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ABSTRACT: Significant effort has been devoted to the study of mass transfer in sheet metal
structured packings over the past half century. A number of mass transfer correlations have appeared
in the literature as a result of those efforts. Unfortunately, none of these correlations has shown itself
to be reliable over the full range of chemical systems, column operating conditions, and packing
topologies encountered today. In an attempt to rectify some of the shortcomings of earlier
correlations for sheet metal structured packings, we have employed a new data analysis methodology
which simultaneously fits ⟨HETP⟩ data and mass transfer area data. The correlation we report upon
here includes 444 ⟨HETP⟩ values from a variety of systems, operating pressures, and packing
designs, along with 409 mass transfer area measurements. We demonstrate that this correlation
outperforms all others while remaining simple enough to implement in process simulation software.

■ INTRODUCTION
Sheet metal structured packing ⟨HETP⟩ values for binary
systems measured at total reflux are surprisingly well-described
by simple expressions like the correlation of Harrison and
France and Kister for “Y” style structured packings.1−11 Those
relationships between ⟨HETP⟩ and dry packing surface area
per unit volume have been found to predict ⟨HETP⟩ values to
within ±30% on average regardless of system, column pressure,
and details of the surface topology of the packing. Other
slightly more complex rules yield ⟨HETP⟩ estimates with
somewhat improved levels of uncertainty.12−14 Cmeliḱova ́ et
al. discuss the aforementioned findings in-depth.15 Figure 1 is a
parity plot of the Carillo and Harrison and France estimating
rules applied to our data set.11,13

Mass transfer correlations for structured packings based on
the two-resistance concept, usually coupled with some appeal
to penetration theory, the Chilton-Colburn analogy, or surface
renewal theory, often outperform the rules-of-thumb described
above for specific systems and packing sizes but usually
perform relatively poorly when used outside of their original
correlating data sets.16−22 Figure 2 is a parity plot of modeled
versus experimental ⟨HETP⟩s for the correlations of Harrison
and France, Bravo et al., Hanley and Chen, and Wang et al. for
our data set.11,17,19,20

Table 1 details the physical and transport property ranges for
our data set. Included are recent efficiency measurements
taken by Bradtmöller and Scholl on the system 2-methyl-2-
butanol/2-methyl-1-propanol at or below atmospheric pres-
sure.3 Clearly this system, under these conditions, has a
noticeably higher liquid viscosity (and consequently lower
liquid phase diffusivity) than the other standard distillation test

mixtures in the data set. The addition of these high liquid
viscosity and low liquid diffusivity experiments exposes the fact
that current mass transfer correlations have too strong a
dependence on physical properties. One of the goals of this
paper is to develop a mass transfer correlation that weakens
these extraneous physical property effects.
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Figure 1. Parity plot of ⟨HETP⟩ predictions from the Carillo and
Harrison and France estimating rules versus measured ⟨HETP⟩
values. Dotted lines are ±20% around the diagonal.
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Additionally, as carbon capture via absorption in packed
towers becomes increasingly important, we demonstrate that
the mass transfer correlation developed in this work can be
used to quantitatively match important experimental results
when implemented in rate-based carbon capture simula-
tions.23−26

■ PRELIMINARIES
We have chosen to use dimensionless power law expressions to
correlate our data because they are relatively simple to
implement, they have been used to correlate mass and heat
transfer phenomena effectively, and because certain process
simulators have the ability to use general power law
expressions for the mass transfer coefficients and interfacial
area in rate-based simulations.27−30 Eq 1 through eq 6 define
the structure and the 12 fitting coefficients needed to
completely define our correlation.
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Figure 2. Parity plots of modeled ⟨HETP⟩ versus measured ⟨HETP⟩ for three different mass transfer correlations along with a similar parity plot
for the estimating rule of Harrison and France. Dotted lines are ±20% around the diagonal.

