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Abstract:

Structured packing HETP correlations play a significant role in the design and
operation of packed distillation columns. A model derived from inadequate HETP data
will not only affect where it may perform poorly but will also impact the relationship
between specific physical properties and the model’s predicted HETP. This study focused
on the impact of physical properties on structured packing HETP correlations in the
literature, as well as their HETP prediction capabilities.

The evaluated models included Gualito (1997), Billet & Schultes (1999), Delft
(2004, 2014), Aspen (2012) and Song (2017). Multiple hydrocarbon and aqueous systems
were analyzed, with pressures ranging from 0.130 — 27.6 bara. The sensitivity testing was
meant to highlight the differences in model relationships with physical properties, caused
by assumptions, different physical property ranges used for development, etc. As a result
of the analysis, the counter-intuitive relationships between HETP and liquid viscosity
were observed with the Billet & Schultes and Gualito correlations. For these two
correlations, HETP decreased with increased liquid viscosity. In general, all the models
showed varying degrees of sensitivity to liquid viscosity, some were more impacted at
low pressures, while others at high pressures. In addition to liquid viscosity, the
differences in dependency on surface tension were highlighted between all the models.
Some correlations demonstrated predicted HETP changes of 15% or more, while other
correlations were impacted by less than 3%, with the same variation of surface tension.
Overall, the physical property sensitivity results quantified the impact of surface tension
and liquid viscosity with multiple types of systems. Monte Carlo methods were also
utilized to determine the uncertainty of each model with different physical property
inputs.

In addition to the physical property study, a HETP performance evaluation was
conducted with various types of packings and test systems. Billet & Schultes correlation
generally performed the best, due to regressed packing-specific constants, but other
correlations such as Song and Aspen performed nearly as well, and in some cases better.
Other aspects of the models such as effective area predictions were discussed in detail
and observations were made about model strengths and weaknesses.
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CHAPTER |

INTRODUCTION

Distillation is one of the most important processes in the energy and chemical industries.
It is used for natural gas processing, oil refining, air separation and many more chemical
processes. Distillation columns can be costly to manufacture and assemble, as well as require
significant amounts of energy to successfully separate chemicals to desired purities. As much as
40% of the energy utilized in the chemical process industry is attributed to distillation.t
Therefore, by avoiding the oversizing of a column can result in significant energy savings.
Efficiency correlations are an important tool to the sizing of both types of distillation columns,
which are trayed and packed. These two classifications describe the internals of the separation
column. Internals are placed in distillation columns to improve mass transfer between the liquid
and gas phases. A further distinction for packed columns is either structured or random packing.
A later section in this chapter is dedicated to describing column internals more in-depth. The

focus of this study is on structured packing HETP correlations.

1.1 ASPECTS OF THE HETP MODEL
Section 1.1 provides fundamental definitions and background information to understand
the features that make-up HETP correlations in the literature. It also briefly outlines the

importance of HETP and how it relates to the design process of separation columns.



1.1.1 THEORETICAL PLATES

In the design of a packed distillation column, packed bed height equivalent to theoretical
plate (HETP) is considered a metric of mass transfer efficiency for packed columns. A high
HETP means that separation efficiency is low and vice versa. Packed efficiency models are used
to predict HETP, which convert a theoretical plate number into a packed bed height, seen in

Equation 1.1.
hy, = N - HETP (1.2)

The packed bed height, hp, is the required packing height to achieve the desired purity of the
chemical that was the basis for the theoretical stage calculation. A theoretical stage, N, represents
vapor and liquid leaving a stage in equilibrium, thus both have the same chemical potential and
temperature, which is not representative of real-life mass transfer. HETP is the key term that
allows theoretical mass transfer to be translated to how an actual column will perform. As HETP
increases, packed bed height increases and costs to construct and operate the column do as well.
Therefore, the prediction of HETP is very important to the successful design of an efficient
column. For binary distillation experiments published in the literature, the number of theoretical
stages, N, is usually calculated by the Fenske equation.? The Fenske equation, seen in Equation
1.2, requires liquid mole fraction of the light component at the top and bottom of the column and

relative volatility.

N =1log[(x/1 = X))top/(x/(1 = X)) bem]/10g(@avg) (1.2)
In the Fenske equation, a,,, is the geometric average of the top and bottom relative volatilities,
where relative volatility is the ratio of the light component K-value to the heavy component K-
value. There are other variations of the Fenske equation, such as the Winn equation® and others

but their selection is dependent on the application. Once theoretical stage count is established via



Fenske equation or process modeling software, the only unknown parameter in Equation 1.1 is

the HETP value.

1.1.2 DEFINITION OF HETP
For HETP to be estimated, it is related to height of transfer unit (HTU)?, as seen in
Equation 1.3. According to two-film theory,® the relationship between overall height transfer unit

and individual film transfer units can be substituted and results in Equation 1.4.

InA .

In 2
HETP =|j¥jﬂ(HTUG+AHTUQ (1.4

Two-film theory has been widely established for use in the HETP equation. HTU,; and HTU,,
describe the concentration driving force across each respective phase. In Equation 1.3 and
Equation 1.4, stripping factor (1) is an important parameter that relates HTU to HETP. Stripping
factor is the ratio of equilibrium line slope to operating line slope, which is below in Equation 1.5.
PR (15)
(L/G)
Both the equilibrium and operating line slopes in the stripping factor must be straight for
Equation 1.3 to be an applicable relationship between HETP and HTU. The operating line slope
is represented by, L/G, which is a ratio of liquid phase molar flow rate to gas phase molar flow
rate. For total reflux experiments, the operating line slope is equal to one. The equilibrium line

slope, m, is described in Equation 2.6 for binary distillation applications.

@ (1.6)
[1+ (a—1)x]?

As stated earlier, the relative volatility is the ratio of the light component to heavy component in
Equation 1.6. The equilibrium slope varies across the height of the column since it is dependent

on composition. With Equation 1.3 and Equation 1.4, this approach allows for analysis to be



broken down into mass transfer coefficients, superficial velocities, and effective area terms. By
substituting into the definitions of HTU; and HTU,, in Equation 1.4, the final equation for HETP,

which is used by different models to predict HETP can be seen in Equation 1.7.

InA
n (ucs 42 Urs ) (1.7)
A—11\kgza, ka,

HETP = [
In Equation 1.7, the new substituted parameters are a,, which is the effective interfacial area,
ugs and u; ¢ are the gas and liquid superficial velocities, and k. and k; are the gas and liquid
mass transfer coefficients, respectively. With this structure, the robustness of an HETP
correlation is dependent on the development of the mass transfer coefficients (k;, k;) and the

effective area (a,) term. The discussion of individual HETP correlations from the literature will

be discussed in Chapter 2.

1.2 COLUMN INTERNALS

As discussed in the beginning of Chapter 1, there are two main internal classifications for
separation columns: trays and packings. The purpose of internals is to increase surface area for
the contact of liquids and gases to improve separation. Each type makes up approximately half of
the internals used in industry.® An example of a sieve tray is seen in Figure 1.1; the design allows
for liquid holdup on the tray portion and vapor to flow through the sieve holes in order for mass

transfer to occur.

Figure 1.1. Example of Sieve Tray (Image taken from Sulzer.com).



Packings can be classified into random and structured types. Random packings are randomly
distributed in the inside of a distillation column, hence the name. These packings include Raschig
rings, Pall rings, Berl saddles, INTALOX® saddles and more. Furthermore, structured packings
can be further broken up into different types such as gauze packings or corrugated metal sheet
packings. Structured packings thrive in vacuum distillation settings. While random packings can
operate at higher liquid rates compared to structured packings. An example of structured packing
can be seen in Figure 1.2, unlike trays, packings give constant surface area for mass transfer to

occur across the bed height.

Figure 1.2. Example of Structured Packing (Image taken from Sulzer.com).

Lower nominal areas of structured packing will result in lower separation efficiency. The focus of
this study will be on HETP data collected with corrugated metal sheet structured packings, such

as Mellapak 250Y.

1.3 RESEARCH OBJECTIVES
The primary goals of this research are to evaluate HETP correlations in terms of HETP
prediction accuracy and quantify how impactful certain physical properties are on their

calculation of HETP. Important steps/objectives along the way to achieve:



Review and select newer HETP correlations to compare performance against and older,
established HETP correlations that are employed in a lot of process modeling software
applications

Develop MATLAB code for every selected correlation to analyze their HETP prediction
performance, as well as eventually pass on the files to a future graduate student.

Collect an experimental HETP database of corrugated sheet metal structured packing that
reflects efficiency performance of industrial distillation columns.

Quantify uncertainty from physical property inputs in all the selected models.
Computationally investigate the impact of liquid viscosity and surface tension on overall

HETP prediction for each correlation.



CHAPTER II

LITERATURE REVIEW

There have been numerous studies on mass transfer and structured packing performance
that have led to the development of HETP correlations in the literature. The chapter intends to
highlight significant HETP correlations and the differences between them in terms of their
structure. This includes discussing about the assumptions, test systems and packing types that
were used to come up with the final HETP correlation. In addition to a review on HETP
correlations, a part of this chapter will be dedicated to discussing previous studies on the

performance of these HETP correlations.

2.1 MASS TRANSFER COEFFICIENT THEORIES

For many of the older and well-established structured packed mass transfer correlations,
there are two widely adopted methods behind the development of the gas and liquid mass transfer
coefficients. The first, penetration theory,” which assumes liquid molecules move between the
bulk phase to the liquid/gas interface.® At the liquid/gas interface, gas contacts liquid molecules
where mass transfer occurs for a specific amount of time. The mass transfer assumed under
penetration theory can be described by unsteady-state conditions. After assuming constant
diffusivity and depth to be infinite, taking the appropriate integral of Fick’s law, given in

Equation 2.1, results in the liquid film coefficient in Equation 2.2.



ac 92 (2.1)

ot 4B ox?
2.2)
D (
k, =2 AB
mt,

In Equation 2.2, the liquid mass transfer coefficient is expressed in terms of exposure time, te, and
diffusivity, Dag. In the literature, penetration theory is mostly used as the basis to develop more

complex liquid-side mass transfer coefficient terms.

The second widely adopted method for development of mass transfer coefficients is using
a wetted-wall column. The notable HETP models in the literature use wetted-wall column
experiments to develop gas-side mass transfer coefficient. A wetted-wall column is a vertical tube
that allows for gas and liquid mass transfer to be studied. A liquid flow down the wall of the
column and forms a liquid film on its surface. Another fluid flows through the column,
sometimes counter-current or co-currently with the liquid that flows down the walls of the
column.® One of the most notable wetted-wall studies is by Gilliland and Sherwood,° which
included multiple chemical systems with both counter-current and co-current flows. From this
study, an experimental correlation for gas-side mass transfer coefficient was developed to relate

Sherwood number, Reynolds number and Schmidt number, seen in Equation 2.3.

Sh; = 0.023Re2835c04* (2.3)
The equation above is considered accurate with an approximate Reynolds number range of 2,000
to 27,000. Other notable studies WWC studies are McCarter and Stutzman,'? Schwarz and
Hoelscher,®* and Johnstone and Pigford.'* Johnstone and Pigford* will be mentioned later as it

was the basis for the SRP I’s gas-side mass transfer coefficient.



Another common method, especially for absorption experiments, is deconstructing mass
transfer coefficient terms from volumetric mass transfer coefficient measurements. For example,
Onda et al.*> used k.a. measurements to determine k. term, as they had already studied effective
area and determined a term for it. This same method can be used but determining ke first, via
assuming a theory (such as Higbie’s penetration theory) to then establish a. from k.a.. Modern
mass transfer correlations have adapted these two previous theories in some capacity but also
have transitioned to constructing terms with dimensional analysis. Hanley and Chen?® utilized
Buckingham Pi theorem to develop liquid, gas mass transfer coefficients and even the effective
area term. Despite these new strategies being employed to determine mass transfer coefficients,

traditional wetted wall column experiments are still conducted to verify them.

