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Experimental and Numerical Investigations for an Advanced Modeling of

Two-Phase Flow and Mass Transfer on Column Trays

Dr.-Ing. Vineet Vishwakarma, TU Dresden (Germany)

1. Summary

Distillation is the leading thermal separation technology that is carried out in millions of tray columns oper-
ating globally.! Despite being the biggest energy consumers and the largest single investments in separation
industry, these columns will remain in service in the future due to unavailability of any industrially viable
alternative.? However, rising energy costs and alarming emergency to reduce greenhouse gas emissions de-
mand urgent improvement in the energy efficiency of separation processes globally. My PhD thesis proposes
that the energy efficiency of distillation columns can be improved by tuning the dynamics of the evolving
two-phase dispersion based on design modification and revamping for maximum tray and column efficiencies.
Therefore, it becomes inherently necessary to understand how the two phases evolve over the trays and how
they link to the tray and column efficiencies for the given tray designs, systems and operating conditions.
Only then, the cost and energy savings and reduction in their global carbon footprint can be achieved by
strategically iterating the tray design and revamp with respect to the resulting tray and column efficiencies
(see Fig. 1). Realizing the proposed strategy urges for significant advancement in the efficiency modeling
approaches, which was the objective of my thesis. Validation of the advanced efticiency model calls for further
innovations in flow imaging and efficiency measurement techniques, which were achieved in this thesis too.
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Figure 1. Strategy for improving column tray efficiency.

2. State of the art

2.1. Tray efficiency models: The fashion in which the two phases flow in the complex dispersion volume
on the tray has strong influence on the tray efficiency. Numerous studies (later reviewed in this abstract) have
revealed the existence of gross liquid flow maldistribution on the trays, which prompted the development of
mathematical models accounting for the impact of liquid maldistribution on the tray efficiency. Such models
are based on the relationships developed from the analyses of two-phase flow, crossflow hydraulics, and mass
transfer over the trays,® and are categorized here. The first category comprises of basic tray models that
consider perfectly mixed and plug flow of liquid on a tray.* The second category includes the pool models
considering liquid mixing through perfectly mixed stages along the flow path length.5¢ The diffusional mod-
els form the third category, where liquid mixing is included via eddy diffusion mechanism.”® The next cate-
gory comprises of the non-uniform flow model, which analyzes the effect of non-uniform liquid flow profiles
(in the absence of liquid mixing) on the tray efficiency.' Lastly, the residence time distribution (RTD) model
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describes the flow and mixing patterns through liquid RTD function (f (t)) and evaluates their effect on the
tray efficiency.!' A three-dimensional categorization of these models based on tray resolution (i.e., in terms of
mathematical segmentation), liquid mixing and flow fields is presented in Fig. 2. This classification allows
an easy interpretation of the model categories. Some models consider the whole tray as one unit, whereas
some segment the tray into channels and cells (or pools) for material balancing. Flow patterns in terms of
velocities and stream functions are also incorporated in few models. The degree of liquid mixing on a tray is
specified on the third axis. An appropriate model should take the realistic liquid mixing into account, and
hence, must lie between the extreme points of that axis. Moreover, an ideal model would be the one that
incorporates flow and mixing patterns at the best possible resolution to predict the tray efficiency accurately.
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Figure 2. Graphical categorization of the conventional tray efficiency models.

2.2. Flow imaging techniques: Accurate flow visualization on industrial-scale column trays is challenging
because of the chaotic and three-dimensional nature of two-phase crossflow. Full hydrodynamic data corre-
sponds to the distributions of effective froth height, liquid holdup and RTD parameters over an entire tray.
y-ray densitometry technique'2 has been used to determine liquid holdup at selective locations on small trays
and in rectangular columns. The application of y-ray computed tomography in circular tray columns has been
limited to process monitoring and troubleshooting.'® Furthermore, liquid maldistribution (with respect to a
desirable uniform and unidirectional flow) has been identified via measurements of RTD and velocity pat-
terns.'* Such information is usually retrieved from the two-phase dispersion above the tray through flow
monitoring of a liquid tracer using camera techniques (photographic® and infrared's) and (multiple) point
measurements (fiber-optic probes,'¢ conductivity probes,'” and wire-mesh sensor'#). Other studies relying on
point measurements used thermocouples,'? strain gauge probes,2° thermometers,?! and hot film anemometer.2?