Table 1. Summary of Estimated Physical Property Data Ranges for the ⟨HETP⟩ Data in the Regression Data Seta

With Bradmoller data Without Bradmoller data

Property Max Min Range Max Min Range

ρL (kg/m3) 1129.63 487.21 2.32 1129.63 487.21 2.32
ρV (kg/m3) 28.25 6.66 × 10−02 424.3 28.25 8.25 × 10−02 342.6
DL (m2/sec) 1.18 × 10−08 3.59 × 10−10 32.84 1.18 × 10−08 2.09 × 10−09 5.64
DV (m2/sec) 1.55 × 10−04 5.75 × 10−07 269.7 1.15 × 10−04 5.75 × 10−07 200.7
σL (N/m) 2.99 × 10−02 5.22 × 10−03 5.71 2.74 × 10−02 5.22 × 10−03 5.25
μL (Pa-sec) 3.27 × 10−03 9.21 × 10−05 35.52 5.85 × 10−04 9.21 × 10−05 6.35

aProperties were estimated with Aspen Properties V11. For the systems iC4/nC4 and Ar/O2, the REFPROP property method was used; the
UNIFAC property method was employed for the systems p-xylene/o-xylene, cyclohexane/n-heptane, chlorobenzene/ethylbenzene, 2-methyl-2-
butanol/2-methyl-1-propanol, and i-octane/toluene.
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The ⟨HETP⟩ values in our data set were all taken at total
reflux. Figure 3 demonstrates that the vapor and liquid phase

Reynolds numbers are highly correlated for these types of
experiments, and this leads to large statistical uncertainties in
the values of multiple fitted coefficients in the expressions
above. In order to bypass some of the ambiguity introduced
into the fitting process by this high level of correlation between
two important dimensionless groups, the developers of past
correlations have often fixed the powers on the Reynolds and
Schmidt numbers in eq 1 and eq 2 to be in agreement with
theoretically expected values from one of the models for mass
transfer mentioned earlier.
The dependence of the Sherwood number on the Reynolds

and Schmidt numbers is widely accepted. The choice of
dimensionless groups against which to correlate the interfacial
area is much more open to speculation. We chose to use the
liquid phase Froude (FrL) and Weber (WeL) numbers based
primarily on the analysis provided by Tsai.9 We added the
vapor phase Reynolds number (ReV) dependence to improve
the fits.
As already mentioned, fixing the power law exponents C2,

C3, C6, and C7 on the Reynolds and Schmidt numbers in eq 1
and eq 2 from available theories for mass transfer leads to
unwanted residual physical and transport property effects that
undermine the extensibility of these correlating expressions to
systems outside of those included in the original data set. It is
clear, therefore, that C2, C3, C6, and C7 cannot be set a priori.
However, the statistical dilemma mentioned earlier directly
undermines any attempt to regress these values cleanly from
total reflux experimental data alone. This obstacle is
compounded by the fact that the mass transfer area always
appears in combination with the individual mass transfer

coefficients. To simultaneously remove the statistical un-
certainties inherent in total reflux experiments while allowing
the power law coefficients C2, C3, C6, and C7 to float in the
regression clearly requires other independent sources of data
beyond the ⟨HETP⟩. We have therefore included Tsai’s
interfacial mass transfer area experiments on structured
packings in our data set.9 These experiments help to
deconvolute the aforementioned statistical difficulties that
arise from total reflux experiments and also help to isolate the
calculation of the interfacial area in the products kxam and kyam.
Other researchers have also measured the interfacial area
participating in mass transfer for structured packings.31,32

■ DATA ANALYSIS
Preliminaries. Our data set included 444 individual

⟨HETP⟩ points for a variety of chemical systems and packing
styles. The majority were collected by digitizing graphs from
the various literature sources we used. Additionally, we
recorded auxiliary experimental information, such as packing
height and top/bottom compositions, when available.
Physical and transport property values were calculated from

the Aspen Properties V11 add-in for Excel. The REFPROP
property method was used for iC4/nC4 and Ar/O2. This
method is considered the most accurate for light hydrocarbon
and small molecule mixtures.33 For the remaining systems�p-
xylene/o-xylene, cyclohexane/n-heptane, chlorobenzene/ethyl-
benzene, 2-methyl-2-butanol/2-methyl-1-propanol, and i-oc-
tane/toluene�we used the UNIFAC method. Representative
thermodynamic and transport properties for the liquid phase
were calculated for 50/50 mixtures at the bubble point for the
reported nominal column pressure. Properties for the vapor
phase were calculated at the vapor composition in equilibrium
with the 50/50 liquid mix. In addition, all of the test systems in
our data set have nearly constant relative volatilities. Typical α
values could be calculated from the flash calculations just
described. Physical properties calculated using a 50/50 mixture
should produce representative average property values for most
experimental distillations.
Liquid phase binary diffusivities did not come directly from

the Aspen Properties add-in since it does not have a facility for
returning a liquid phase binary diffusivity. Instead, it returns
both tracer diffusivities for the binary mixture. Binary liquid
diffusivities were therefore calculated via the method of Vignes
(see eq 8), which includes a thermodynamic factor, β (see eq
9), to represent solution nonideality.34 This derivative was
estimated numerically at equimolar compositions for each
system, and in almost every case, the value approached 1.