2.2 EFFECTIVE AREA TERMS

Like mass transfer coefficients, effective area terms, ae, have been developed with a
multitude of strategies. As stated in Section 2.1, volumetric mass transfer coefficient
measurements can be deconvoluted into effective area and liquid mass transfer coefficients when
one of them is known. For the development of effective area terms with this method, Billet &
Schultes correlation'”*® assumed penetration theory to determine the liquid mass transfer
coefficient. So, with this approach the effective area has turned into a term that is “fit” to make up
for weaknesses of the derived mass transfer coefficient term. In addition to these empirical
effective area models, there is some semi-theoretical models that are based on surface flow
studies. Generally, though, most models in the literature are heavily regressed based on data. This
has resulted in effective interfacial area terms from the literature having poor agreement amongst
each other. This is due to multiple reasons, the first being the selected test systems for
development and validation. If the physical property ranges are limited in viscosity, surface

tension and other important physical property parameters related to effective area, then model’s



will be limited in performance and their applications. Limitations to available data or studies as it
pertains to packing can also be detrimental to an effective area model. Many of the models
discussed in depth later contain correction factors that are based on the wetting of examined
packings. Second, the interpretation of the definition of effective interfacial area seems to be up
to the model developer. Some deduce that effective interfacial area is only the area represented by
wetting on the specified nominal area. Others interpret effective interfacial area as any area in
which mass transfer can occur, such as on waves, droplets, etc. Even when the later definition is
adopted, rarely does the effective area prediction surpass the specified nominal area of the
respective packing. In Section 2.3, specific effective area terms will be discussed more in-depth

when specific HETP correlations are introduced.

2.3 REVIEW OF COMMON HETP CORRELATIONS

The purpose of this section is to discuss notable HETP models that will be analyzed in
Chapter 3 and Chapter 4. Subsection 2.3.1 and 2.3.2 feature models that will not be analyzed but
they are included since they are earlier variations of the model in Section 2.3.3 that will be
analyzed. Each model will have their working equations, assumptions and other information
related to development highlighted. The last Section 2.4 has a recap of previous work and studies

related to HETP models.

2.3.1 SRP | Correlation

The first structured packing HETP model was developed by Bravo et al.*® which focused
on experimental data with gauze-type structured packing. The gas-side mass transfer coefficient
is assumed to be accurately described by wetted wall column experiments. As stated earlier, there
has been many notable studies with wetted wall columns, this model utilized the work from
Johnstone and Pigford'#, as seen in Equation 2.4.

Shg = 0.0328Re277Sc2333 (2.9)

10



The constant and exponents in Equation 2.4 were modified based on the experimental data that
Bravo et al.!® had analyzed. The two sources for experimental data were total reflux experiments
from Fractionation Research Inc.?’ and BASF.2! After modification, the Sherwood gas number
equation took the final form seen in Equation 2.5.

Shg = 0.0338Re2805¢2333 (2.5)

The Sherwood gas number can be converted into an expression for gas-side mass transfer
coefficient. Since Sh; = % , the gas-side mass transfer coefficient, kg, is displayed in
G

Equation 2.6.

ke = 0.0338Re805c2333 <&> 29

deq
Where the new terms in Equation 2.6 are the diffusion coefficient for gas, Dg, and the equivalent
diameter of channel, deq. The equivalent diameter of channel is dependent on the type of packing
used and its crimp height (h), channel base (B) and channel side (S) dimensions. The equation for
equivalent diameter of channel can be seen in Equation 2.7.

deq = BR[1/(B + 2S) + 1/25] (2.7)
Other important terms that are necessary to calculate the gas-side mass transfer coefficient in
Equation 2.6 are the Reynolds number for gas and Schmidt number for gas, which are presented
in Equation 2.13 and 2.14, respectively. Before calculating the Reynolds number for gas, the gas
and liquid superficial velocity, liquid flow per unit length of perimeter, effective liquid and gas
superficial velocities must be calculated, as seen in Equation 2.8, Equation 2.9, Equation 2.10,

Equation 2.11, Equation 2.12 respectively.

Ugs = Fv/\/p_G (2.8)
Urs = Ugs(pg/pL) (2.9)
L L (2.10)

r

T PAy (453; B) A

11



U = (3r/2PL)(P1%g/3#LF)O'333 (2.11)

Uge = (Ugs/€)sin(0) (2.12)
Reg = —1= (Ugg + ULg)
Ug
K (2.14)
Sc, =
¢ PcDg

In Equation 2.10, liquid flow based on the perimeter requires tower cross sectional area, Ay,
packing geometry and the mass velocity of the liquid, L. With the previous equations, it is now
possible to calculate the gas-side mass transfer coefficient in Equation 2.6.

The liquid mass transfer coefficient is developed from penetration theory, the initial
equation described by Higbie? is presented earlier in Equation 2.2. The modified version by

Bravo et al.,*> which is the utilized version in SRP | is as seen in Equation 2.15.

’ (2.15)
_ . [DLULg

The exposure time seen in Equation 2.2, was replaced by the term S/U, ¢, which better describes

liquid flow across the corrugation side length. Unlike the next models that will be discussed later,
SRP | assumes effective interfacial area to be equivalent to the specified packing area. Bravo et
al.?® found that at relatively high liquid rates, the gauze packing showed complete wetting to
make this assumption. At this point, effective area, gas-side, and liquid-side mass transfer
coefficient equations have been established for SRP | and now Equation 1.7 can be used to

predict HETP.

2.3.2 SRP 11 Correlation

Like the SRP I correlation, SRP 11232 had similar model assumptions for development of
its mass transfer coefficient equations. This means penetration theory was the basis for the liquid-
side mass transfer and wetted wall column experiments for the gas-side mass transfer. One of the

largest differences in the SRP Il correlation is the development of a hydraulic model. The
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hydraulic model is a critical part of the correlation that must be solved first before proceeding to
use the mass transfer model. The important output of the hydraulic model that is ultimately a
required input in the mass transfer model is the liquid holdup. The pressure drop model was
developed from air/water experimental data of liquid holdup across multiple types of structured
packings. McNulty and Hsieh? studied hydraulic effects with Flexipac while Chen et al.?62
conducted studies with Gempack. The first two steps to solving SRP II’s hydraulic model is
estimating dry pressure drop and correction factor for total holdup, which are respectively seen in
Equation 2.19. and Equation 2.20. The dimensionless numbers required throughout SRP Il are

documented in Equation 2.16-2.20.

UZp.S 2.16
We, = LsPL (2.16)
UZs (2.17)
FTL - —
Sg
U,sS
Re, = -5 PL (2.18)
Hi
(AP) ~ ( 0.1775p5 , , 88774k | ) (2.19)
AZ)4ry  \Se2(sinB)% "¢ " S2¢(sind) Gs
29.12(We, Fr;)01550-359 (2.20)

t =

Re)%£96(1 — 0.93cosy)(sing)03

The horizontal corrugation angle, 6, is not to be confused with the contact angle between liquid
and solid, y, which are both seen in the correction factor for liquid holdup. The value for cosy is
dependent on packing type and surface tension of the test system, if the surface tension is less
than or equal to 0.055 N/m, then cosy = 0.90. If surface tension is greater than 0.055 N/m, then
cosy = 5.211 x 107168359 'where ¢ is the actual surface tension of the system. Once these

values are calculated, liquid-holdup is then solved iteratively. First, liquid hold-up is calculated

AP

with Equation 2.28., with (i—;) = (E)d , once this value is set, pressure drop at the flood
new ry

point can be estimated. Rocha et al.?>?* states that a pressure range of 900-1200 Pa/m was

common to witness flooding for the packings and systems studied.
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3 (2.21)
4F 3 30, U
h, = [Tt] UL ULs (E)
pLESinOg (pL;—pG) 1— AAPZ new
’ (ﬁ)ﬂood
(AP ) (2.22)
dry

(AP) 3 AZ
AZ)  [1—(0.614 + 71.355)h,]°

With a liquid holdup and pressure drop value calculated, the pressure drop value from Equation

2.22, is compared to (i—g)new. If (i_;) * (i—z)new, then (i—g)new is set to (2—2) which is then the

new pressure drop value used to recalculate Equation 2.21. Equation 2.22 is also recalculated

given that there is a new liquid holdup value, where again, (2—2) is checked if it is equal to

(i—g) . The process will continue for multiple iterations until the conditions are met, once
new

(A—P) ~ (A—P) , the iteration process can be stopped, and the user of SRP Il model has the liquid
AZ AZ) pew

holdup calculation that will be used for the mass transfer model.

As stated earlier, SRP |1 used the wetting wall column relationship to develop the gas-
side mass transfer coefficient term. The exponents are the same as seen in SRP |, but there are
slight modifications to the constant value, as well as Reynolds number term, seen in Equation

2.23.

D¢\ ((Uge + Ug)peS\*? 1 ug |33 (2.23)
kg = 0.054 (-) ( ) ( )
He Dgpe

S
The effective velocities are more complex than the versions seen in SRP I, with the
implementation of the liquid holdup parameter in both the liquid and gas effective superficial
velocities. The liquid and gas effective velocities are presented in Equation 2.24 and Equation
2.25, respectively.

Urs (2.24)

U= ——
LE™ ¢h,sind
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Ugs (2.25)
U = —— :
€(1 — h;)sinf

The liquid mass transfer coefficient term is also like the version seen in SRP I, seen in Equation
2.26. The difference is the addition of a correction factor for surface renewal, Cp, this is done to
account for parts of the packed bed where surface renewal is not rapid.

(2.26)

D, CpUpg
S

k, =2
Murrieta® found that the correction factor for surface renewal typically was around 0.9. This
study was conducted with commonly known structured packings and the test system was an
air/water system.
Along with the addition of a hydraulic model to SRP I, an effective interfacial area term
was established. Shi and Mersmann? studied liquid flows and wetted surface area in a packed
column with multiple systems which became the basis for development of SRP II’s effective

interfacial area term, seen in Equation 2.27.

a, 29.12(We Fr;)01550359 (2.27)

a, ~ "SERePZ£06(1 — 0.93cosy) (sind)03

In Equation 2.27, the surface enhancement factor, Fsg, which accounts for variations in the
surface of the packing, such as fluting. This term was created from studies of surface performance

under distillation by McGlamery.*

2.3.3 Revised SRP 11 Correlation: Gualito et al.

Based on the SRP Il correlation’s performance with new high-pressure data published by
Fractionation Research Inc., Gualito et al.®! revised aspects of the SRP 11 correlation to improve
its predictions at those pressures. The new data, published by Fitz et al.,? contained the pressure
range of 6.9 bara to 27.6 bara, for the test system 1C4/NC4. The main change from SRP Il to
Gualito correlation is the effective area term. There are also minor changes to hydraulic and mass

transfer model equations. The Weber number, Froude number and Reynolds number for the

15



liquid are the same equations as in Section 2.2.2. The new hydraulic model equations are

presented in Equation 2.28-2.31.

(ﬁ) ) pe 0.4 ( C.ps ot Colto J ) (2.28)
AZ dry B pair,lbar SSZ(Sing)Z o Szg(Sing) o

(We, Fr;,)%154,542 (2.29)
e)2£06(1 — 0.93cosy)(sinf)03

3 (2.30)
2/3 ( 3uULs \l

Ff=

Sl &
Kp,ﬂssmﬁg pG) 1- (AAPZ) lew )
H flood
(ﬁ ) (2.31)
AZ) gry

AP\
(E) " [1—(Dy + DyS)h, )5

0.4
In Equation 2.28, has a new term added with the implementation of ( ) , as well as new

Pair,1bar

constants seen in the Equations 2.28-2.31. The new constants which are: 4;, 4,, B;, B,, C;, C,,
D, and D,, allow for the interchanging of constants based on the packing material being used,
these values are presented in Table 2.1. As discussed in SRP Il, the value for cosy is dependent
on packing type and surface tension of the test system. For SRP Il, the reference surface tension
is equal to 0.055 N/m, for deciding what equation to use to find the value of cosy. For the Gualito
correlation, the reference surface tension is equal to 0.045 N/m. If the surface tension is equal to
or less than 0.045 N/m, cosy = 0.90. If the surface tension was greater than 0.045 N/m, then

cosy = By X 10827,

16



Table 2.1. Hydraulic Model Constants in Gualito Correlation

Material Type Ay A, B, B, C; C, D, D, Fsg
Sheet Metal 29.12 | 0.3600 | 5.210 |-16.83 | 0.1770 | 88.77 | 0.6140 | 71.35 | 0.3500
Ceramic 1154 | 0.3600 | 1.520 | -3.510 | 0.2440 | 0.000 | 0.5320 | 92.22 | 0.4600

Polypropylene | 21.67 | 0.1300 | 10.88 | -30.92 | 0.1340 | 44.06 | 0.6330 | 130.94 | 0.4600

For calculations used in later chapters, only the constants under the sheet metal material type
were utilized. It is interesting to note that in Gualito et al.,* the surface enhancement factor is

recommended as 0.35, no matter the structured sheet metal packing type, unlike in the original

SRP |1 correlation. After solving Equation 2.28-2.29, (2—2) is set to (i—g)d but the value for
new ry

pressure drop at the flooding point now follows a correlation, is not selected based on an

AP

estimated range like it is in SRP Il. The new recommendation for the estimation of (Az)ﬂ . is
00
presented by Gualito et al., seen in Equation 2.32.

