outletweir
length) in the column were selected as 4.30 m3 m−1 h−1 and 6.45 m3 m−1 h−1, whereas gas loadings in terms of
F-factors of 1.77 Pa0.5 and 2.05 Pa0.5 were considered. At these loadings, the liquid weeping from the tray
(i.e., measured viaweeping collection) and the clear liquid heights (based on the gasmomentumand capillary rise
corrections of the time-averaged manometric heads [60]) were obtained as given in Figure 2 (top right). Due to its
low electrical conductivity, a predefined pulse of deionized water as a tracer was later injected prior to the inlet
weir of the top tray for flow monitoring. The full scheme of the facility including instrumentation and auxiliary
equipments are separately available [61].

To visualize froth characteristics on column trays, the authors developed and patented a multiplex flow
profiler as shown in Figure 2 (topmiddle) [62]. The skeletal grid of the profiler held 776 probes together in a 28× 32
arrangement, where the inter-probe distances were 21 mm and 24 mm along the longitudinal (i.e., flow-wise)
and transverse directions, respectively. Each probe concealed three different electrodes namely transmitter,
receiver and shielding in an insulating sheath as depicted in Figure 2 (middle). Only the tips of the transmitter and
receiver electrodes were exposed to the two-phase flow, whereas the insulation and shielding electrode mini-
mized the effects of crosstalk and capacitance buildup. Figure 2 (left middle) also exemplifies the electronic
scheme of the profiler, which was adapted from the standard Teletronic WMS 200 system [63]. Based on the
presented scheme in this figure, the transmitters of each probe along a column (i.e., in transverse direction) were
applied with an excitation voltage, simultaneously, and then each column probes were activated serially via
multiplexing scheme. Depending on the local instantaneous conductance near the probe tips, the electric current
measured by all receivers were sampled, parallelly, followed by amplification and digitization for data pro-
cessing. The sampling frequency of the profiler in this work was 5,000 Hz. Accordingly, the profiler probes
discerned the temporal variations of the phases near the probe tips (i.e., essential for holdup and froth height
calculations). The profiler probes identified the temporal changes in the electrical conductivity caused by tracer
near their tips (i.e., necessary forflowvisualization via RTD analysis). The entire profiler assemblywas suspended
over the top tray using a height-adjustable aluminum frame (not shown here). This profiler made the high-
resolution 3D imaging of the two-phase dispersion on trays possible for the first time. Full details of geometry and
features of the probes as well as profiler’s electronic scheme can be found in a separate article [61].

3.1.2 Data acquisition, processing, and visualization

The data acquisition for quantifying the distributions of liquid holdup and froth height at selected weir loadings
and F-factors started by immersing the profiler probes in the two-phase dispersion once the column attained
steady state. The probe measurements were performed for 300 s at each height between 20 mm and 100 mm
elevations above the tray in increments of 10 mm. The 20mmhigh liquid sampling taps above tray deck (formass
transfer measurements; refer to Section 3.2) restricted lowering the profiler probes further. As illustrated in
Figure 2 (right middle), a single threshold technique was employed to binarize the two-phase digital data into
individual gas and liquid exposures and to calculate the time-averaged liquid holdup at every probe location. How
to find the best threshold level for relevant probe tip measurements was demonstrated by [29] using γ-ray
computed tomography. To filter out the holdup data via froth height identification, the probe responses were
analyzed according to the local phase continuity and the so-called geometry factor of the tips [64]. In simple terms,
any gas volume approaching a probe in the liquid-continuous dispersion would reduce the geometry factor as
well as the transferred current between the tips prior to the gas-only signal (i.e., zero) once that volume
encapsulates the probe tips. In the gas-continuous dispersion, the liquid accumulation and descent on the probe
shaft due to gravity would increase the geometry factor between the tips (causing a rise in the received signal)
before falling off. Combining these facts with characteristic probe signals of each region, the average slopes of
those signals were found to be negative and positive in the liquid-continuous and gas-continuous regions,
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respectively (see Figure 2 (rightmiddle)). The local effective froth height corresponding to each probewas the one
with an average slope value of zero. By applying these approaches, 3D distributions of liquid holdup and upper
froth boundary were obtained as shown for the selected heights in Figure 3a. The holdup masking above froth
height (indicated by blue pixels) allowed computing the real liquid content in the froth as given by the average
liquid holdups (see Figure 3a). Because of the gas-led liquid suspension above the deck, the liquid holdup
increasedwith height until the upper froth boundary and reduced sharply to zero afterwards. In the tracer-based
experiments, the tips of the profiler probes were set at 40 mm elevation above the tray due to reasonably
homogeneous distributions of liquid holdup there (see Figure 3a). At the same operational settings of column and
profiler, a linear relation between probe signal and electrical conductivitywas established for each probe by prior
exposure to liquids of different electrical conductivities (i.e., for the range expected during tracer experiments).
Then, a 2s-pulse of tracer was introduced before the inlet weir, and corresponding changes in the electrical
conductivity of the liquid within two-phase froth were monitored for 60 s. The recorded data were filtered and
processed (refer to Figure 2 (right bottom)) to get the distributions of the mean tracer appearance time