= [ ° ° ]D D( ) ( )L AB
x

BA
x(1 ) (8)

= a
x

ln( )
ln( ) (9)

Cx and Cy are approximate weighting factors used to convert
an array of point HETPs to ⟨HETP⟩ for the column. The
derivation of these factors is described by Hanley and Chen in
detail.19 Typically, both values approach unity when top/
bottom product compositions are far enough apart.
Additionally, our data set included 409 interfacial mass

transfer area values and information about liquid and vapor
flow rates from Tsai.9 We supplemented these measurements
with transport and physical property data for water under the

Figure 3. Vapor phase Reynolds number versus liquid phase Reynolds
number for the efficiency experiments analyzed for this paper. All of
these experiments were performed at total reflux. This leads to a high
degree of correlation between these two dimensionless groups, which
creates statistical difficulties with regard to deconvoluting liquid
effects from vapor effects. Data points are colored by liquid viscosity
in Pa-sec.
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reported experimental conditions using the STEAM-TA Aspen
Properties method.
Nonlinear Regression. Our complete data set thus

consists of two independent subsets�the first ⟨HETP⟩-related
and the second mass transfer area-related. The defining
expressions that we plan to use to regress the entire data set
require a software package with specific capabilities: 1) the

ability to define arbitrary, complex target functions, 2) robust
fitting algorithm(s), and 3) an associated programming
language. We found that Igor Pro V9 satisfied all of these
requirements.35

Our initial attempt at regression involved a simple
substitution of eq 1 through eq 5 into eq 7 for the ⟨HETP⟩
with this expression to be used for data points 1 through 444,
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while eq 3 would then be used directly for the remaining mass
transfer area measurements. We used an “if” statement in our
code to switch from one correlating expression to the other. Eq

10 was badly behaved during regression attempts. After several
bids at reconfiguring this equation, we found that eq 11 below
worked well.
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Note that several known quantities and groupings have been
transferred from the right-hand side of eq 11 to the left.
In addition, we imposed several constraints on the fitting

coefficients.

+C C

C C C C

0

0 , , , 1
11 12

2 3 6 7

The first constraint was included so that the mass transfer area
increases with increasing liquid rate. The second set of
constraints was imposed because the exponents on the
Reynolds and Schmidt numbers in the mass transfer coefficient
definitions are expected to be positive but not to exceed unity.
This last condition was imposed because no current theory or
model for mass transfer that we are aware of predicts
exponents greater than one.
The values of the new dependent variable on the left-hand

side of eq 11
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are several orders of magnitude smaller than typical values for
the mass transfer area. In order to prevent the regression
algorithm from weighting the mass transfer area values too
highly, we fit the natural logarithm of eq 11 rather than eq 11
directly along with the mass transfer area data.
Eq 11 sheds some light on a few of the statistical difficulties

inherent in trying to regress all 12 fitting coefficients using total
reflux ⟨HETP⟩ data only. First, note that the front factors C1,
C5, and C9 in eq 1, eq 2, and eq 3 appear as a product in the
denominator. While C1 and C5 appear independently in the
numerator, it is nearly impossible to deconvolute these three
coefficients with a satisfactory level of statistical confidence
based entirely on total reflux ⟨HETP⟩ data. Inclusion of mass
transfer area measurements along with ⟨HETP⟩ data greatly
assists the regression algorithm’s attempts to arrive at
reproducible values for C1, C5, and C9 with much reduced
statistical uncertainty.