2.3 Chemical systems for efficiency measurement: For validating model predictions based on hydrody-
namic data, the tray and points efficiency measurement are required at same operating conditions. Achieving
this requires complex chemical systems, experimental setups (e.g., semi-industrial distillation facilities,
mockups with gas conditioning, recirculation and treatment) and analytics (e.g., gas-liquid chromatography).
For this purpose, the chemical systems used in the literature comprise of organic distillation systems,2* gas
stripping systems,** gas absorption systems?® and air humidification systems.?¢ FFurther specifications of each
system category is available in my PhD thesis.

2.4. Approaches for column efficiency estimation: The column efficiency is the ratio of number of equilib-
rium stages and number of actual trays in a column. This efficiency implies how big an actual column would
be for the targeted component specification. Therefore, it is crucial to understand how the individual tray
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efficiencies affect the number of trays in a column. In this context, only three methods exist in the literature
- O’Connell’s correlation,?” Lewis Jr.’s analytical method* and Mathias’ graphical method.?®

3. Problems addressed

3.1. Black box evaluation of tray efficiency: The conventional models depend on liquid-side parameters
(such as Péclet number, number of perfectly mixed pools, and so forth) that are determined by tracer sampling
only at the tray outlet. This implies that these models consider homogeneous flow of liquid represented by
the given parameters. In reality, liquid flow characteristics can vary over the tray area, because of the agitation
caused by rising vapor, expanding and contracting flow path, and so on. However, these models are incapable
of utilizing local tracer data at different tray locations. Such evaluation of the tray efficiency points to the
general perception of distillation trays as a black box.

3.2. No consideration to vapor maldistribution: The existing models only consider uniform vapor flow
through the trays and ignore any vapor maldistribution. Liquid hydraulic gradients on a tray can cause non-
uniform vapor distribution, and vice-versa.2® Only three studies?9-*! are known to extend the eddy diffusion
concept for predicting tray efficiency based on vapor maldistribution, but they only considered perfectly
mixed and plug flow of liquid on the tray. Even for these theoretical cases, their predictions contradicted each
other. This demands further investigation on the influence of vapor maldistribution on the tray efficiency.

3.3. Unavailability of a versatile flow imaging technique: Different imaging techniques are required for
quantifying effective froth height, liquid holdup and RTD. y-ray densitometry can only reveal liquid holdup
profiles at selective tray locations. Estimation of the effective froth height by Lockett et al.? is the only ap-
proach available in the literature, where the visually estimated height corresponds to the liquid holdup of 10%
in a rectangular tray column. A verification of Lockett et al. criterion is still pending (even for the circular
columns), whereas the froth height distribution over the entire tray area remains unavailable. Although pre-
vious imaging techniques were successful in identifying gross liquid maldistribution, the camera techniques
can provide flow patterns near the dispersion surface only, whereas the point measurements suffer from a
variety of challenges such as high intrusiveness, low spatial resolution, complex calibration scheme, to name
only a few. Thus, the existing experimental studies lack a complete 8D hydrodynamic description of an oper-
ational industrial-scale distillation tray.

3.4. Complexities of efficiency measurements: The existing chemical systems have numerous operational
and technical limitations and safety concerns. For example, organic distillation systems require industrial
facilities such as pressure vessel, condenser and reboiler to process hazardous substances. Gas stripping sys-
tems require gas dissolution in the liquid, which makes them suitable for trays with low liquid residence time
only. Gas absorption systems pose health and safety concerns, because of the application of gases such as NHs,
CO,, and SO., and hence require effluent gas recirculation and treatment. The air conditioning systems re-
quire precise conditioning of air prior to column inlet, which is rather challenging to control. Furthermore,
point efficiency are commonly measured in small-scale Oldershaw columns, although the flow conditions in
such columns vary considerable from that in large-scale facilities.