(τ ′ = ∫∞0 tf
′( t)dt) shown in Figure 3b (left). It refers to the average time taken by the tracer to appear at probe tips

after injection. The unidirectional liquid velocities calculated from these distributions are also presented in
Figure 3b (left). Eventually, f(t), τ, and Pe as provided for each case in Figure 3b (right) were computed for the
entire tray by averaging conductivity profiles at the tray boundaries as

κ(t) =
∑
j

i=1
αiκi(t)/τ ′i

∑
j

i=1
αi/τ ′i

(9)

and performing deconvolution calculations using axial dispersionmodel. In Eq. (9), i and j refer to the probe index
and the total number of probes along the tray boundary, respectively. The first two probe columns were

Figure 3: Distributions of (a) liquid holdup (α) and their mean values (α), and (b) tracer appearance time (τ′) with unidirectional velocity
including RTD function (f(t)), mean residence time (τ), and Péclet number (Pe) at selected elevations above the tray for given loadings. Blue
pixels in (a) mask the holdups above the local froth heights, whereas black pixels in (b) indicate the probe data that were neglected in the
respective calculations.
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disregarded in the tracer-based calculations due to holdup masking there (refer to Figure 3a). The overall
dependence of the RTD parameters onweir loadings and F-factors are self-explanatory in Figure 3b. In thisfigure,
higher liquid velocities with parabolic distributions were observed in the first quarter along the flow path.
Thereafter, the liquid velocities reduced and homogenized due to the agitating action of the upflowing gas. Full
description of the experiments and data processing approaches from this section including the evidences of
excellent data reproducibility, correctness of deconvolution calculations, and low uncertainties are available
elsewhere [24].

3.2 Framework for performance data acquisition

3.2.1 Applied chemical system and analytical technique

The method of isobutyl acetate (C6H12O2) stripping from its aqueous solution by air was applied in this campaign
for direct measurements of tray and point efficiencies and stripping factor calculations [28, 65]. C6H12O2 is a
transparent solvent with fruity odor and has moderate solubility in water. Compared to previous systems
reviewed in Section 2, the applied system is safe, cost-effective, and straightforward to implement in existing
air-water column simulators as exemplified in Figure 4 (left) using the identical column facility and peripherals
from Section 3.1. An aqueous solution batch with 400 ppm concentration of isobutyl acetate (prepared using
deionized water) was sufficient to have measurable concentrations on both trays. The physical properties of the
batch were identical with those of deionized water. It should be noted that the batch concentration can be
adjusted depending upon the column size and operating conditions thereby referring to its application versatility.
In this part of the campaign, the column operated identically as in Section 3.1 with the same weir loadings and
F-factors. Before exiting the column, the air stripped out some of C6H12O2 from the aqueous solution depending on
the interfacial contact, which resulted in the distribution of species concentration over the top tray. To measure
that concentration, 20 mm-high sampling taps were positioned equidistantly from each other on one half of the
top tray (see Figure 4 (topmiddle)). Due to reasonableflow symmetry across the tray centerline (refer to Figure 3),
only one half of the tray was considered for liquid sampling. Tap openings at 20 mm height above the tray
permitted sample collection from the liquid-rich part of the froth.