Additionally, the power law exponents C2 and C6 for the
Reynolds numbers in eq 1 and eq 2 appear in both the
numerator and the denominator. Figure 3 demonstrated that
total reflux experiments yield highly correlated Reynolds
numbers in the liquid and vapor phases. Consequently, the
power law exponents C2 and C6 can be subject to substantial
statistical uncertainty whenever the majority of the ⟨HETP⟩
data have been derived from total reflux experiments, even with
the addition of the independent mass transfer area measure-
ments. The uncertainty can be overcome, of course, if the
value(s) of one or both exponents can be fixed so that they are
excluded from the regression.
We noted earlier in passing that past mass transfer

correlations for structured packings suffer some level of failure
when used to predict ⟨HETP⟩ values because they are too
strongly reliant upon individual phase thermodynamic and
transport properties relative to what is observed experimen-
tally. Virtually all property related effects on the ⟨HETP⟩ are
removed when C2, C3, C6, and C7 are equal to one. We see then
that

=k C c vy V V1 (13)

=k C c vx L L5 (14)

A slight residual property effect remains due to the appearance
of ρL and σL in the Weber number, which appears in eq 3, but
the effect is minor because these quantities appear together as
(ρL/σL) which effectively cancels most of their temperature/
pressure dependence. We therefore anticipate that C2, C3, C6,
and C7 should be close to one.
A regular part of the fitting procedure involved putting sets

of regressed coefficients into Aspen Plus V11 on the
generalized transport correlations page so that we could test
ease of use for rate-based distillation calculations. These tests
included, in particular, simulations of the carbon capture
experiments of Notz et al.23 The tests revealed that Aspen rate-
based distillation would often struggle to converge or not
converge at all with the coefficient set being tested. Failures

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c00769
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

D

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


most often occurred at the stripper. This behavior, then,
imposed another constraint on our fitting procedure. The test
simulations using rate-based calculations in Aspen Plus created
a paradoxical situation: sets of coefficients that would be
statistically “optimal” in some sense were not, however,
optimal in the sense of “usability” for process simulation.
Given the number of coefficients, the complexity of rate-based
calculations in general, and our lack of access to Aspen’s source
code, we found this usability issue hard to address in any
systematized way. In the end, we would impose what we
considered to be reasonable constraints on some coefficients,
fix others, and then use the resultant fitted coefficient set in a
few rate-based simulations that would always include the
simulations of the carbon-capture pilot tests of Notz. If the
coefficient set required extreme efforts to get even one of these
simulations to converge, or if even one simulation could not be
converged, then we would refit the data set using different
constraints/assumptions.
Three sets of regression coefficients are listed in Table 2

along with their estimated uncertainties (as standard
deviations) and the constraints applied to the fitting procedure
to obtain them. Note that the uncertainties in C1 and C5, the
front factors on the power law expressions for the Sherwood
numbers (see eq 1 and eq 2), are exceptionally large for
regression 1 and regression 2, primarily due to the statistical
difficulties that result from having all ⟨HETP⟩ data taken at
total reflux. Note also that the power law exponents on the
vapor phase Reynolds and Schmidt numbers for regression 1
and regression 2 (C2 and C3) tend to settle at one, while those
same power law exponents on the liquid phase Reynolds and
Schmidt numbers (C6 and C7) settle near 0.75. We used this
behavior in regression 3 by fixing C2 and C3 at 1 and C6 and C7
at 0.75. Fixing the power law exponents resolves most of the
statistical cross-effects inherent in total reflux experiments and
thus greatly reduces the uncertainties in the front factors C1
and C5. We consider regression 3 the best statistical fit and also
the best fit for use on the generalized mass transfer coefficient
input page of Aspen Plus. The final correlating expressions thus
become
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Figure 4 is a parity plot of predicted versus experimental values
of the combined column efficiency variable quantity described

by eq 11. The data have been subcategorized by the dry
specific surface area of the packing by coloring the data points
accordingly. The data appear to be generally well-described by
the suggested correlations above. There is no obvious trend in
the way the data points fall with respect to specific surface area.
Figure 5 is a similar parity plot of predicted values of (am/ad)
to Tsai’s measured values. Once again, the data have been

Table 2. A History of Regressed Values for the 12 Fitting Coefficients of Eq 1, Eq 2, and Eq 3 along with the Constraints
Imposed for Each Regression