3.5. Rudimentary estimation of column efficiency: The existing approaches for column efficiency predic-
tion do not consider the variations in individual tray efficiencies governed by two-phase flow and mixing
profiles and VLE characteristics of the mixtures. O’Connell’s correlation ignores any description of tray effi-
ciency and can only provide conservative estimations. The analytical and graphical methods assign a fixed
tray efficiency and VLE slope to each tray in a column and accordingly calculate the column efficiency. These
generalizations confirm that the existing methods are only applicable for qualitative estimation of column
efficiency.
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4. Key innovations

4.1 Advanced tray efficiency model: As the RTD model (Fig. 3a) was recognized as the most realistic
among the conventional models, it was subjected to further refinement in my thesis. The derivation of the
new model (called the refined RTD (RRTD) model) starts with geometrical division of a tray into an arbitrary
number of compartments along the flow path length as shown in Fig. 3b.
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Figure 3. (a) Schematic representation of the standard RTD model, and (b) the new refined RTD (RRTD)
model including tracer concentration (c-t) charts and respective mathematical formulations. (Eyy — tray ef-
ficiency, Eqy — point efficiency, f(t) —liquid RTD function, t — time variable, T — liquid mean residence time
and A — stripping factor).

In Fig. 8b, the tray is partitioned into n compartments that are separated from each other by the boundaries
referred to as dividers. The liquid flows serially through the compartments, while the vapor flows through
them normal to the tray deck. It is assumed that each compartment behaves like a single-pass crossflow tray
with distinct RTD and Murphree efficiency according to the RTD model. The assumptions involved in the
new model derivation can be found in my thesis. Each compartment (index i) has a unique RTD function
fi(t) and compartment efficiency Epy ;. Similar to the RTD model, constant flow of liquid (L) is considered
in the compartments, so that Lf;(t)dt can represent the liquid streams exiting the i compartment between
time t and t + dt. The overall vapor flow (V) is considered to be divided between n compartments as V; =
a;d;V such that Y-, a; =1, X, d; =n,and 2} ,(a; - d;) = 1. Here, a; and d; are the area fraction and
vapor allocation index of the i compartment, respectively for i = 1,2, ...n. This index is unity in each com-
partment for uniform vapor distribution, whereas any other distribution of this index in the compartments
would represent vapor maldistribution over the tray. Further, the stripping factor for the i*" compartment
can be defined as 4; = mV /L = a;d;A, where m is the slope of vapor-liquid equilibrium (VLE) line. Since
point efficiency is a weak function of the superficial vapor velocity,'s it can be assumed as constant over the
tray regardless of any vapor maldistribution. Accordingly, the efficiency (EMV,I-) of the i*" compartment via

material balancing similar to Eq. 1 is

——= S e (Eq.3)
— = | ¢ m -f(t)dt. q.3
1+ AEwv:  Jo Ji
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7; is the mean liquid residence time in the i‘" compartment, which can be written as 7; = b;T such that
Y.i=1 b; = 1. Using these and previous simplifications in Eq. § provides

v f : e_%ﬁ (H)dt = F; (—aidi'wov> (Eq. 4)
1+ aidi/lEMv,i 0 ! L bl"L' ’ '

where F; is the Laplace transform of f;(t). The system theory?®? relates the RTD functions of the tray and
compartment as

f@®) =0 f(t) @ - fulD). (Eq. )