AP
(—) = 1500 + 65,000 - Uy (2.32)
AZ) fi00a

The correlation for pressure drop at the flooding point predicts a much higher pressure drop range
than the observed range stated in SRP II’s development. Now that pressure drop at flood and
“new” pressure drop is calculated, Equation 2.30 and Equation 2.31 can be solved. The same

iterative process described in Section 2.2.2. for SRP 11 hydraulic model is performed in Equations

2.30-2.31 until convergence is met between pressure drop, (2—2), and the “new” pressure drop,
AP
(Az)new'

Besides the changes seen in the hydraulic model, there is only one variation in the mass
transfer model. It is one slight change in the liquid mass transfer coefficient term, seen in

Equation 2.33.
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2.33
DLUL. (233)

k, =2 s
The difference between SRP II’s liquid mass transfer coefficient and Gualito correlation is the
omission of the Ce term in Equation 2.33. Gualito et al.*! do not state a reason for removing the
correction factor for surface renewal. This could be an error, but its presence is fairly
inconsequential on HETP prediction and for further studies involving Gualito correlation, the
equaations are used as presented in the publication.

The major update in the Gualito correlation is found in the effective area term. This was
inspired by the HETP predictions by SRP Il which underpredicted for the high-pressure data
published by Fitz et al.®? A correction factor was inserted into the effective area term, which was
a ratio of liquid and gas superficial velocities. This was done to adjust the original effective area
term in SRP 1l which predicted effective area terms being greater than the specified nominal area
of the packing being utilized. The new effective area term with the addition of the correction

factor is presented below in Equation 2.34.

ae (We,Fr,)%15 A, 842 Fg 1.2 (2.34)
a, ReX2e06(1—0.93cosy)(sind)03 11 + 0.2¢30(ULs/(2Uss)

The beneficial aspect of the new correction term is that it does not greatly impact low-pressure
test system predictions. So, the performance of Gualito and SRP Il only diverges for high
pressure systems. The same gas side mass transfer coefficient is utilized in this update as the

original SRP 11, as well as the Reynolds, Weber, Froude, effective superficial velocity equations.

2.3.4 Billet & Schultes (1993, 1999)

Billet & Schultes correlation was developed from a wide range of test systems used in
mass transfer studies at Bochum University. The first model, published in 1993 by Billet and
Schultes!” had introduced packing specific constants implemented in the mass transfer coefficient
terms. Both mass transfer coefficient terms were uniquely formulated from Higbie’s penetration

theory, and the mass transfer model can predict HETP for random and structured packing
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applications. Many of the other models preceding and succeeding the Billet & Schultes
correlation use penetration theory for the liquid mass transfer coefficient and wetted wall column
experiments to construct the gas mass transfer coefficient. The equations published in the 1993

version of Billet & Schultes correlation are given below.

h _ <12MLa127ULS>1/3 (235)
: LY
gy =15 (236)
ap

o= (22" Py, (%) @37
L L 1L dp a,

k-=C ( ! >\/WD <pGUGS>3/4< He )1/3 (2.38)
¢ 4 JE—hy dp 6 Heap P Dg

Y sthL)_O'z <UL25thL)OI75 <U_L25)_MS (2.39)
L o gdy

The packing-specific constants, C,, and C;, are seen in the liquid and gas mass transfer
coefficients, seen respectively in Equation 2.37 and Equation 2.38. The packing specific constants
are regressed with experimental HETP data, so each packing type has a unigue set of constants.
Along with the working equations of the correlation, Billet and Schultes'”® published values for
packing-specific constants, applicable to the packing types that were used in their mass transfer
studies.

In the later publishing in 1999, Billet and Schultes'® presented a model dependent on the
type of flow regime being predicted. There essentially was a different set of working equations

for the pre-loading regime, loading point and flooding regime.

2.3.5 Delft Model (1997, 2004, 2014)

Oluji¢® initially developed the Delft Model in 1997, which predicted hydraulic
parameters such as liquid film thickness and liquid hold-up. Like previous models, the liquid
mass transfer coefficient term was developed from penetration theory and gas mass transfer
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coefficient term was developed from wetted wall column experiments. The working equations for
solving the gas mass transfer coefficient term in the 1997 version of the Delft Model are listed in
Equations 2.40-2.55.

_— hpe (2.40)
Gre ™ sin(0)

< 3.uL ULS >1/3 (241)
0= ——F—
pL g ap sin(6)

(bh — 255)? (2.42)
~ bR

[(bh — 253)2 s ((bh - 255))2]0'5 , bh =285

dpe =

2h bh 2h
h, = éa, (2.43)

The liquid holdup is then implemented into the effective liquid and gas velocities, in Equations
2.44-2.45. The gas mass transfer coefficient for the Delft model was divided into laminar and
turbulent flow regimes. The turbulent Sherwood gas number, seen in Equation 2.49, was
developed by Petukhov®* using mineral oils like transformer oil, and was accurate within 5% over
the Reynolds number range of 10* to 5x10° and Prandtl number range of 0.5 to 2,000. Millsaps
and Pohlhausen® utilized the momentum-integral equation by Karman® to build the laminar

Sherwood gas number. The gas side mass transfer coefficient is established in Equation 2.53.

U = Uss (2.44)
Ge ™ (e — hy)sin(6)
v, = s (2.45)
Le ™ eh,sin(0)
( 5 ) ( 5 ) -2 (2.46)
) dug) 502 d.e) 145
S =\ 2log |55~ g —log| T3 p—
_ P¢Wge + Upe)dpg (2.47)
ReGrv - LG
K (2.48)
Sce =
¢ PcDg
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ReGrvSCG %

ShG,turb =
lG,pe

1+ (d_)’] .

2/3
1+12.7 %L(SCG/ ~-1)

p (2.50)
ShG 1am = 0.664Scy”> |Regyy —=-
lG,pe
k _ ShG,turbDG (2-51)
G,turb — d—
hG
k _ ShG,lamDG (2-52)
Glam — d—
hG
(2.53)

ke = \/kg,lam + kG turp
The liquid mass transfer coefficient term, seen in Equation 2.54, is quite like SRP II, except for
the dng term, or hydraulic diameter. Both SRP II and Delft adopted Higbie’s penetration theory to
derive the k. term, both adopted a correction factor value for surface renewal, this value is 0.9. In
the denominator of SRP I, the corrugation side length is present, while for the Delft model it has
been switched out for the hydraulic diameter that was defined in Equation 2.42.

2.54
D,Upe (2:54)

k= 2
L 70.9dp,;

The effective area model in the 1997 version is empirical in nature, where the constants A and B,
are packing dependent and is a function of liquid load. The effective area model seen below, also
has the term, 2, which is the void fraction of packing. For Mellapak, Flexipac and Montz BSH
packings, this value would be set to 0.1 while packings like Montz B1 that are unperforated,
would be set to 0.

I G (2.55)

e~ Up
(1+3%)

The Delft model was updated after suggestions from Fair et al.,*” which ended up resulting in a
new effective area term, effective liquid flow angle and updated turbulent gas phase Sherwood

number®, The effective liquid flow angle, Equation 2.56, replaces the angle of packing
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corrugation in multiple equations of the Delft model, specifically the liquid film thickness and
effective liquid velocity, which are presented in Equation 2.57 and 2.58, respectively. The angle
of packing corrugation is still utilized in the effective gas velocity, seen in Equation 2.44. The
change from packing angle to a calculated effective angle is theoretical modification that liquid

will flow at a steeper angle that the packing angle due to gravity.

cos(90 — a) (2.56)
0, = arctan 5
sin(90 — a)cos(arctan(ﬁ)

TV @57

pL g ap sin(6y)
ULs (2.58)

Ue = 72

eh;sin(6;)

Another significant change is the implementation of the fraction of the triangular flow channel
occupied by liquid, or ¢. Of the changes in the 2004 modification® of Delft, this has the largest
impact on predicted HETP. In the first version, ¢ was equal to one, now there is a calculation for

determining it, seen in Equation 2.59, which is based on packing specific dimensions.

2 (2.59)
= b+2s
RegryScg EGé(p

d 2/3 (2.60)
1+ ( hG)
lG,pe

The final modification presented in this paper is the update to the effective area model. The new

ShG,turb =
14127 S8 (5c2 — 1)

effective area term, in Equation 2.64, was adopted from Onda et al.,*® who conducted CO,
absorption experiments with random packings. An additional term was added, (1-Q), to provide

flexibility with different packings that had variability in holes.

U? 2.61

We, = LSPL ( )
a,o

U?.a 2.62

FTL == LS7p ( )
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_ Urspr (2.63)

0.075

0.75
a.=01-a, {1 —exp [—1.4-5 (—U ) Ref'lFrL_O'OSWeB'Z]} (2.64)

Since the implementation of fraction of the triangular flow channel occupied by liquid, ¢, into the
turbulent gas phase Sherwood number, Oluji¢ et al.*® concluded after a study with high-capacity
structured packings that this parameter should be equal to one, for those specific packings.

After more experimental data was published and Oluji¢ and Seibert*° examined the Delft
model again, determined that ¢ should be equal to one, for any structured packings, which is a
reversion back to the original turbulent Sherwood gas number. The final modification presented
in this study is an updated liquid mass transfer coefficient. The new term incorporates liquid
holdup, packing void fraction, corrugation side length and superficial liquid velocity, shown in
Equation 2.65.

2.65
DUy, (2.65)

meh; s

kL:2

The equations used for further analysis of the Delft Model were the 2004 version with the 2014
updates to k. and turbulent Sherwood number. This would be the latest form available and
provides significant performance improvement with the packings analyzed later, when compared

to the equations of the 2004 version.

2.3.6 Hanley and Chen (Aspen, 2012)

Another model capable of predicting HETP for random and structured packing was published by
Hanley and Chen®® for implementation into Aspen Plus software. The goal of this model is to
provide an accurate HETP for a wide range of chemical systems in a rate-based column
simulator. The model is also set-up to evaluate experimental binary test systems from in the
literature, which was done by the original authors when the model’s performance was compared

to a couple other correlations. The model includes a redefined definition of HETP that includes
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superficial molar vapor flux, which is different than the HETP term adopted by the other models.

The equations used to calculate Aspen’s HETP term are seen in Equation 2.66-2.68.

_In[m(x)] (2.66)

by = <m(x) — 1)
c - m(x) In[m(x)] (2.67)
N mG(x)C_ ! C 2.68
(HETP)=a—<é+k—’LC) (268)

The equilibrium slope, m(x), is defined the same as Equation 1.6, for binary systems. The Aspen
model has different sets of mass transfer coefficient and effective area terms, depending on the
packing type. The construction of the mass transfer coefficient and effective area terms were done
with dimensional analysis. Specifically, Buckingham Pi theorem with the addition of correction
factors that were regressed based on a wide range of public efficiency data. For this study, only

sheet metal structured packing equations were utilized, as shown in Equation 2.69-2.76.

d, =2 (2.69)
ap
d,U, 2.7
ReG — GSpG ( O)
K
d,U
Re, = = LSPy, (2.71)
9
dop, U (2.72)
eL =
U? 2.73
pr, = Jis (2.73)
gd,
D
k;, = 0.33Re,sc}” (ch L) (2.74)
D 0) \1° 2.75
ke = 0.0084ReyscY (C“—“) (ﬂ) .79)
d, cos(m/4)
Qe _ 0145 ,—0.153117,0.2 77,.—0.2 (PG 0038 @ 0o%0 cos(6) o7 (2'76)
P 0.539Re; " *Re; Wep“Fry (PL) i cos(n/4)

Many of the systems collected model regression and validation were from non-distillation

applications such as available absorption/stripping data. One of the main goals of the Aspen
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correlation was to be able to perform well with public distillation data and with chemical systems

in distillation, absorption, stripping, etc.

2.3.7 Song (2017)

This model was published in a doctoral dissertation by Di Song but is the culmination of
multiple graduate students at the University of Texas.** Previous work included surface tension
and viscosity studies on effective area*? and the development of mass transfer coefficients*® with a
more limited scope of systems and studies than Song’s final version.