Regression 1 Regression 2 Regression 3

C1 0.03963 ± 0.0239 0.033324 ± 0.021 0.047431 ± 0.00614
C2 1 ± 0.0758 1 ± 0.0759 1 ± 0
C3 1 ± 0.379 1 ± 0.291 1 ± 0
C4 0.78687 ± 0.441 0.55209 ± 0.422 1.0167 ± 0.488
C5 0.19142 ± 0.128 0.16662 ± 0.127 0.16723 ± 0.00958
C6 0.75277 ± 0.0528 0.8 ± 0.0625 0.75 ± 0
C7 0.73965 ± 0.0522 0.75821 ± 0.0602 0.75 ± 0
C8 0.62274 ± 0.245 0.74722 ± 0.289 0.53775 ± 0.221
C9 0.68195 ± 0.0552 0.80933 ± 0.0659 0.63149 ± 0.0395
C10 0.0026523 ± 0.0134 −0.029328 ± 0.0136 0.016881 ± 0.00955
C11 0.17096 ± 0.00787 0.17537 ± 0.00793 0.16898 ± 0.00737
C12 −0.11282 ± 0.00763 −0.12084 ± 0.00768 −0.10929 ± 0.00697

Constraints
0 ≤ C2 ≤ 1 0 ≤ C2 ≤ 1 C2 = 1
0 ≤ C3 ≤ 1 0 ≤ C3 ≤ 1 C3 = 1
0 ≤ C6 ≤ 1 0 ≤ C6 ≤ 1 C6 = 0.75
0 ≤ C7 ≤ 1 0 ≤ C7 ≤ 1 C7 = 0.75
C11 + C12 ≥ 0 C11 + C12 ≥ 0 C11 + C12 ≥ 0

C5 = 5 C1

Figure 4. Log scale parity plot of modeled versus measured values of
the left-hand side of eq 11 for each total reflux ⟨HETP⟩ data point.
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subcategorized by coloring the data points to reflect the dry
specific surface area of the packing. In this plot, there is a
noticeable trend of prediction uncertainty with packing specific
surface area. It is clear that the ratio (am/ad) is generally
overpredicted for packings with low specific surface areas and
underpredicted for packings with higher dry surface areas. We
are led to conclude that eq 16 does not fully capture the
underlying physics associated surface wettability phenomena

and the dependence of these phenomena on the energetic
interactions of the liquid film with the packing surface - for
example Marangoni effects due to interfacial tension
gradients.36

■ RESULTS
Figures 6, 7, and 8 display tests of effectiveness for eq 15, eq
16, and eq 17 for their ability to reproduce ⟨HETP⟩ values
included in our data set. Also included in the plots are
predictions of ⟨HETP⟩ from several prominent mass transfer
correlations and estimating rules.11,13,17,19,20

Additionally, we were interested in testing eq 15 through eq
17 for their ability to predict the performance of packed towers
in carbon capture service. Recent economic studies on carbon
capture with amine-based solvents almost certainly guarantee
that these columns will contain structured packings. Carbon
capture pilot plant data from Notz et al. and Gabrielsen et al.
were chosen to conduct these tests because each reported
enough information to simulate their absorber and/or
stripping units.23,24 Tables 3, 4, 5, 6, 7, and 8 summarize
experimental and simulated results important to these
experiments, including loadings, weight fractions, and duties.
Figures 9 and 10 are comparisons of measured absorber
temperatures and calculated profiles for several of the carbon
capture experiments of Notz and Gabrielsen. The default
Aspen kinetic expressions found in their example simulations
for MEA and AMP were used in our analysis. Different sets of

Figure 5. Parity plot of modeled mass transfer area ratio versus
measured mass transfer area ratio.

Figure 6. (a) ⟨HETP⟩ versus Fs for Ar/O2 separation using Flexipac 500Y at 206.8 kPa.
5 (b) ⟨HETP⟩ versus Fs for CB/EB separation using Mellapak

252Y at 10.3 kPa.4 (c) ⟨HETP⟩ versus Fs for cycloC6/n-C7 separation using Mellapak 252Y at 165.5 kPa.4 (d) ⟨HETP⟩ versus Fs for MB/MP separation
using Mellapak 500Y at 10 kPa.3 Modeled ⟨HETP⟩ as calculated by our correlation is indicated as a solid red line, while the models of Wang et al., Bravo et
al., and Hanley and Chen are represented with green, purple, and blue solid lines, respectively.17,19,20 Additionally, estimating rules from Carillo and
Harrison and France are indicated by orange and light blue dotted lines.11,13
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Figure 7. (a) ⟨HETP⟩ versus Fs for CB/EB separation using Mellapak 500Y at 5 kPa.3 (b) ⟨HETP⟩ versus Fs for CB/EB separation using Mellapak
500Y at 10 kPa.3 (c) ⟨HETP⟩ versus Fs for i-C4/n-C4 separation using Mellapak 250Y at 690 kPa.1 (d) ⟨HETP⟩ versus Fs for i-C4/n-C4 separation
using Mellapak 250Y at 1140 kPa.1