The liquid samples collected from the tray column were analyzed via UV spectroscopy. Using Beer–Lambert
law, the concentrations of isobutyl acetate in the collected liquid sampleswere obtained. As shown in Figure 4 (top
right), the referencemeasurements allowed establishing a linear relation between concentration and absorbance
at different wavelengths. After selecting a suitable wavelength, the light absorbance related to an actual sample
from a tap provided the actual concentration of the isobutyl acetate. The concentration distributions presented in
Figure 4 (middle) were acquired by applying polynomial fitting on the respective data at given tap locations. The
distributions of the species concentration in Figure 4 (middle) follow similar trends as those of the tracer
appearance time from Figure 3b (left). It should be noted that – depending on the operating condition – the batch
liquid spent different time in the flow loop before arriving at the tray inlet and had minor variation in the batch
specification. Hence, achieving a fixed species concentration before inlet was challenging, and any tap-to-tap
comparison of the concentration is not recommended. However, this is insignificant for the efficiency calculations
that are based on the difference in the concentration values. The overall approach discussed in this section
considered the presence of both liquid- and gas-side mass transfer resistances and may not be suitable to find
individual liquid- and gas-phase mass transfer coefficients. Nonetheless, it is suitable to get desired performance
data for validating tray efficiency models, and thus, is recommended for similar purpose in future campaigns.
Individual accounts of the phase resistances, the proof of negligible effect of the hydrolysis reaction of isobutyl
acetate in dilute solution, and data reproducibility ensured via multiple experimental runs can be found else-
where [28].
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3.2.2 Data processing and performance analysis

The liquid-side tray efficiencieswere calculated from the species concentrations along the tray boundaries for the
given operating conditions. To do so aswell as to calculate stripping factors, the species concentration in the liquid
phase that would be in equilibrium with its counterpart in the exiting gas was computed by supplementing
Henry’s law with liquid temperature and total gas pressure for each condition. Then, the vapor-side tray effi-
ciencies were obtained via material balancing on the tray. From tray efficiency, the point efficiency (i.e., assumed
constant for the tray) was acquired by integrating liquid concentrations over the tray for each condition. As point
efficiency is aweak function of the superficial gas velocity, it can be assumed constant irrespective of any gas flow
maldistribution, which simplifies the efficiency calculations [21]. The VLE was also considered to be linear in the
efficiency and stripping factor calculations.

Minor variations in absorbance data of the liquid samples were observed due to local concentration fluc-
tuations, inherent uncertainties of the spectroscopy technique, andfluctuations in the sample temperature. Those
variations must be accounted for in the concentration distributions and resulting efficiencies. The temperature
fluctuations in both liquid and gas influence the stripping factor data. Multiple experimental runs were per-
formed mainly to quantify maximum variations in the absorbance and temperature data. Accordingly, 10
thousand cases of species concentration distributions were generated by considering randomly distributed
errors in the parametric values, which guaranteed the confidence levels greater than 95 % on the obtained
efficiency distributions. The resulting probability density functions (PDF) of the tray and points efficiencies are
depicted in Figure 4 (bottom) for all operating conditions. The mean values of those efficiencies as well as
stripping factor data form the basis of the model validation, whereas maximum standard deviations in the tray
and point efficiencies in this campaign were 1.44 % and 0.61 %, respectively. A direct comparison of the efficiency
data is only meaningful when the EMV/EOV values are available at same λEOV along with the RTD parameters.
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Further description on how to retrieve the performance data including overall uncertainties can be found
elsewhere [28].

4 Evaluation of the predictive capabilities of the tray efficiency
models

4.1 Model examination based on experimental data

The hydrodynamic and performance data presented so far generally suffice for evaluating the predictions from a
tray efficiency model. To validate the RRTDmodel regarding longitudinal variations in the liquidmixing, the tray
was first discretized into three compartments (of nearly similar area fraction) along the main liquid flow
direction. The compartment boundaries were aligned with the orthogonally arranged planes along the tap
locations (refer to the model scheme in Table 1 and tap locations in Figure 4 (top middle)). For each operating
condition, the conductivity profiles along compartment boundaries were averaged according to Eq. (9), and the
RTD function and its parameters for each compartment were acquired via deconvolution using axial dispersion
model as exactly followed for the entire tray in Section 3.1. Very high liquid backmixing in the first compartment
as indicated by a Péclet number below unity (not shown here) was observed for each condition. This was
problematic as the area under the respective RTD function did not equate unity possibly because of the excessive
liquid fluctuations at the inlet of that compartment [66]. Therefore, hydrodynamic and performance data of the
first compartment were discarded from the whole campaign, and the data from the other two compartments
constituting a ‘modified tray’ (as shown in Figure 5 (top left)) were considered for the model validation. Further
explanation on the behavior of the first compartment can be found elsewhere [24].