This correlation is not like previously discussed correlations, as its development was not
specifically meant for distillation applications. All the data used for development and validation
was with SRP’s air/water column database. Although it does not fit the same category as previous
discussed correlations like Gualito, Delft, etc., due to its promising showing of predicting
HETP*, it was included as a model of interest in this study. As stated, the Song model was
derived from air/water mass transfer data and studied a wide range of packing types. The liquid
mass transfer coefficient was measured via air stripping experiments and the effective area term
was developed from CO- absorption into NaOH. Many packings were investigated during the
data collection phase of this work, this included 39 different structured and random packings for

the effective area and k. terms and 20 packings for the kg term.

w7 (2.77)
ke = 0.280%¢* (p_6> D a)* (sin26)"%
G

—04 -0.54 2.78
k, = 0.120°55 Hy Do.sgl/ea—o.oss(i) (2.78)

LS o, L P 18

0.138

Ge _ 1161 [(%L) gl/ZULsaf/z] (2.79)

ap

Obviously, the Song correlation is developed with experimental data where liquid side mass
transfer would dominate, whereas in distillation, efficiency/HETP is more dependent on the gas
side mass transfer coefficient. Besides differences in the developmental database, another unique

feature is the implementation of packed bed height, Z, in the liquid mass transfer coefficient term,
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seen in Equation 2.78. If a practitioner were to use this correlation to design a column, it would

have to be done iteratively due to the packed bed height parameter.

2.4 OTHER NOTABLE CORRELATIONS

Although this study is limited to a handful of structured packing HETP correlations,
specifically Gualito, Billet & Schultes, Delft, Aspen and Song, there has been many other
influential correlations. Nawrocki et al.*® adopted similar equations for k. and kg as the SRP |
correlation but implemented liquid distribution and wetted area work from Shi and Mersmann.?®
Around the same time, Henriques de Brito et al.*® modified the k. term from Higbie’s penetration
theory with the addition of packing-specific constants for Mellapak 250Y and Mellapak 500Y.
Hanley et al.,*”*8 created a mass transfer model that was dependent on a pressure drop model,
through the liquid holdup parameter, which is similar to the structure of the SRP Il correlation.
Brunazzi and Paglianti*® focused on coming up with a new liquid mass transfer coefficient term
using kLa measurements. Shetty and Cerro® also only focused on liquid mass transfer coefficient
development with conducting studies of liquid flow over micro and macrostructures. Xu et al.>
produced a correlation that mixed the Billet & Schultes mass transfer coefficients with liquid
holdup equations of SRP 11, as well as developing a new effective area model. Del Carlo et al.5?
adopted semiempirical terms from previous absorption studies on pressure drop and efficiency to

create a model specifically for systems where no experimental data was readily available.

2.5 PREVIOUS WORK

There have been multiple studies that have investigated prediction performance by HETP
correlations. Fitz et al.> compared the performance of the Gualito and Billet & Schultes
correlations across various test systems, including high pressure data. Fair et al.3” examined SRP
Il and Delft model performance with SRP experimental data, before suggesting modifications to
improve the performance of the models. Oluji¢®%405354 constantly evaluated the Delft Model, as

new experimental data was published to verify its robustness and suggest improvements.
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Jammula et al.,* investigated several correlations with published HETP data, but only average
deviation was reported in table form in a conference presentation. Some of the best analyses of
other models were conducted when new models were introduced in the literature. Hanley and
Chen®® reported average HETP value predictions of multiple models with different experimental
datasets. Another similar comparative study was with liquid holdup, pressure drop and flood
point by Wolf-Z6llner et al.,* while this is not a study about HETP prediction performance, many
aspects investigated in this study are important parameters of HETP models. Oluji¢ and Seibert*
compared the liquid mass transfer coefficient model of seven structured packing efficiency
correlations. Different observations about performance were tied back to the development of the
selected models.

The later portion of this thesis is dedicated to a physical property study on the selected
efficiency correlations. The bulk of existing studies related to physical properties and structured
packings are physical experiments. Examples of such studies would be varying viscosity or
surface tension and measuring its impacts on packed column performance. Multiple
studies®”585%6061 have investigated liquid viscosity on efficiency, liquid phase resistance, etc. A
recent impactful study by Bradtmoller and Scholl®*, presented the positive relationship of
viscosity and HETP. In some instances, an increase of liquid viscosity by a factor of 6, resulted in
an efficiency decrease of 50%. Song***® conducted two different aspects of a liquid viscosity
study — the first was a numerical analysis on liquid viscosity relationship with the liquid mass
transfer coefficient of many public correlations, the second was deriving a correlation by varying
the systems liquid viscosity over a wide range. Surface tension has also been studied in similar
ways to that of liquid viscosity. There has been multiple studies® %6263 of the impact of surface
tension gradients on packed column performance. In general, the focus of physical property
studies has generally been to quantify certain parameters experimentally and then try to

incorporate these relationships into model.
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CHAPTER IlI

PERFORMANCE EVALUATION OF CONVENTIONAL STRUCTURED PACKING

HETP MODELS

This chapter contains the full methodology, selection of test data/systems, calculations and
analysis for the performance evaluation conducted in Distillation & Absorption conference paper

presented in Chapter 5.

3.1 ABSTRACT

This study focuses on performance of five HETP correlations in the literature. The
correlations evaluated were Gualito, Billet and Schultes, Delft, Aspen and Song. The analysis
presented here in Chapter 3, explains the criteria for HETP data collection and the performance
evaluation results that were coupled with Monte Carlo simulations in Chapter 5. The systems
selected were i-butane/n-butane, cyclohexane/n-heptane, o/p-xylene, and methanol/water, across
a pressure range of 0.13 bara to 27.6 bara. This chapter provides additional analysis that was not
included in the Distillation and Absorption conference paper. Overall, Billet & Schultes had the
lowest average deviation in HETP predictions for all systems analyzed, this is due to the benefit
of regressed packing-specific constants. Song’s performance was Second to Billet & Schultes,
which is surprising as it was derived from an air/water column databank. In addition to HETP
performance, other parameters such as effective area predictions by all the models are presented

and analyzed.
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3.2 INTRODUCTION

The selected correlations are a mix of well-established models (Billet & Schultes, Delft,
and Gualito) and some newer models that feature different developmental methods (Song, and
Aspen). The background of these models and their working equations were discussed in Chapter
2. The main justification for the data selected in this chapter were to conduct the physical
property study presented in Chapter 5. The data required to perform a physical property
sensitivity and Monte Carlo simulation meant that the physical property ranges needed to be as a
wide as possible and that the structured packings were of similar nature (in terms of nominal area,
corrugation angle, etc.). This same data was selected to evaluate the model’s HETP performance
capabilities to couple the results with the uncertainty data obtained from Monte Carlo simulation.
In addition to evaluating the closeness of their HETP predictions, effective interfacial area
calculations of each model are also compared. All the datasets except the methanol/water system
from Sulzer, have corresponding compositions and physical property inputs to each experimental
HETP datapoint. This was done to increase the preciseness of the physical property sensitivity
tests and the HETP evaluation in this chapter. The methanol/water system was still included in
analysis because it is a system of value to the industry, and it provided a system with a higher

surface tension than the hydrocarbon data.

3.3 EXPERIMENTAL METHODS
This section is dedicated to explaining the general steps for data collection, performance
evaluation and comparison. A discussion on criteria for adequate experimental HETP data is

included as well as equations utilized for analysis.

3.3.1 HETP DATA COLLECTION PROCESS
The screening of experimental HETP data published in the literature is an important step
to properly evaluate the performance of HETP correlations. The objective is to select

experimental HETP data that would reflect similar column performance seen in industry. There
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are many test facilities capable of measuring HETP in the world, each has their own major
differences when it comes to column diameter, taking samples, operation, etc. The first
difference, column diameter, can be the distinguishing factor between usable efficiency data or
not. Oluji¢® studied the impact of column diameter on HETP and noted differences of
performance in smaller columns. It was concluded that smaller columns suffer from increased
pressure drop that is not representative of industrial sized columns. As columns get smaller in
diameter, they tend to be more dominated by wall effects. Ottenbacher et al.®® stated that columns
0.4 m and larger in diameter should only be considered for efficiency measurements. This value
represents a rough estimate of twice the height of a packing element. Plenty of HETP data has
been published with columns smaller than this recommendation and data from these small
columns should not be used to develop HETP correlations or test their performance. HETP data
included in the study contained column diameters of 0.43 m and larger.

Perhaps one of the obvious requisites for acceptable HETP data are experiments with
satisfactory liquid distribution. Obviously, this study is not doing any of the experimental work,
so it must rely on published data that seldom discusses liquid distribution. The best way to ensure
that this requirement is met is to consider efficiency measurements from trusted and skilled
testing facilities. In this study, a majority of collected datasets are from Fractionation Research
Inc. and Separations Research Program. FRI is one of the oldest testing facilities, founded in the
1950’s, dedicated to conducting distillation experiments for its 70+ member companies. SRP has
spent the past couple of decades performing efficiency measurements and being trusted with
proprietary packing experiments like FRI. Along with FRI and SRP, efficiency measurements
were collected from packing providers such as Sulzer, Koch-Glitsch and other well-known test

facilities like Delft.
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3.3.2 EVALUATING PRE-LOADING PREDICTION ACCURACY

After efficiency measurements are collected, physical property inputs needed to be
decided to compare experimental HETP data with predicted HETP values. Typically, HETP data
published in the literature is also presented with physical properties for each of the test systems.
This physical property set usually corresponds to a respective composition at the specific F-factor
that a composition sample was taken from the experiment. Technically, there should be a unique
physical property set for each HETP point, as the liquid composition at the respective sampling
location is changing with the F-factor. For the most part, the test systems that are commonly
utilized for efficiency measurements do not vary greatly and using one physical property set
across all the HETP points for a run can be considered acceptable for HETP prediction purposes.
A good example of a commonly used test system where this would be acceptable is O/P-xylene,
where the relative volatility varies little in an experiment. This study had access to FRI’s Topical
Reports, so for HETP data from FRI, each HETP point had a corresponding composition and
physical property set. For any non-FRI source, the physical property set, or composition of one
HETP point is used for the HETP correlations input.

The quantifying parameter to establish differences in accuracy for the selected HETP
correlations is mean absolute percent deviation (MAPD). The equation for MAPD is presented

below in Equation 3.1.

1 Predicted HETP -Measured HETP
MAPD =¥ 100 (3.1)
n Measured HETP

The only HETP points considered in Equation 3.1. are HETP points from the pre-loading regime.
Thus, MAPD is an average of all HETP points across the pre-loading regime of a respective test
system.

It is important to note that although nominal area, ay, is discussed as something that is

specified and subsequent sections are labeled with nominal areas that are based on the name of
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the packing, but there is a calculation method for nominal area. This equation can be seen below
in Equation 3.2.

4s
ap=ﬁ (32)

Typically, the calculated nominal area is very close to the area presented in the name of the
packing, for example, Mellapak 250Y, where the “250” is meant to specify the nominal area,
using the equation presented above, the actual calculated nominal area is around 260 m?/m3. The
difference in value does not have a large impact on predicted HETP, with the analyzed
correlations, but for the purpose of having highest accuracy possible, the effective area

determined from Equation 3.2 was utilized in the studies in Section 3.4.