Figure 8. (a) ⟨HETP⟩ versus Fs for p-xylene/o-xylene separation using Flexipac 1.4X at 5.3 kPa. (b) ⟨HETP⟩ versus Fs for p-xylene/o-xylene
separation using Flexipac 1.4X at 26.7 kPa. (c) ⟨HETP⟩ versus Fs for i-octane/toluene separation using ISP 4T at 13.3 kPa.7 (d) ⟨HETP⟩ versus Fs
for p-xylene/o-xylene separation using Mellapak 250Y at 100 kPa.1
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kinetic parameters and reaction stoichiometries would most
likely affect agreement with experimental data to some degree.
Interestingly, the values of power law exponents C2 and C3

were ultimately set to unity, which causes eq 13 to apply for
the final version of our correlation. Replacing ky in eq 7 with eq
13 leads to a cancellation of the molar flux in the vapor phase

contribution to ⟨HETP⟩. The final vapor phase resistance
contribution to the ⟨HETP⟩ is thus

i
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jjjjjj
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jjjj
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y
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cos( )
cos( /4)
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1

1
4

which is only a function of channel inclination angle. The same
fortuitous cancellation of all thermodynamic and transport
properties does not occur on the liquid side since the power
law exponents C6 and C7 are 0.75 in the final version of our
correlations. This means kx remains weakly dependent on
property related effects. Nevertheless, if we were to assume
that eq 14 could approximately represent the relationship
between kx and the liquid molar flux, then the liquid side
resistance would also become a function of inclination angle

Table 3. Experimental and Predicted Values Important to
the Performance of MEA Absorption/Stripping Gas-Fired
Pilot Plant from Notz et al.23

Notz #1 Experiment BRF85
Hanley/
Chen Wang

This
work

Gas out ωCOd2
0.022 0.0267 0.0183 0.0251 0.0291

Lean load
(nCOd2

/
nMEA)

0.265 0.2222 0.2839 0.2677 0.2645

Rich load
(nCOd2

/
nMEA)

0.386 0.3318 0.4067 0.3813 0.3686

CO2 out
ωCOd2

0.996 0.9942 0.9942 0.9941 0.9941

Rich out
duty (kW)

13.524 18.046 12.900 13.119 13.068

Lean in ωHd2O 0.673 0.7695 0.6705 0.6779 0.6717

lean In ωMEA 0.275 0.1986 0.2736 0.2700 0.2757
Lean in ωCOd2

0.052 0.0318 0.0559 0.0521 0.0525

Table 4. Experimental and Predicted Values Important to
the Performance of MEA Absorption/Stripping Coal-Fired
Pilot Plant from Notz et al.23

Notz #2 Experiment BRF85
Hanley/
Chen Wang

This
work

Gas out ωCOd2
0.022 0.0267 0.0183 0.0251 0.0291

Lean load
(nCOd2

/
nMEA)

0.088 0.0750 0.0757 0.0795 0.0816

Rich load
(nCOd2

/
nMEA)

0.308 0.2988 0.3022 0.2926 0.2899

CO2 out
ωCOd2

0.996 0.9945 0.9945 0.9945 0.9945

Rich out
duty (kW)

12.4036 11.9129 11.8712 11.9612 11.9935

Lean in ωHd2O 0.653 0.6519 0.6514 0.6524 0.6526

Lean in
ωMEA

0.284 0.2864 0.2863 0.2871 0.2873

Lean in ωCOd2
0.063 0.0617 0.0623 0.0605 0.0600

Table 5. Comparison of the Results from Gabrielsen et al.
Gas-Fired AMP Absorption Run 1 with Predictions from
Various Mass Transfer Correlations24

Gabrielsen AMP Run 1

Experiment BRF85
Hanley/
Chen Wang

This
work

Gas CO2
bottom
(% vol)