The symbol @ represents the convolution integral. Transforming Eq. 5 and substituting the Laplace func-
tions from Eqs. 1 and 4 in Eq. 5 (as explained in my thesis) leads to the new RRTD model as

n

1
Emy = 7 1_[(1 + aidilEMV,i) —-1]. (Eq. 2 (see Fig. 3))

i=1

For the first time, the tray efficiency (according to the new RRTD model) can account for the variations in
the local two-phase fluid dynamics via local liquid RTD functions and vapor allocation indices of the com-
partments. Mathematically, the RRTD model was validated by verifying its predictions for perfectly mixed
flow and plug flow of liquid on the tray. Details regarding mathematical validation of the RRTD model are
available in my thesis. For experimental validation of this model, a comprehensive hydrodynamic and mass
transfer description specific to the two-phase dispersion in an industrial-scale tray column is indispensable.
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Figure 4. Multiplex flow profiler installed in the DN800 column facility (including probe details and elec-
tronic scheme exemplarily shown for a 4 x 4 arrangement).

4.2. Novel multiplex flow profiler: IFor unified hydrodynamic characterization, the new multiplex flow pro-
filer comprising of a skeletal grid of 28 x 32 headers holding 776 dual-tip conductivity probes was developed
and patented (see Fig. 4).3% Each probe was connected to the profiler electronics via header grid as exemplarily
shown for a 4 X 4 grid in the electronic scheme in Fig. 4. The probes uniformly span over the tray area with
high spatial resolution of 21 mm x 24 mm. Each probe was a multi-layer printed circuit board housing three
separate electrodes namely transmitter, receiver and shielding in an insulating sheath enclosure. Such probe



PhD Thesis: Extended Abstract 6

configuration eliminated cross talk and simplified calibration and data processing schemes. Only the tips of
transmitter and receiver electrodes were exposed to the two-phase flow, which points to low invasiveness of
the profiler. As illustrated in Fig. 4, an excitation voltage was applied to each header (parallel to the weir)
sequentially via multiplexing scheme, which activated the corresponding transmitter electrodes. Parallel sam-
pling of all longitudinal headers returned signals from all probe receivers based on the local instantaneous
conductance near the probe tips. This way, each probe measured the temporal variation of the presence of
liquid and gas locally. The probes also identified the local variation in the liquid conductivity owing to tracer
injection. These capabilities of the profiler refer to its versatility regarding hydrodynamic quantification. The
acquired signals were appropriately amplified and digitized into a 8D data matrix of size 32 X 28 x n for post-
processing. Here, n is the product of the total measurement time and the sampling frequency (= 5000 Hz).
Based on this procedure, the two-phase planar data were gathered by the profiler at multiple elevations above
the tray deck via vertical adjustments for 3D measurements.

4.3. New analytical approach for measuring effective froth height: In my thesis, a new approach was
proposed for determining effective froth height distribution based on profiler data gathered at multiple ele-
vations above the tray. In that approach, the response of each probe was analyzed based on field distribution
governed by local phase continuity, geometry factor, and inter-probe interaction. Because of their varying
dispersion characteristics, the probe responses varied with the regions as simplified in Fig. 5. The slope of
the probe data above a certain threshold (i.e., liquid-only response (L;) acted as a region discriminator and
tollowed an s-shaped trend in Fig. 5. The local effective froth height was the one, where the slope value
approached zero. This led to 8D distribution of effective froth height for the first time, which is again crucial
for quantifying realistic 3D liquid holdup and flow profiles on the tray.
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Figure 5. Simplified probe responses for estimating effective froth height based on the overall slope of the
probe signals exceeding liquid-only (L) response (DD stands for digital data).

4.4. New chemical system for direct efficiency measurement: In my thesis, I have proposed the air-led
stripping of isobutyl acetate from aqueous solution for direct measurement of tray and point efficiencies on
distillation trays. The new system posed no health and safety hazards due to very low concentration of iso-
butyl acetate in the effluent gas stream (according to EU standard), and was easy to implement on large air-
water mockup facility without any major modification. Only an extra pump for batch preparation and nine
sampling taps over the trays were sufficient for the facility modification. This system was suitable for large
trays with low liquid residence times, whereas mixing of isobutyl acetate with liquid for initial batch prepa-
ration was much easier than gas dissolution in conventional systems. The liquid properties remained un-
changed after the addition of isobutyl acetate. I'ast and well-accepted UV-spectroscopy of liquid samples for
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concentration measurements made the application of the new system highly convenient. Based on concentra-
tion data, the tray and point efficiencies and the stripping factor were calculated as discussed in my thesis.