3.4 RESULTS AND DISCUSSION
3.4.1 EVALUATION OF MELLAPAK 250Y STRUCTURED PACKING

One of the most studied structured packings in the literature is the corrugated sheet metal
packings, Mellapak 250Y. It has a nominal packing area around 250 m?/m?® and a corrugation
angle of 45 degrees. Due to the vast amount of published data with Mellapak 250V, it is a perfect
candidate for a physical property study and thus a performance evaluation. The HETP data
collected contains multiple hydrocarbon and aqueous test systems, with pressures ranging
between 0.13 bara — 27.6 bara.3% A summary of the collected experimental data, with
information such as chemical system, test facility, column diameter, and packing name can be

seen in Table 3.1.
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Table 3.1. Test Systems Collected for Model Evaluation

Test System Pressure (bara) Test Facility Column Diameter | Packing Name
(m)

C6/C7 0.330 FRI 1.20 Mellapak 250Y
C6/C7 1.65 FRI 1.20 Mellapak 250Y
O/P-Xylene 0.130 FRI 1.20 Mellapak 250Y
O/P-Xylene 1.00 FRI 1.20 Mellapak 250Y
IC4/NC4 6.90 FRI 1.20 Mellapak 250Y
IC4/NC4 114 FRI 1.20 Mellapak 250Y
IC4/NC4 20.7 FRI 1.20 Mellapak 250Y
IC4/NC4 27.6 FRI 1.20 Mellapak 250Y
MeOH/Water 1.00 Sulzer 1.00 Mellapak 250Y

As stated, Billet & Schultes is dependent on packing specific constants in the liquid and
gas mass transfer coefficient terms. Billet & Schultes did not provide constants for Mellapak
250Y, therefore the values need to be regressed with the experimental data gathered. For the
performance study conducted on Mellapak 250Y, C. and Cy, were regressed around the
Fractionation Research Inc. experimental HETP datasets in Table 3.1. The same process to that of
Fitz et al.®* was employed in regressing the packing specific constants until the difference
between HETP prediction and HETP experimental was minimized. The constants regressed
around FRI experimental data were also used for all HETP predictions with Mellapak 250,
including the system that was from the Sulzer testing facility. The utilized constants for Mellapak

250Y are presented in Table 3.2.
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Table 3.2. Regressed Billet & Schultes Packing-specific Constants

Packing Name C. value Cv value

Mellapak 250Y 1.49 0.517

The other model that requires an assumption for a constant is in the Gualito model with surface
enhancement factor, Fse. Gualito et al.®! states for any corrugated sheet metal structured packing,
surface enhancement factor should be 0.35. This is also the same value presented by Rocha et
al.2>?* for use with Mellapak 250Y HETP predictions.

As stated in Section 3.3., the physical property inputs for the data sourced from FRI
represent physical properties that align to each individual HETP point. The physical properties
obtained from FRI represent compositions sampled from near the middle of the packed bed.
Ottenbacher et al.®® recommends using mid-bed properties to be used to calculate HETP in
models. For the MeOH/Water system, from Sulzer’s testing facility, an average of the top and
bottom compositions is used to generate the set of physical properties used in analysis. Other
practitioners commonly have used an average of the top and bottom compositions as the basis.
For the hydrocarbon systems, the mid-bed composition and average of the top and bottom
compositions at the same F-factor is very similar, in many cases the difference is within 5%. Due
to the MeOH/Water test data presented by Meier et al.,®® there is only one physical property set
for the HETP data across the pre-loading regime. With physical property inputs established, the
working equations outlined in Section 2.2., were utilized to calculate HETP for each correlation.
The preloading MAPD (using Equation 3.1) results of the test systems with Mellapak 250Y, are

revealed in Table 3.3.
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Table 3.3. Summary of MAPD for Test Systems with Mellapak 250Y.

Test P (bara) Gualito Billet & Delft Aspen Song
Systems Schultes

C6/C7 0.330 15.1% 20.9% 16.4% 10.9% 11.8%
Ce6/C7 1.65 8.56% 10.8% 3.33% 17.2% 9.86%
O/P- 0.130 43.1% 11.7% 18.4% 10.1% 14.9%
Xylene

O/P- 1.00 35.0% 10.5% 9.50% 15.8% 19.7%
Xylene

IC4/NC4 6.90 7.11% 3.18% 17.5% 26.3% 7.48%
IC4/NC4 11.4 16.6% 25.1% 18.4% 17.3% 13.7%
IC4/NC4 20.7 15.2% 15.0% 54.0% 41.7% 34.1%
IC4/NC4 27.6 30.8% 29.1% 76.9% 62.3% 63.0%
MeOH/ 1.00 48.3% 6.41% 58.9% 4.01% 4.23%
Water

Total N/A 24.4% 14.7% 30.4% 22.9% 19.9%
Average

Low P, HC | N/A 25.4% 13.5% 11.9% 13.5% 14.1%
System

Average

For each model and test system there is an MAPD value, the second row from the bottom is an
average of all the test systems” MAPD values, for that respective model. The bottom row is an
average of all the low pressure, hydrocarbon test systems for that respective model. The averages
at the bottom are not a weighted average of all points, rather each system has an equal weight,
despite the amount of HETP points in that system. It should be noted that subsequent figures of
the results presented in Table 3.3. may show HETP points at flood but these are not factored into

the calculation of MAPD.
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For the cyclohexane/n-heptane (C6/C7) systems, the “traditional” models of Gualito,
Billet & Schultes and Delft had a similar pattern in performance. Under vacuum, the models
performed much worse with C6/C7 then the data collected above atmospheric pressure. While
they performed worse at lower pressures, the models did not over/underpredict in the same ways
for the two pressures. Billet & Schultes underpredicted across the preloading regime for both
pressures, Gualito mostly overpredicted across the same range and the Delft model would
underpredict at low F-factors and overpredict at higher F-factors. The sensitivity of ke to pressure
of these three models were relatively close, with a range of 2.1-2.4 times greater with the physical
property inputs at 0.33 bara than 1.65 bara. This can partly explain why none of them have major
differences in HETP behavior between the pressures, experimental HETP is slightly smaller at
1.65 bara than 0.33 bara so without an excessive change with kg, a model overpredicting at one
pressure will probably overpredict at the other. Song also predicts slightly better at 1.65 bara
versus 0.33 bara, but overall was the most consistent in terms of performance between the two
pressures. Like Delft, it tends to underpredict at lower F-factors and overpredict at higher F-
factors, as it is quite dependent on superficial velocity. This is apparent in Figure 3.1, where
Song’s initial HETP prediction is around 0.33 m and its final preloading regime HETP prediction
was around 0.41. This trend is even more apparent in Figure 3.3 with the o/p-xylene system at
0.13 bara. Song is having the strongest upward trend with F-factor, compared to the other models,
but it is apparent in Billet & Schultes and Delft. Gualito also appears to have a relationship with
F-factor, but in the downward trend across the preloading regime. It has been previously
emphasized that each HETP point for the models has its own physical property input, which
corresponds to the measured experimental composition. This does not cause the upward or
downward trends by the models, but slight fluctuations in composition do show up in the
correlations predicted HETP values, in Figure 3.1, there is a small but temporary dip seen with
the models in the F-factor range of 2.1-2.3 Pa%°. Generally, these fluctuations are obvious to spot
and do not occur frequently, as demonstrated in the figures below.
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Figure 3.1. Model HETP Performance Comparison — C6/C7, 1.65 bara with Mellapak 250Y.

Aspen was the only model to perform better at 0.33 bara than at 1.65 bara, interestingly,
its kg predictions were the smallest out of the models for both pressures. Despite this, it did not
overpredict HETP greater than the other models, in fact, it underpredicted HETP for C6/C7 at
both pressures. This is due to Aspen’s large effective area prediction, which is the largest of all
the models, and can be seen in Figure 3.2. There is not much agreement in predicted effective
areas by any of the HETP correlations. In fact, the definition and structure of what effective area
should represent is different amongst the models. While most of the models stay less than unity,
the Aspen correlation predicts an effective area almost double the nominal area of packing.
Hanley and Chen?® stated that effective area should not be quantified by how much wetting is
taking place but rather all interfacial area that is participating in mass transfer. Thus, the Aspen
model accounts for waves or droplets that could be on the packing surface and contributing to
mass transfer. It should be noted that some of the other correlations have effective area terms

which exceed unity at high liquid rates or high pressures, this will be highlighted in later
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discussed systems. Three of the models, Song, Gualito and Billet & Schultes show an uptrend of
fractional area with increasing F-factor. This would intuitively make sense as higher liquid loads
will ultimately mean more of the packing is getting wet and thus more would be taking part in
mass transfer. The Aspen and Delft correlations display a constant fractional area that seems to be
irrelevant of changing F-factor. This detail will be discussed in more detail after more types of

systems are looked at.
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Figure 3.2. Model Fractional Area Comparison — C6/C7, 1.65 bara with Mellapak 250Y.

Like both C6/C7 systems, each model’s performance with O/P-xylene at 0.13 bara and
1.00 bara had similar trends. For example, if HETP is underpredicted at 0.13 bara, it also
underpredicted at 1.00 bara, which is the case with Billet & Schultes. Billet & Schultes had the
lowest average MAPD with the o/p-xylene systems, which can be attributed to regressing
packing-specific constants around available experimental data. One thing that should be stated,
the practitioner has some flexibility with these constants, as we see in Figure 3.3, Billet &
Schultes does not provide a safe estimate of HETP, one could theoretically lower the packing
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specific present in the ke term, to provide higher predictions. Gualito had the worst performance

with the o/p-xylene systems and overpredicted across the preloading regime for both analyzed

pressures.
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Figure 3.3. Model HETP Performance Comparison — O/P-Xylene, 0.13 bara with Mellapak

250Y.

The corresponding fractional area predictions for o/p-xylene at 0.13 bara can be seen in
Figure 3.4. The similar uptrend with fractional area with Song, Gualito and Billet & Schultes is
present. There is a more pronounced upward trend with Delft, although it seems to plateau early
in terms of F-factor. Another observation is the similarity in fractional areas in Figure 3.2 and
Figure 3.4 for Delft and Song. Both models utilize effective area models that were developed
with CO; absorption data, although the packings studied were much different. Delft adopted a
slightly modified version of the work by Onda et al.,*> which focused heavily on CO; absorption
with random packings and Song conducted their own studies with both types of packings but an
emphasis on structured packing. The packings employed in the study would ultimately impact
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regressed correction factors, yet the two effective area models are still pretty close for the C6/C7

and o/p-xylene systems.
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Figure 3.4. Model Fractional Area Comparison — O/P-xylene, 0.13 bara with Mellapak 250Y.

Another important point to highlight, which cannot be inferenced from Table 3.3, is
trends seen in the experimental FRI high pressure data. So far, the pre-loading regimes have
appeared relatively flat until the flooding point, as demonstrated by Figure 3.1, and Figure 3.3. In
the pre-loading regimes for all the systems above 6.9 bara in Table 3.3, there appears to be a
“kneecap” or “efficiency hump” at the higher liquid rates. This was hypothesized by multiple
studies to be caused by backmixing.327% At high liquid loads, there can be significant
entrainment, where vapor bubbles are pulled down and efficiency decreases. Cai et al.%®
investigated bed height as a possible factor but ruled it out as the cause behind the increasing in
HETP. The study also found that packing with a nominal area of 133 m?m? did not show a hump
at the same high pressures. The severity of the “efficiency hump” increases with pressure, as seen

in the difference between Figure 3.5. and Figure 3.6.
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Figure 3.5. Model HETP Performance Comparison — iC4/nC4, 11.4 bara with Mellapak 250Y.
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Figure 3.6. Model HETP Performance Comparison — iC4/nC4, 20.7 bara with Mellapak 250Y.
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The “efficiency hump” in Figure 3.6, at 20.7 bar, is nearly two times larger than the
HETP in the pre-loading regime prior to the occurrence of the hump. In Figure 3.5, at 11.4 bar,
the hump is much more modest compared to the HETP at lower liquid rates. None of the models
can predict this phenomenon, while some have low MAPD in Figure 3.5, with the presence of a
hump, it is due to overpredicting at low liquid rates and the experimental mass transfer efficiency
decreasing until the predicted HETP and experimental HETP met at higher F-factors. This is a
good example of structured packings not being the ideal internal of choice at high pressures,
except for specific applications like glycol dehydration.