Moving on to themodified tray, both compartments had nearly similar area fractions and their gas allocation
indices were assumed unity. For each operating condition, similar liquid backmixing and residence times were
observed in the compartments of the modified tray (see Figure 5 (top right)), and hence, the compartment
efficiencies did not vary strongly. Figure 5 (bottom) also summarizes the performance data gathered by applying
the exact procedure outlined in Section 3.2.2 on concentration distributions of the modified tray. The efficiency
predictions from the RRTD model (Eq. (8)), RTD model (Eq. (7)) and AIChE model (Eq. (5)) based on the
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hydrodynamic and performance data of the modified tray are shown in Figure 5 (bottom) along with the tray
efficiencies obtained experimentally. High liquid backmixing, low liquid diffusivity, uniform liquid velocities
(refer to Figure 3b (left)) and gas plug flow in the compartments collectively led to low efficiencies with very small
distinctions in the model predictions. Among those predictions, the RRTD model provided the best estimates of
the tray efficiency. On the other hand, the RTD model and the AIChE model underpredicted and overpredicted
the tray efficiencies respectively, and the latter is known for that in the literature [11]. Further extrapolation of the
model efficiencies based on hydrodynamic data for the given operating conditions are available separately [24].
Although these results validated the accuracy of the RRTD model, more evidence was needed to showcase its
supremacy over the other models as illustrated below.

4.2 Model assessment based on additional case studies

To justify the superiority of the RRTD model, significant variations in the liquid flow characteristics in the
compartments (with different degrees of liquid backmixing) and non-uniform gas flow through the tray are
required. Since this is very challenging to fulfil experimentally, two independent cases studies were considered to
examine the promise of the RRTDmodel. The cases studies further allow considering different distributions of the
complementary performance data in themodel analysis unlike experiments. A full description of the case studies
is available elsewhere [19], while only the highlights of those are briefly revisited to support the claims of the
RRTD model.

The first case study focused on analyzing the impact of local liquid flow characteristics on the overall tray
efficiency. In that case study, the tray was discretized into two identical and independent compartments with
uniform gas flow. To apply any conventional tray efficiency model, the RTD function and its parameters were
assumed for the entire tray as shown in Figure 6a (left). The RTD model was selected as a representative of the
conventional models, and its predictions are presented in Figure 6a (right). For this purpose, the complementary
performance data via combined values of the dimensionless group λEOV were assumed, which is a common
practice for model examinations in the literature [11]. The upper limit of the tray efficiency from the plug flow
model is also provided in Figure 6a (right). Then, three separate cases (A–C) with liquid flow characteristics
significantly different from each other were subjected to the RRTD model application. Those characteristics
(i.e., represented by the RTD parameters) were identical in the compartments in Case A, whereas non-identical
characteristics in the compartments with significant variations from each other were considered independently
in Cases B and C (see Figure 6a (left)). It is worth mentioning that the convolution integral of the liquid RTD
functions pertaining to the compartments in each case was the same as the overall liquid RTD function of the
tray. In each case, the liquid flow in the compartments also confirmed the additive properties of the mean
residence times and variances (not shown here). The essence of these mentions is that the overall liquid flow
characteristics remained identical in each case irrespective of the local variations in the compartments, and
hence, the RTDmodel efficiencies remained unchanged for these cases. Figure 6a (right) also shows the efficiency
predictions from the RRTD model for these cases. In this figure, the RRTD model predictions from Case A and the
RTDmodel predictions are nearly identical. This comparison indicates that the conventional traymodels consider
a tray to be composed of equisized compartments with identical flow behavior of liquid and gas phases. These
conditionswere alsomanifested in the experimental campaign in Section 4.1, which explains theminor variations
in efficiency predictions. On the other hand, higher and lower efficiency ratios compared to Case A can be seen in
Cases B and C, respectively in Figure 6a (right). For any given λEOV in Case B, the efficiency ratio of the first
compartment approached that of the plugflowmodel due to high Péclet number. Combining the efficiency ratio of
the first compartment and that of the second compartment (with moderate liquid backmixing) using the RRTD
model resulted in the overall efficiency ratio higher than that of Case A (or the RTD model) in Figure 6a (right).
Similarly, for any given λEOV in Case C, the efficiency ratio of the first compartment was almost equal to unity due
to very high liquid backmixing there. Combining the efficiency ratio of the first compartment and that of the
second compartment (with moderate liquid backmixing) using the RRTD model resulted in the overall efficiency
ratio lower than that of Case A (or the RTD model) in Figure 6a (right). More details in this regard are available
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elsewhere [19]. With respect to Case A, the maximum variations in the efficiency ratios from Cases B and C are
visible at the highest λEOV in Figure 6a (right). These observations certify that the RRTDmodel can account for the
effects of local variations in the liquid flow over a tray thereby finally breaking the convention of the black-box
efficiency estimation.