4.5. Novel strategy for column efficiency calculation: My thesis proposed a new strategy for evaluating
column efficiency based on two-phase flow and mixing profiles on individual trays and VLE data of binary
mixtures. In that strategy, an appropriate thermodynamic model was employed for generating VLE data of
binary mixtures. Processing the flow and mixing profiles with the VLE data using a novel iterative approach
and tray efficiency model led to the slope of the VLE line and tray efficiency. Following this approach for each
tray allows exclusive inclusion of individual tray efficiencies (varying from tray to tray) in the calculation of
column efficiency for the first time. Thus, a priori estimation of the column performance in the design phase
is possible now. This is fortuitous for the separation industry as sometimes the potential areas for efficiency
improvements are only revealed in the post design phase leading to considerable cost and energy losses.

5. Application, implementation and results

5.1. Hydrodynamic characterization of an operational tray: This section presents the measured hydrody-
namic data corresponding to a sieve tray subjected to multiple gas and liquid loadings. The evidences regard-
ing excellent reproducibility of the data presented in this entire abstract can be found in my thesis. First,
using the single-threshold technique (based on separate y-ray CT measurements),** the time-averaged liquid
holdup () distribution at different profiler elevations above the tray were obtained as exemplarily shown in
Fig. 6. In this figure, each black pixel shows holdup masking that means the probe elevation was beyond the
local effective froth height (obtained via new procedure discussed in section 4.3). The mean eftective froth
height for the two-phase dispersion in Fig. 6 was 57 mm. In this figure, the liquid holdup increases with the
profiler elevation with the highest holdup appearing near the mean effective froth height, because of the liquid
suspension by gas jets from the lower elevation. Beyond the effective froth height, the liquid holdup drasti-
cally reduces to zero. Further, Lockett et al.2> criterion suggested that the mean effective froth height corre-
sponds to the height, where the average liquid holdup is 10%. Based on Fig. 6, the criterion predicts the mean
effective froth height as 60 mm, which is reasonably accurate with respect to the measured height (i.e., 57
mm). This investigation confirms the validity of Lockett et al. criterion for froth height estimation in large
circular columns. Since majority of the probes were within the liquid-continuous froth with reasonable holdup
homogeneity at 40 mm elevation, the profiler was placed at this elevation for performing tracer-based exper-
iments regarding flow visualization.

tayg = 0.31 Oavg = 0.32 avg = 0.34 Olavg = 0.39 avg = 0.10 Olavg = 0.01 L0
0.8
10.6
0.4
0.2

20 mm 30 mm 40 mm 50 mm 60 mm 70 mm

Figure 6. Liquid holdup (a) distribution (including average holdup values) at given elevations above the tray
tor the loadings 4.30 m*m-'h-' and 1.77 Pa°s (black pixels — holdup masking for the probes, whose elevation
exceed their local effective froth height).

At 40 mm elevation, the profiler probes monitored the liquid flow over the tray by injecting tracer before
inlet weir (see Fig. 4). Based on the processed profiler data, the flow and mixing patterns are shown via

distributions of mean appearance time () and variance (6%) in Fig. 7a and b, respectively. The isocontours of
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these parameters are also superimposed on these figures. The unidirectional liquid velocities over the tray are
depicted in Fig. 7c. Fig. 7 exhibits a reasonable symmetry in the liquid flow and mixing characteristics with
respect to tray centerline. The liquid backup in the downcomer is pushed towards the centerline by the wall
curvature causing a parabolic velocity distribution (with peak velocities along the centerline) after the tray
inlet (see Figure 7c). Consequently, lower mean appearance times and variances appear over the tray area
with higher liquid velocities in the parabolic distribution. Further along the flow path length, the velocities
over the majority of the tray deck homogenize, because of the gas flow resistance and agitation causing a
systematic rise in mean appearance time and variance over that tray area.
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Figure 7. Distributions of (a) mean appearance time, (b) variance, and (c¢) unidirectional liquid velocity for