The fractional area results for iC4/nC4 at 20.7 bar with Mellapak 250Y are shown in
Figure 3.7. The Aspen correlation, seemingly independent of the test mixture, pressure and F-
factor has remained near double the nominal area for effective area prediction. Another model
that went above unity for effective area prediction is Song. At elevated pressures, it should not be
a surprise that some effective area models are significantly different than the predictions at lower
pressures. They are not validated there by the developing authors, and they are usually outside of
their design limits, especially if the models are functions of liquid load/superficial velocity. It is
here where Song and Delft effective area models decouple, when compared to the results of the
previous systems. Many effective area studies, especially with structured packing, do not conduct
research at the pressures seen with FRI’s high pressure data. As seen earlier with pressures above
atmospheric, the Delft model’s effective area values remain steady. In this case, it is the exact
same effective area prediction at first HETP point and the last. Billet & Schultes has consistently
predicted the small fractional area of the models, irrelevant of the system. Due to its packing
specific constants, this has not resulted in it predicting the highest HETP across many of the

systems.
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Figure 3.7. Model Fractional Area Comparison —iC4/nC4, 20.7 bara with Mellapak 250Y

The final system that will be discussed for the Mellapak 250Y packings is MeOH/Water at 1.00
bara. While Billet & Schultes correlation has had much of its solid performance attributed by its
regressed constants to FRI data, it still performed well with the MeOH/Water system that was not
a part of its regression database. Along with Billet & Schultes, Aspen and Song also performed
well, with Aspen performing the best at an MAPD of 4.01%. The fractional area results for
MeOH/Water at 1.00 bara with Mellapak 250Y can be seen in Figure 3.9. Interestingly, Billet &
Schultes has a higher fractional area with MeOH/Water than some of the low-pressure
hydrocarbon systems. Even though surface tension is lower with the hydrocarbon systems,
wetting should theoretically benefit from this, but that is not the case for Billet & Schultes in this

instance.
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Figure 3.8. Model HETP Performance Comparison — MeOH/Water, 1.00 bara with Mellapak
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Figure 3.9. Model Fractional Area Comparison — MeOH/Water, 1.00 bara with Mellapak 250Y
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3.5 CONCLUSIONS

A performance evaluation conducted with nine different systems with Mellapak 250Y
has been conducted. Most of the data was taken from Fractionation Research Inc. experiments
except for one dataset from Sulzer. Multiple hydrocarbon systems of low and high pressure and
one agueous system near atmospheric was analyzed. No models could predict the efficiency
hump seen at high pressures with structured packings, the correlation performance was worse as
the pressure got higher and efficiency hump. For the low-pressure hydrocarbon systems, Billet &
Schultes, Delft, Aspen and Song provided adequate HETP predictions. Delft struggled with the
methanol/water system while Song, Aspen and Billet & Schultes performed as well as the low-
pressure hydrocarbon systems. Gualito overpredicted by more than 30% with both o/p-xylene
systems but provided more conservative HETP predictions with cyclohexane/n-heptane. Many
observations were also made about performance weakness and parameters causing them. In
addition to HETP prediction, effective area and mass transfer coefficient predictions were
discussed. There was little agreement between effective area models, besides the Delft and

Song’s effective area models with hydrocarbon low pressure systems.
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CHAPTER IV

PERFORMANCE COMPARISON OF HETP CORRELATIONS FOR HIGH-CAPACITY
STRUCTURED PACKINGS

The contents of this chapter are under review for publication in Chemical Engineering Research
and Design.

4.1 ABSTRACT

The performance of HETP correlations is important to the successful design of packed
distillation columns. A performance comparison of five structured packing HETP correlations in
the literature was carried out. The correlations evaluated were Gualito, Billet & Schultes, Delft,
Aspen, and Song. Experimental HETP data consisted of total reflux data from Fractionation
Research Inc., with cyclohexane/n-heptane and o/p-xylene as the test systems of interest. The data
was collected over a range of high-capacity structured packings, including MellapakPlus 252Y,
452Y and 752Y. This paper presents the performance of the studied efficiency correlations, as
well as discusses major differences in behavior between the models. In addition to HETP
performance, effective area predictions by all models are presented and analyzed. Overall, Billet
& Schultes and Song correlations provided the lowest error in HETP predictions across all

packings, but the other models displayed strength in specific packings or systems.
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4.2 INTRODUCTION

Corrugated sheet metal packings have been a popular choice for structured packed
columns in industry. Therefore, correlations capable of accurately predicting HETP for these
packings is important. While there are many published structured packing HETP correlations in
the literature, only a handful of those correlations have been popularized, and even less have been
evaluated against each other. There are many studies in the literature that have looked at the
performance of notable correlations. For example, Fitz et al.®? presented new high pressure HETP
data from Fractionation Research Inc. and analyzed the Gualito and Billet & Schultes
correlations. Fair et al.>” examined the performance of the SRP Il correlation and the Delft model,
across multiple test systems and packings. Some valuable performance comparisons have come
from papers unveiling new correlations such as Hanley and Chen?¢, who proposed a new HETP
model and compared its performance to a handful of other correlations. Other studies have looked
at specific parameters of HETP models, such as Oluji¢ and Seibert,*® who investigated the
prediction of liquid phase mass transfer resistance for seven published mass transfer models.
Wolf-ZélIner et al.*® investigated 11 structured packing hydraulic models, which for some of
these hydraulic models, like SRP 11, are important to be accurate because calculated parameters
from the pressure drop model, like liquid hold-up, are used in the mass transfer model to predict
HETP. Jammula et al.*® evaluated multiple models, with a majority of the collected HETP data
focused on Mellapak 250Y. In many of the previous studies discussed, some of the evaluated
HETP correlations have been updated. For example, the Delft Model was updated with a new
effective area term after Fair et al.3” recommended the change. In addition to revised models,
more experimental HETP data and new correlations have been published. In addition to updated
or new models, new experimental data has since been published that look at systems and packings

that were not in existence or accessible in the public domain.
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The purpose of this study is to compare the performance of well-established mass transfer
correlations, being that of Gualito, Billet & Schultes and the Delft model against the newer
correlations of Aspen and Song. In addition to looking at correlation performance in terms of
HETP, observations about effective area predictions, model sensitivity and differences are
discussed. By looking at multiple packings and systems, the study can validate models and

highlight strengths or shortcomings of all models.

4.3 MODEL BACKGROUND

As stated, the correlations analyzed in this study were Gualito, Billet & Schultes, Delft,
Aspen, and Song. Gualito is a revision of the SRP 1l correlation, modified to improve
performance with high-pressure test systems. Like SRP Il, Gualito utilizes the same liquid and
gas mass transfer coefficient terms. Therefore, the model assumes penetration theory to describe
the k. term and previous wetted wall column experiments to develop ke. The working equations
of the Gualito correlation are outlined in Table 7 and Table 8 of Gualito et al.,3! where the main
change of SRP Il is found in the effective area term. A correction factor, which included a ratio of
liquid to gas superficial velocity was added to the effective area term to better predict HETP with
FRI high-pressure data from Fitz et al.®? Other changes include the reference surface tension that
is important for determining the contact angle value and a dry pressure drop equation with an
additional term. In general, the Gualito correlation and SRP Il have similar HETP predictions
with low-pressure hydrocarbon systems. The major difference is Gualito’s improved accuracy
with high-pressure systems from the literature compared to the original SRP Il model. The sheet
metal packing constants provided by Gualito et al. were utilized for this study. The Billet &
Schultes correlation, although there are multiple publications’8 of its working equations, the
preloading equations have stayed the same in both versions. In the later paper, additional
equations were added to predict HETP at different regimes such as at flooding. The model

uniquely formulated both mass transfer coefficient terms from Higbie’s penetration theory.®
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There are additional parameters present then other correlations that used penetration theory, most
notably the packing specific constants in both the k_and ke terms. The authors conducted many
experiments with a wide range of packings but there is a lack of provided modern structured
packing constants. Thus, if the packing constants are unknown, they are regressed with
experimental HETP data so that the correlation minimizes prediction error.

The third correlation studied, Delft Model,*® has been analyzed many times as new data was
published, and subsequently updated after its initial development. The version applied to this
study were the working equations in 2004 publishing by Olujic et al.,® with the new update*® to
k. and ¢, where ¢ is the fraction of the triangular flow channel occupied by liquid.

One of the newer correlations analyzed, referred to as Aspen by the authors, Hanley and
Chen,*® was developed for utilization in Aspen Plus® software. As opposed to the three
traditional models, Aspen constructed the basis for the mass transfer coefficient and effective area
terms with Buckingham Pi theorem. With this dimensional analysis, important parameters were
assumed, and dimensionless groups were subsequently formed. A wide range of experimental
HETP data was collected, which included many experiments with newer packings and different
systems than what was available to the previously discussed correlations. This data was then used
to regress aspects of the correlation and minimize error as well as be used to validate the
performance of the Aspen model.

The newest correlation that was a part of this study was that of Song’s dissertation
work.* This correlation did not utilize distillation data in development but rather absorption and
stripping experiments from SRP’s air/water database. Although these experiments would not
reflect the same mass transfer conditions as distillation, the correlation still showed promising

results in predicting HETP for distillation data.*
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4.4 EXPERIMENTAL METHOD

The experimental HETP data was sourced from Fractionation Research Inc., experiments
that were published in the literature.®® The column utilized for these efficiency measurements has
a diameter of 1.2 m. The test systems included o/p-xylene at 0.13 bara and cyclohexane/n-heptane
at 0.33 bara and 1.65 bara. These systems were run with multiple packings, they include
MellapakPlus 252Y, 452Y and 752Y. All of these are high-capacity packings, which generally
have a corrugation angle of 45° except at the top and bottom of the packing elements were there
are slight bends toward the direction of the vertical axis. The geometrical change of the
corrugation angle results in an increase of capacity when compared to the conventional structured
packing of the same nominal area. The packings examined ranged from a specified nominal area
of 250 to 500 m?/m?,

For HETP calculations, preciseness was an important factor, so each HETP point had its
own corresponding physical property input based on FRI measurements. The composition was an
average of the top and bottom of the column at each respective F-factor, to provide physical
property estimates that provided the most accurate HETP predictions. If the top of the column’s
composition were utilized, the predicted HETP would provide values that were quite higher than
the experimental HETP. The opposite would be true if the bottom conditions were used to
calculate HETP in the models. To quantify error between predicted versus experimental HETP
points, mean absolute percent deviation (MAPD) was calculated and presented in Table 4.1.
MAPD is only used to quantify performance in the preloading regime and the results in Table 4.1
are coupled with bias plots in Figure 4.4-4.6 to determine if the MAPD is an
over/underprediction. Bias plots only include preloading HETP data and predictions.

As stated, Billet & Schultes correlation requires packing specific constants, when these
are unknown, they need to be regressed with the experimental data available to the practitioner.
The packing-specific constants are represented in the Billet & Schultes correlation by C. and Cy,
which are the packing-specific constants for the liquid and gas side mass transfer coefficient
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terms, respectively. The packing specific constants are found by taking the physical property
inputs and regressing the constants until the prediction from the correlation is minimized with the
experimental HETP data. For this study, C, and Cy was 0.858 and 0.604, 1.00 and 0.850, 1.79

and 0.900, for MellapakPlus 252Y, 452Y, 752Y, respectively.

4.5 RESULTS AND DISCUSSION

The results of HETP calculations by all the models examined are presented in Figures
4.1-4.6. In addition to comparing efficiency calculations, the effective area term was also
investigated. For both figures, the HETP and effective area are displayed as a function of F-factor
(Pa%%). As stated, the calculation process outlined in the previous section was utilized for the
presented results. Table 1 includes a summary of model performance and their respective MAPD

for each system and respective packing.

45.1 COMPARISON OF HETP PREDICTIONS

Many of the models from the literature conducted experiments with structured packings
of a nominal area around 250 m?/m3. For example, Mellapak 250Y and B1-250.45 are two
packings that dominate available HETP data in the literature. Therefore, it is not surprising that
many models, especially older ones, use a large amount of this data to construct aspects of the
correlation. In addition, new test data with larger nominal area packings and new packings with
modified geometry have been publicly released. Some newer models benefit from having this
relative new data and thus a larger database to develop and validate their models than some of the
well-established, older correlations. With the packings selected for analysis, a wide range of
nominal areas and geometric dimensions of the packing can be explored to compare each model’s
performance with predicting HETP.

The first investigated packing type is the MellapakPlus 252Y, Figure 4.1 and Figure 4.2
show the model’s performance with this packing in the cyclohexane/n-heptane test system at 0.33

and 1.65 bara, respectively. For Figure 4.1, the predicted HETP values correspond to the effective
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area predictions seen in Figure 4.7. Based on the results presented in the figures for the C6/C7
systems, it is evident that the Song, Billet & Schultes and Delft have a stronger dependency on F-
factor than the other models. As F-factor is increasing, HETP predictions are also growing, as
physical property changes do not have a wide enough discrepancy across each HETP point in the
preloading regime to cause this upward trend. Any small deviations in the smoothness of the
curves can be attributed to slight fluctuations in the measured composition for that respective
HETP point, but these are extremely small differences.