2.62 2.62 2.62 2.62 2.62

Gas CO2 top
(% vol)

1.69 1.278 1.089 1.602 1.645

CO2 loading
top

0.072 0.07201 0.07201 0.07201 0.07201

CO2 loading
bottom

0.178 0.224 0.2451 0.1878 0.183

Experimental mass balance error: −0.4%

Table 6. Comparison of the Results from Gabrielsen et al.
Gas-Fired AMP Absorption Run 4 with Predictions from
Various Mass Transfer Correlations24

Gabrielsen AMP Run 4

Experiment BRF85
Hanley/
Chen Wang

This
work

Gas CO2 bottom
(% vol)

9.28 9.28 9.28 9.28 9.28

Gas CO2 top
(% vol)

6.51 5.745 4.932 6.497 6.645

CO2 loading top 0.118 0.1181 0.1181 0.1181 0.1181
CO2 loading
bottom

0.379 0.4338 0.5046 0.3678 0.3547

Experimental mass balance error: 1.7%

Table 7. Comparison of the Results from Gabrielsen et al.
Gas-Fired AMP Absorption Run 7 with Predictions from
Various Mass Transfer Correlations24

Gabrielsen AMP Run 7

Experiment BRF85
Hanley/
Chen Wang

This
work

Gas CO2
bottom
(% vol)

12.96 12.96 12.96 12.96 12.96

Gas CO2 top
(% vol)

9.83 9.898 9.682 7.405 8.692

CO2 loading
top

0.17 0.17 0.17 0.17 0.17

CO2 loading
bottom

0.459 0.4385 0.4571 0.6522 0.5423

Experimental mass balance error: 4.9%

Table 8. Comparison of the Results from Gabrielsen et al.
Gas-Fired AMP Absorption Run 11 with Predictions from
Various Mass Transfer Correlations24

Gabrielsen AMP Run 11

Experiment BRF85
Hanley/
Chen Wang

This
work

Gas CO2
bottom
(% vol)

10.27 10.27 10.27 10.27 10.27

Gas CO2 top
(% vol)

8.01 7.108 6.474 7.797 8.048

CO2 loading
top

0.284 0.284 0.284 0.284 0.284

CO2 loading
bottom

0.4 0.438 0.4663 0.4057 0.3945

Experimental mass balance error: −0.9%
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alone. We determined the effective values for the liquid side
resistances for “Y” and “X” style packings by performing linear
regressions of kx against liquid molar flux for each angle. As a
final step, we replaced the mass transfer area term in the
denominator of eq 7 with the average value of (am/ad)
multiplied by ad. Eq 18 and eq 19 show the results for new “Y”
and “X” style estimating rules based on the above
simplifications.

+( )
a a

HETP
0.7997

106
Y

d d

1
0.0478

1
0.0156

(18)

+( )
a a

HETP
0.7997

123
X

d d

1
0.0333

1
0.0145

(19)

Surprisingly, eq 18 for “Y” style packings is in excellent

agreement with the well-known estimating rule 100/ad

reported by Harrison and France.11 Eq 19 is, we believe, a

unique rule-of-thumb for “X” style packings. Figure 11

compares predictions of eq 18 and eq 19 to vendor-

recommended ⟨HETP⟩ values.

Figure 9. (a) and (b) display absorber temperature versus bed depth used in carbon capture pilot plant experiments 1 and 2 of Notz et al.23

Modeled absorber temperature as calculated by our correlation is indicated as a solid red line, while the models of Wang et al., Bravo et al. 1985,
Bravo et al. 1992, Hanley and Chen, and Billet and Schultes are represented with green, purple, orange, blue, and light blue solid lines,
respectively.17−20,38