the loadings 4.30 m*m-'h-! and 1.77 Pa%? (note - first two probe columns are disregarded for being above the
local eftective froth heights).
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Figure 8. (a) Liquid concentrations (in ppm) at tap locations superimposed over the spatial concentration
distribution on the reduced tray for the tray loadings 4.30 m*m-'h-' and 1.77 Pa®?, and (b) tray efficiencies for
all operating conditions that were measured and predicted by the new RRTD model (), standard RTD
model ([]) and AIChE model (J), see Fig. 2).

5.2. Model validation and efficiency measurements: For RRTD model application, the tray was ge-
ometrically partitioned into three compartments for obtaining the RTD function (using axial dispersion
model (ADM)) for each compartment based on hydrodynamic data. The flow conditions in the first compart-
ment violated some of the assumptions of the ADM. As a result, the reduced tray comprising of two compart-
ments was considered and the hydrodynamic data was accordingly averaged for the RRTD model application.
Further, the concentration distribution of isobutyl acetate over the reduced tray is shown in Fig. 8a. The taps
T1 and T2 have similar concentrations because of the uniform liquid appearance time and very high liquid
mixing there (refer to Fig. 7). The liquid spent slightly longer near the column wall causing lower species
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concentration at tap T'3 compared to T'1 and T2. Along the taps T4-T6, a variation in the species concentra-
tion persists according to the gradient in the mean appearance time. Similar concentrations for the taps Tol
and To2 were recorded, because of the similar liquid appearance time and reduced driving force for species
transfer to the gas. rom the concentration data, the point and tray efficiency and stripping factor were cal-
culated for model validation. For simplicity, only measured tray efficiencies are displayed in Fig. 8b. The
predictions based on hydrodynamic data from the RRTD model, RTD model and AIChE model are compared
in Fig. 8b too. Very high liquid backmixing, low liquid diffusivity, uniform liquid velocities (see Fig. 7c) and
uniform vapor distribution led to only small distinctions in the model predictions. Even for the given data,
the RRTD model is the most accurate as its efficiency predictions are closest to the measured efficiencies. The
RTD model and the AIChE model predictions are lower and higher than the measured efficiencies and are
less accurate. IFurther promise of the RRTD model is graphically demonstrated via case studies in Fig. 9.

Effect of local variations in liquid mixing and residence time on tray efficiency
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Figure 9. Case studies showing that the RRTD model can account for local variations in the liquid flow
(breaking black box convention) and vapor maldistribution unlike the standard RTD model (Pe — Péclet no.,
T — mean residence time).

5.3. Realistic estimation of column efficiency: In another case study in my thesis, the column efficien-
cies were calculated (based on the strategy proposed in section 4.5) for different degrees of liquid backmixing
on the trays, varying VLE data (of 15 commercial mixtures) and diftferent point efficiencies. Fig. 10 summa-
rizes those efficiencies at a fixed point efficiency for three cases of liquid backmixing (severe, intermediate,
and lowest). Accordingly, the column efficiencies are the highest for the lowest backmixing, and vice-versa.
For each case, the tray efficiency varied from tray to tray owing to variation in the VLE data (not shown here)
making this method much more accurate than the conventional approaches. Further, binary mixtures with
high relative volatilities are easy to separate via distillation, and hence require less number of trays in the
column. However, this is only valid when the column trays operate with low liquid backmixing and high point
efficiency. Otherwise, higher number of trays are needed for the targeted separation, thereby deteriorating
the overall column efficiency (refer to mixtures with high relative volatility in Fig. 10).
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Figure 10. Predictions of column efficiency (Eg) for different binary mixtures (cases of liquid backmixing:
severe (Pe =2): white, intermediate (Pe =10): gray, low (Pe =36): black, and stars indicate the lowest back-
mixing case for hypothetical mixtures with constant relative volatility).
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