For Figure 4.1 and 4.2, all the models performed relatively well and had an MAPD within
20% for the preloading regime. The Delft, Gualito and Song provided the safest predictions for
the C6/C7 system under vacuum with M252Y. All the models except Aspen predicted mostly
safe predictions for the same system at 1.65 bara. The large effective area prediction of the Aspen
correlation could be a factor in the smaller HETP predictions. A discussion about effective area
predictions is discussed more in-depth in Section 4.2. Song and Aspen model both predict a much
smaller k. in some cases as a factor of ~3 when compared to the other model’s liquid mass
transfer coefficient value. Even still, there is instances where Song and Aspen may be much
smaller than the other models, are also apart by as much as 50-60%. That is not to say that a
particular model is incorrect with its prediction of the mass transfer coefficient, as there is no
definitive way to measure any of the mass transfer coefficients or effective area terms for

distillation applications.
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Figure 4.1. Predicted versus measured HETP values as a function of F-factor, for C6/C7 at
0.33 bara with MellapakPlus 252Y.
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Figure 4.2. Predicted versus measured HETP values as a function of F-factor, for C6/C7 at
1.65 bara with MellapakPlus 252Y.

Figure 4.3 contains the HETP predictions for the o/p-xylene system at 0.33 bara with

MellapakPlus 252Y. Some of the models analyzed in this study have had their performance
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previously validated with the systems in Figures 4.1-4.3 for Mellapak 250Y (Fitz et al., 1999).
The experimental HETP values taken at FRI with Mellapak 250Y and MellapakPlus 252Y are
almost exact for the same system. Typically, if a model can predict HETP across the preloading
regime well with Mellapak 250, then it can predict HETP reasonably well with MellapakPlus
252Y. As stated earlier, some of these models are much more dependent on F-factor than others.
Therefore, with these types of models, the first predicted preloading HETP point compared to the
last point, can be much different. With the high-capacity packing of MellapakPlus 252Y, it
extends the preloading regime to higher F-factors furthering the difference between predicted
HETP points at low versus higher F-factors. This is visible in all figures but especially apparent
in Figure 4.3 with the Song correlation. The first predicted preloading HETP point is around 0.31
m and the last at 0.46 m, which is more than a 30% difference. Similar trends are seen in some of
the other models, but not as pronounced and there seems to be a plateauing of predicting HETP

points after the model reaches a certain F-factor.
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Figure 4.3. Predicted versus measured HETP values as a function of F-factor, for o/p-xylene
at 0.13 bara with MellapakPlus 252Y.
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Figure 4.4 presents a bias plot of the preloading regime predicted model HETP’s subtracted
by each respective experimental HETP, for all the systems in Figures 4.1-4.3. The plot
summarizes areas of over/underprediction for all the test data taken in the preloading regime with
MellapakPlus 252Y, across the complete F-factor range. The Billet & Schultes correlation
predicted many points straddling closely to the experimental HETP, this pattern is a result of the
regression method for the packing coefficients. As discussed earlier, the MellapakPlus 252Y
packing specific constants in both mass transfer coefficient terms is solved by minimizing error.
The other models generally had a majority of their predicted HETP values either overpredicting
or underpredicting across the three systems. In Table 4.1, each model’s MAPD for the systems
ran with MellapakPlus 252Y can be seen in the top third of the table. Billet & Schultes benefitted
from having regressed constants around the collected experimental data with the lowest overall
MAPD for MellapakPlus 252Y. For correlations that did not require packing specific constants,
the Aspen correlation performed the best with M252Y. Obviously, the Song correlation was not
designed to be used to predict HETP for distillation applications, but its accuracy is surprisingly
quite good. Its performance would be even better if it was a weaker function of F-factor or had a

plateau section of HETP predictions.
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Figure 4.4. Bias plot across the preloading regime (Predicted Model HETP-Experimental
HETP) for all systems with MellapakPlus 252Y.

Figure 4.5 is all the same test systems as Figure 4.4, except it is with the MellapakPlus 452Y
packing. While the physical properties inputs for calculations were not the exact same for
MellapakPlus 252Y as MellapakPlus 452Y, they were still relatively close. FRI adjusts bed
height to keep each components composition similar at the mid-bed and below the bed points,
despite the different efficiency of packings. HETP values were also measured at different F-
factors in each experiment, and this is another contributing factor to slight differences of
calculation inputs. But the largest impact on HETP prediction differences between Figure 4.4 and
Figure 4.5 is typically due to the geometrical changes of the packing. While the small changes in
physical properties do make an impact, the nominal area increase from 250 m?/m?3 to 350 m?/m?,
as well as changes with void fraction, corrugation dimensions, etc. have the largest influence.
Similarly seen with the M252Y packing, Delft and Gualito both performed poorly with the o/p-
xylene system compared to the C6/C7 system. In both instances, the models overpredict across
the entirety of the preloading regime for o/p-xylene. It is surprising that the Delft model struggled

with o/p-xylene, since much of the validation work with the Delft model was done with the
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chlorobenzene/ethylbenzene system which has a similar relative volatility to o/p-xylene. All the
models except Billet & Schultes had performance improvements at M452Y versus M252Y, in

terms of MAPD.
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Figure 4.5. Bias plot across the preloading regime (Predicted Model HETP-Experimental
HETP) for all systems with MellapakPlus 452Y.

Figure 4.6 displays the final packing analyzed, which is the packing with the highest nominal
area, MellapakPlus 752Y. Aspen’s HETP predictions had a very sensitive relationship with
increasing nominal area, with M252Y, the values went from a general underprediction, to slightly
overpredicting at M452Y. The values then considerably overpredicted HETP at M752Y.. Its
performance was optimized with the systems at M452Y packing in terms of having its lowest
MAPD. The changes in geometry of the packings have resulted in an effective area term that is
much more sensitive than the other models. The geometry specific parameters that Aspen’s
effective area is dependent on is equivalent diameter and specified nominal area. This behavior
by the Aspen correlation is explained more in-depth in Section 4.2 and compares the other
model’s effective area predictions. As a result, Aspen’s MAPD for M752Y was 28.0%,

considerably higher than the 9.84% and 6.16%, seen in M252Y and M452Y, respectively. Delft
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model is also very sensitive to geometric changes but unlike Aspen, the impact is not on the
effective area term but rather the mass transfer coefficient terms. It is the only model dependent
on multiple packing corrugation dimensions which are corrugation side length, corrugation base
length, and corrugation height. Most of the other models only have corrugation side length as a
parameter or exclude all three of those parameters like in Song.

Compared to M452Y, which generally saw an improvement of model prediction capabilities
from M252Y, M752Y resulted in an overall decrease in performance. Almost 30% of predicted
HETP points across the preloading regime were underpredicted by the models with M752Y. The
correlation by Song is the only instance where MAPD was lower at M752Y versus M252Y. Still,
a bulk of Song’s predicted HETP values were underpredicted for M752Y. It is important to note
that the HETP predicted by Song is also dependent on bed height, as there is a bed height
parameter in the liquid mass transfer coefficient equation. For all the other models, sensitivity of
predicted HETP across the examined systems and packings is a result of changes to packing
geometry and slight fluctuations to physical property inputs. Song is quite sensitive to bed height
changes and these experiments do fluctuate in bed height for the experiments. As discussed
earlier, FRI adjusts packing bed height based on the efficiency of the packing being tested. For
this data that means quite a variability in packing bed height, at the upper end, packing bed height
was 3.67 m (M252Y experiments) and 1.99 m (M752Y experiments), at the lower end. In some
instances, a change from the upper end to the lower end of FRI’s packed bed heights can
singlehandedly account to a ~20% change in predicted HETP by Song. Despite its sensitivity, it

still performs relatively well in terms of MAPD at each packing and bed height.
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Figure 4.6. Bias plot across the preloading regime (Predicted Model HETP-Experimental
HETP) for all systems with MellapakPlus 752Y.

Table 4.1. Summary of Model HETP Performance.

Packing Type | Test Pressure Gualito Delft B&S Aspen Song
System (bara) MAPD MAPD MAPD MAPD MAPD

MellapakPlus | C6/C7 0.33 15.8% 11.2% 2.46% 3.56% 11.8%

252Y C6/C7 1.65 8.14% 6.21% 8.18% 18.2% 12.1%
O/P- 0.13 33.9% 28.2% 2.90% 7.77% 17.5%
Xylene

M252Y n/a n/a 19.3% 15.2% 4.51% 9.84% 13.8%

Average

MellapakPlus | C6/C7 0.33 5.64% 4.52% 4.04% 10.5% 8.35%

452Y C6/C7 1.65 10.6% 3.96% 13.6% 2.23% 8.83%
O/P- 0.13 29.2% 19.4% 2.84% 5.75% 5.91%
Xylene

M452Y n/a n/a 15.1% 9.29% 6.83% 6.16% 7.70%

Average

MellapakPlus | C6/C7 0.33 16.9% 5.73% 7.33% 34.1% 6.13%

752Y Ce6/C7 1.65 12.4% 12.5% 8.54% 13.0% 12.8%
O/P- 0.13 50.1% 271.7% 7.46% 37.0% 6.71%
Xylene

M752Y n/a n/a 26.5% 15.3% 7.78% 28.0% 8.55%

Average
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The results from Table 4.1 have been previously discussed to highlight strengths and
weaknesses of models in different scenarios. In general, all models studied have certain scenarios
where their selection to estimate an HETP would be an adequate choice. The exceptions to this
would be the o/p-xylene system for Gualito and Delft, which the models predicted poorly with for
all packings studied. Also, the Aspen correlation at M752Y had trouble predicting for both
systems in vacuum despite how well it performed with the same systems with the other two
packings. Despite much of the validation and development work for these models, especially the
older ones, being at packings of nominal areas around 250 m?/m?, many of them still performed

well or even better at larger nominal areas and at different geometric dimensions.

4.5.2 COMPARISON OF EFFECTIVE AREA PREDICTIONS

Multiple observations can be made about the wide range of results of the model’s
effective area predictions, seen in Figure 4.7 and Figure 4.8. For one, it is apparent that the
definition of effective area is not agreed upon for all models. In Figure 4.7, the fractional area of
C6/C7 at 0.33 bara with MellapakPlus 252Y is reported. Aspen correlation has a much higher
predicted effective area than the other models, in fact, the effective area is greater than the
specified nominal area of the packing. Hanley and Chen state that effective area, where mass
transfer occurs, should not be limited to just the packing area where wetting may occur. The
model considers additional ways of mass transfer, such as waves, liquid filaments and droplets
that do not occur directly on the wetted surface of the packing. Therefore, the predicted fractional

area of the Aspen model was larger than unity for all the systems analyzed in this study.
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Figure 4.7. Fractional area of C6/C7 at 0.33 bara with MellapakPlus 252Y.

The other correlations tend to have a fractional area below unity and associate effective area
with the wetting of the packing. There are some instances at higher liquid loads where the
effective area does increase greater than the specified nominal area, but only by a small margin.
Another observation is the general agreement of fractional area increasing with F-factor between
Gualito, Delft, Billet & Schultes and Song. This relates back to the interpreted definition of
effective area, because as F-factor increases and a system approaches flooding, there would be
more wetting of the packing.

As stated earlier, the Delft model utilizes an effective area that was first developed by Onda
et al.® and is modified slightly with the addition of a parameter for fraction of packing surface
area occupied by holes. Onda et al.*® developed the effective area term from CO, absorption
experiments. The packing type utilized for this experiment were all random packings. Similarly,
the effective area term in the Song correlation was developed from CO; absorption experiments

but with a larger focus on structured packings. Despite the difference in packings, which
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ultimately influenced the regressed correction factors in both terms, the effective area predictions

of both models were still quite similar for the system presented in Figure 4.7 and Figure 4.8.
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Figure 4.8. Fractional area of C6/C7 at 0.33 bara with MellapakPlus 752Y.

In Figure 4.8, the fractional areas are essentially shifted downward with the higher nominal
area packing for the same system presented in Figure 4.7. The major declines in predicted
fractional area, compared to Figure 4.7, are seen in Aspen and Billet & Schultes, where declines
were ~25% and ~50%, respectively. That type of decrease, with the other mass transfer
coefficients held constant, would result in a large increase of HETP prediction. For Aspen, the
only geometrical parameters in the model are equivalent diameter and specified nominal area.
Equivalent diameter via the Reynolds, Weber and Froude number and the specified nominal area
are present in the effective area term. Equivalent diameter is reported in the liquid and gas mass
transfer coefficient terms but cancels out, therefore the only changes to the k. and kg are due to
small fluctuations in physical properties between the two experiments. So, the effective area term,

due to geometrical changes of the packing being analyzed, is the main reason for changes in

62



HETP prediction discussed in Section 4.1. Although Billet & Schultes has an even larger decline
in predicted fractional area than Aspen, its adverse effect on predicted HETP is not seen at
M752Y. This is due to the packing-specific constants that were regressed to minimize overall
prediction error, for each packing. The other remaining models have much smaller fractional area
declines, around 5-10%, which have a smaller overall impact on predicted HETP than the

previous discussed cases.