Figure 10. (a), (b), (c), and (d) display absorber temperature versus bed depth used in carbon capture pilot plant experiments R1, R4, R7, and
R11 of Gabrielsen et al.24
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■ CONCLUSIONS
The performance of eq 15 through eq 17 in simulations of
mass transfer in distillation and for absorption/stripping
represents an advance over other available correlations for
structured packings. Figure 2 and Figure 12 present ⟨HETP⟩

parity plots for a number of the mass transfer correlations
examined in this paper. The correlation presented in this paper
noticeably outperforms the others which are displayed. While
the power law forms used in this paper cannot adequately
capture the true complexity of these types of unit operations,
we have shown that they do remarkably well for a much-
expanded range of column operating conditions and fluid
transport and thermodynamic properties away from flood for
both distillation operations as well as for carbon capture.
However, much work remains before a complete model of

mass transfer in structured packings can be claimed. For
example, the efficiency data for i-C4/n-C4 taken at 2.76 MPa by
FRI remains enigmatic, as no correlation examined/reported
on in this paper is able to even come close to the magnitudes
of the reported ⟨HETP⟩s for the experimental range of Fs
values.1 In addition, the simplicity of form for all of these

correlations cannot possibly capture the complex behavior
observed, such as the notorious “hump” seen at intermediate
Fs. Figure 13 displays the poor performance of our correlation

and others for this particular experiment. It should be noted
that efficiency models have been proposed that capture this
type of behavior.37 Unfortunately, the complexity of the
proposed equations coupled with the paucity and quality of the
experimental data puts effective use of these equations out of
reach.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00769.

Additional graphical and tabular results and comparisons
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Brian F. Hanley − Cain Department of Chemical Engineering,
Louisiana State University, Baton Rouge, Louisiana 70803,
United States; orcid.org/0000-0001-5142-3597;
Email: brianhanley@lsu.edu

Author
Jack Wilfert − Cain Department of Chemical Engineering,
Louisiana State University, Baton Rouge, Louisiana 70803,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c00769

Funding
No external funding was used in the preparation of this
manuscript. Louisiana State University has paid the open
access fee for this document through a transformative
agreement with the American Chemical Society.
Notes
The authors declare no competing financial interest.

■ SYMBOLS
ad: dry packing surface area per unit volume
am: mass transfer surface area per unit volume
cL: molar concentration of the liquid phase

Figure 11. Comparison of predictions from eq 18 and eq 19 to
vendor-recommended ⟨HETP⟩ values as a function of dry packing
specific surface area, ad. Koch-Glitsch Flexipac, Koch-Glitsch ISP, and
Sulzer Mellapak data are represented by triangles, circles, and
diamonds, respectively. Red signifies “Y” style packings and
predictions, while those in blue signify “X” styles.

Figure 12. ⟨HETP⟩ parity plot for the mass transfer correlation
developed by the authors. Dotted lines are ±20% around the diagonal.

Figure 13. ⟨HETP⟩ versus Fs for i-C4/n-C4 separation using Mellapak
250Y at 27.6 MPa.1
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cV: molar concentration of the vapor phase
Ci: fitting constant
Cx: composition dependent correction factor used to
convert the point HETP to an average HETP
Cy: composition dependent correction factor used to
convert the point HETP to an average HETP
Dij°: tracer diffusivity of component i in liquid j

V : vapor phase binary diffusion coefficient
L: liquid phase binary diffusion coefficient

de: packing equivalent diameter −4ε/ad
FrL: liquid phase Froude number -

v
gd

L

e

2

FS: superficial F-factor - vV V
G: vapor molar flux
HETP: height equivalent to a theoretical plate; usually the
point HETP
⟨HETP⟩: average HETP over the column height as
compared to the point HETP
kx: liquid side mass transfer coefficient based on mole
fraction driving forces
ky: vapor side mass transfer coefficient based on mole
fraction driving forces
m: slope of vapor−liquid equilibrium curve
ReL: liquid phase Reynolds number
ReV: vapor phase Reynolds number
ScL: liquid phase Schmidt number − L

L L

ScV: vapor phase Schmidt number − V

V V

ShL: liquid phase Sherwood number − k d
c

x e

L L

ShV: vapor phase Sherwood number − k d

c
y e

V V

vL: liquid velocity based on the total cross-sectional area of
the column
vV: vapor velocity based on the total cross-sectional area of
the column

WeL: liquid phase Weber number − d vL e L

L

2

x: liquid phase mole fraction of the more volatile
component
y: vapor phase mole fraction of the more volatile component

■ GREEK LETTERS
α: relative volatility
β: thermodynamic correction for solution nonideality
ε: packing void fraction
θ: packing inclination angle measured from the horizontal
μL: liquid dynamic viscosity
μV: vapor dynamic viscosity
ρL: liquid mass density
ρV: vapor mass density
σL: interfacial tension
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