In the second case study, the impact of gas flow maldistribution on the overall tray efficiency was investi-
gated. For that purpose, the tray was partitioned into three equisized compartments with identical liquid flow
characteristics such that the convolution integral of the liquid RTD functions from the compartments equated to
the overall liquid RTD function from the tray. The additive properties of the mean residence times and variances
from the compartments were also held in this case study. These characteristics were deliberately selected so that
the predictions from the RRTD model and the RTD model were nearly identical for the uniform distributed gas
plug flow over the tray (see Figure 6b (left)). Then, the variations in the gas flow profiles (i.e., referred to as
moderate and severe channeling in Figure 6b (left)) were considered in the model application such that the
overall gas flow through the tray remained unchanged. Figure 6b (right) confirms that the gas flow maldistri-
bution is detrimental to the tray efficiency, and the efficiency loss is proportional to the degree ofmaldistribution.
As shown in this figure, significant efficiency penalties are associated with the gas flow maldistributions
particularly at the highest λEOV.

It is worth reminding that separate impacts of liquid and gas flow maldistributions were examined in these
case studies. Excessive hydraulic gradients pertaining to liquid phase on the trays can be precursors to vaporflow
maldistributions, and vice-versa [22]. Thus, an industrial column would typically have flow non-idealities
coexisting in both phases, and the combined efficiency losses would be worse than those shown in the case
studies. Such losses can be accurately predicted by the RRTD model application making it superior to the con-
ventional tray efficiency models.
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5 Conclusions

This work presented the proof of concept of the recently proposed RRTD model that significantly advances the
state of the art of the tray efficiency prediction models. Validating the RRTD model demanded full description of
the two-phase flow and mass transfer on a representative large-scale column tray. The discussion on the
multifaceted challenges involved in acquiring the relevant data in high resolution explained their previous
unavailability in literature. To acquire such data and propose a constructive framework for model validation, a
comprehensive experimental campaignwas performed that involved an operational air-water column simulator
along with a recently patented flow profiler, new chemical system, and novel data processing algorithms. By
complementing the campaign data with results from numerical case studies, the promise of the RRTDmodel was
demonstrated. This model finally broke the convention of the black-box estimation of the tray efficiencies by the
existing models. This model can also quantify the impact of vapor flow maldistribution on the tray efficiency
unlike any othermodel. Further spatial discretization in the directions normal to that of themain liquid flowwill
conceptually improve the prediction capabilities of the RRTD model. Having non-uniform distributions of point
efficiency, liquid entrainment and weeping among tray compartments will involve more real-world particu-
larities in the performance assessment of column trays. The learnings from this work are particularly useful for
planning future campaigns to evaluate realistic performances of column trays as well as those of the tray
efficiency models. This campaign will be particularly useful for investigating hydrodynamic and mass transfer
performance of different tray designs (including high-performance valve trays, trays with flow promotion
devices, etc.). In case of unavailability of sophisticated measurement techniques, this work encourages dis-
cretizing a tray by strategically placing convenient point measurement probes and sampling taps at preselected
compartment boundaries and obtaining hydrodynamic and performance data for the RRTD model application.
The data processing schemes presented in this work can be adapted to other measurement techniques for
analyzing two-phase flow and mass transfer in a similar fashion. Furthermore, industrial columns typically
monitor column-wise distributions of tray efficiency based on liquid sampling at tray boundaries. Having an
RRTD model-led numerical framework for an industrial column (like that in case studies) will allow identifying
potential liquid and vapor flow maldistributions for a given tray efficiency thereby assisting in column trou-
bleshooting. Besides, the acquired data in this work also serves as a new benchmark for detailed validations of
CFD and efficiency prediction models.
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