4.6 CONCLUSIONS

Five HETP correlations — Gualito, Billet & Schultes, Delft, Aspen and Song, were
evaluated with Fractionation Research Inc., experimental data. The tests were conducted with
high-capacity structured packing, MellapakPlus 252Y, MellapakPlus 452Y and MellapakPlus
752Y, with multiple hydrocarbon systems above and below atmospheric pressure. Billet &
Schultes provided the best performance in terms of MAPD across all packings, benefitting from
regressed packing-specific constants. Surprisingly, the Song correlation performed very well
despite it being developed from non-distillation data. Aspen performed strong at M252Y and
M452Y before overpredicting significantly with the same systems at M752Y. Gualito and Delft
provided predicted HETP values that were safe estimates across the preloading regime except for

the o/p-xylene test system, where errors were very large.
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CHAPTER V

THE INFLUENCE OF PHYSICAL PROPERTIES ON STRUCTURED PACKING HETP

CORRELATIONS

The contents of this chapter will be published in the proceedings of Distillation & Absorption

2022.

5.1 ABSTRACT

This study focused on the impact of physical properties on structured packing HETP
correlations in the literature. A model derived from inadequate HETP data will not only affect
where it may perform poorly but will also impact the relationship between specific physical
properties and the model’s predicted HETP. The correlations included in this study were Gualito
(1997), Billet & Schultes (1999), Aspen (2012), Delft (2014), and Song (2018). A sensitivity
analysis was conducted to determine the effect of physical properties on the predicted HETP from
the above models. A Monte Carlo analysis was performed to quantify uncertainty in the HETP
model predictions due to expected variability in physical property data. Experimental HETP data
utilized for this study represented pressures ranging from 0.13 — 27.6 bara. Analysis indicated that
the observed relationship between liquid viscosity and predicted HETP did not show expected

trends in the Gualito and Billet & Schultes correlations.
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5.2 INTRODUCTION

The correlations analyzed in this study were Gualito, Billet & Schultes (1999 version),
Delft Model, Aspen, and Song. A full description of the models is provided in Chapter 2 and a
brief recap is also in Chapter 4. For this study, only the preloading regime working equations of
Billet & Schultes (1999) were considered. This was done so that a similar comparison can be
made to other models. Billet & Schultes do not provide the packing-specific constants (C. and
Cv) in the mass transfer coefficient terms, for the packing type analyzed in this study. Therefore,
the C_ was determined to be 1.490 and Cy equals 0.517, which were regressed with the FRI
Mellapak 250Y hydrocarbon HETP data also used in this study. The Delft model utilized in this
study features the revised effective area term, and the later modifications to the ¢ and k. terms.
The Aspen model, developed by Hanley and Chen, utilizes the sheet metal structured packing ki,

ks, and effective area terms in this study.

5.3 RESULTS AND DISCUSSION

The experimental data used in the sensitivity analysis and the test systems in Monte Carlo
analysis are outlined in figures published by FRI.3? This data is from Fractionation Research Inc.
(FRI) Mellapak 250Y experiments, which tested multiple binary hydrocarbon mixtures (C6/C7,
O/P-Xylene and 1IC4/NC4) across a pressure range of 0.13-27.6 bara. In addition to these systems,
an aqueous mixture (MeOH/Water) was included from Sulzer’s published Mellapak 250Y data.®®

The column diameter for the FRI and Sulzer experiments are 1.2 m and 1.0 m, respectively.

5.3.1 SENSITIVITY ANALYSIS

In this paper, the results of the liquid viscosity and surface tension sensitivity tests were
selected due to their potential impact on HETP. The aim of this work was to outline differences
between the models that the physical properties may influence on predicted HETP. For all the test
systems, except MeOH/Water at 1 bar, the physical properties corresponded to experimental

HETP data at their respective F-factors. This is considered the “baseline” physical property set.
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The HETP was then calculated across a range of F-factors with this set. Using this baseline set, a
specific physical property was varied systematically while keeping all other physical properties
fixed at their baseline values. The HETP percent change was then calculated between the
modified sets and the original HETP with the “baseline” physical properties. It is important to
note that the data seen in the figures below are an average percent change across all the
preloading regime points in that specific system. The sensitivity analysis results presented in the
tornado plots below include the respective physical property when the property was varied by
20%, with the rest of the physical properties being held constant. The selection of £20% for
sensitivity testing is meant to be representative of possible error caused by physical property
prediction, experimental measurement, assumptions, or a combination of them all.

The liquid viscosity sensitivity results are seen in Figures 5.1-5.5. The expected relationship
between HETP and liquid viscosity is that an increase in liquid viscosity results in an increase in
HETP. This expectation is also supported by experimental liquid viscosity studies on structured
packing®® and sieve trays.” The effect of liquid viscosity on HETP with the Gualito model can be
seen in Figure 5.1. In most of the systems, HETP decreased with increasing liquid viscosity. In
Figure 5.2, the Billet & Schultes model sensitivity results can be seen, as it displayed a closely
uniform response in HETP, across all the analyzed test systems. For all the test systems in Figure
5.2, HETP decreased with increasing liquid viscosity. This counter-intuitive result in Figure 5.1
and Figure 5.2 is mostly a result of each model’s a. term dependence on liquid viscosity. The
similarity in results should not be surprising as both correlations use some of the same HETP
experiments and have similar liquid viscosity placement in the a. and k. terms, as well as with

similar exponents.
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O/P-Xylene 0.130 bara I ——

C6/C7 0.340 bara I
O/P-Xylene 1.00 bara -
C6/C7 1.65 bara ]
IC4/NC4 6.9 bara I
IC4/NC4 27.6 bara s
IC4/NC4 11.4 bara [ |
IC4/NC4 20.7 bara [ | ]

-4.00% -3.00% -2.00% -1.00% 0.00% 1.00% 2.00% 3.00% 4.00%

mHETP Change After Increase of Liquid Viscosity By 20%
m HETP Change After Decrease of Liquid Viscosity By 20%

Figure 5.1. Effect of liquid viscosity on Gualito Model with Mellapak 250Y.

MeOH/Water 1.00 bara I .
IC4/NC4 27.6 bara ]
O/P-Xylene 1.00 bara I
O/P-Xylene 0.130 bara ]
IC4/NC4 20.7 bara I —
IC4/NC4 11.4 bara I
C6/C7 0.340 bara I
IC4/NC4 6.90 bara I
C6/C7 1.65 bara I

-4.00% -3.00% -2.00% -1.00% 0.00% 1.00% 2.00% 3.00% 4.00%
mHETP Change After Increase of Liquid Viscosity By 20%

®HETP Change After Decrease of Liquid Viscosity By 20%

Figure 5.2. Effect of liquid viscosity on Billet and Schultes with Mellapak 250Y.
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In Figures 5.3-5.5, the overall trend is as expected, HETP increased with increasing
liquid viscosity. The major discrepancy between these figures is the systems display a differing
range in sensitivity. Delft model results, seen in Figure 5.3, have negligible change in HETP for
the lower pressure systems, but are much more sensitive for the higher-pressure hydrocarbon
systems. The opposite is true in Figure 5.4 and Figure 5.5 with the impact of liquid viscosity on
Song and Aspen, respectively. With Song, the liquid viscosity only appears in the k. term, where
it is divided by liquid density and raised by the power of -0.4. For the higher-pressure systems
analyzed, liquid viscosity decreases significantly but its impact is held in-check by liquid density
that is also decreasing for those systems, unlike the Delft model where smaller liquid viscosities
will have larger impacts on HETP. The Delft model has a similar placement of liquid viscosity in
the k. term as Billet & Schultes but due to the a. term, the HETP and liquid viscosity trend seen

in these models is the opposite.

IC4/NC4 27.6 bara |
IC4/NC4 20.7 bara [

ICA/NC4 11.4 bara . |
IC4/NC4 6.90 bara s
O/P-Xylene 1.00 bara |
MeOH/Water 1.00 bara | [ ]
O/P-Xylene 0.130 bara | | ]
C6/C7 0.340 bara (1]
C6/C7 1.65 bara [ ]

-4.00% -3.00% -2.00% -1.00% 0.00% 1.00% 2.00% 3.00% 4.00%

mHETP Change After Increase of Liquid Viscosity By 20%
mHETP Change After Decrease of Liquid Viscosity By 20%

Figure 5.3. Effect of liquid viscosity on Delft Model with Mellapak 250Y.
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C6/C70.340bara |
O/P-Xylene 0.130 bara I

C6/C7 1.65 bara | |
MeOH/Water 1.00 bara ]
O/P-Xylene 1.00 bara ]

IC4/NC4 6.90 bara ]

IC4/NC4 11.4 bara ]

IC4/NC4 20.7 bara ]

IC4/NC4 27.6 bara ]

-5.00% -3.00% -1.00% 1.00% 3.00% 5.00%

B HETP Change After Increase of Liquid Viscosity By 20%
mHETP Change After Decrease of Liquid Viscosity By 20%

Figure 5.4. Effect of liquid viscosity on Song with Mellapak 250Y.

The Aspen model has similar behavior to Song model with liquid viscosity, seen in
Figure 5.5. As HETP change is more sensitive with the lower pressure systems but unlike Song,
HETP change is negligible for higher pressure changes. The relationship of liquid viscosity in the
k. terms is similar for Aspen and Song, but Aspen has a liquid viscosity term present in the ae

term unlike Song.
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C6/C70.340bara |

O/P-Xylene 0.130 bara ]
C6/C7 1.65 bara ]
O/P-Xylene 1.00 bara ]
MeOH/Water 1.00 bara s
IC4/NC4 6.90 bara mE
IC4/NC4 27.6 bara [ | |
IC4/NC4 20.7 bara | |
IC4/NC4 11.4 bara | |
-6.00% -3.00% 0.00% 3.00% 6.00%

B HETP Change After Increase of Liquid Viscosity By 20%
m HETP Change After Decrease of Liquid Viscosity By 20%

Figure 5.5. Effect of liquid viscosity on Aspen with Mellapak 250Y.

Outside of Gualito and Billet & Schultes, the models generally showed increasing HETP
with increasing liquid viscosity. The sensitivity analysis was replicated with structured packings
at different nominal areas (up to 500 m?/mq). The overall trends seen in Figures 5.1-5.5 with
Mellapak 250Y are very similar to the results seen with different types of common structured
packings. The surface tension sensitivity results are seen in Figures 5.6-5.9. The expected trend
should be a decrease of HETP with a decrease of surface tension, as wetting would be enhanced
and thus mass transfer improved. The surface tension impact on the HETP models is sometimes
not as straightforward as other regressed physical property relationships because it can rely on
model rules that seem arbitrary. For example, Gualito has a term called reference surface tension
that is equal to 0.045 N/m. The liquid hold-up correction factor (F:) changes based on being
above or below this value. As seen in Figure 5.6, Gualito model’s HETP change for the
hydrocarbon systems were +3%, but as the system’s surface tension increased past 0.045 N/m,
the model’s behavior became very sensitive in the MeOH/Water system. For Billet & Schultes

correlation, HETP does not change with the modification of surface tension for the hydrocarbon
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systems present. This is due to rules in the model’s paper, where if a system’s surface tension is

below 0.030 N/m, the surface tension is ultimately set to 0.030 N/m. For the MeOH/Water

system, Billet & Schultes predicted HETP had increased by 15% after an increase of surface

tension by 20% and HETP decreased by 15% after surface tension was decreased by 20%. The

Delft model does not have any rules like this, so the surface tension is more responsive at low

pressures but has negligible impacts on HETP for the high-pressure systems, as seen in Figure

5.7.

MeOH/Water 1.00 bara
O/P-Xylene 0.130 bara
C6/C7 0.340 bara
O/P-Xylene 1.00 bara
C6/C7 1.65 bara
IC4/NC4 6.90 bara
IC4/NC4 11.4 bara
IC4/NC4 20.7 bara

IC4/NC4 27.6 bara

-15.00%

0.00%

15.00% 30.00% 45.00%

m HETP Change After Increase of Surface Tension By 20%
mHETP Change After Decrease of Surface Tension By 20%

Figure 5.6. Effect of surface tension on Gualito Model with Mellapak 250Y.



MeOH/Water 1.00 bara I

O/P-Xylene 0.130 bara ]
C6/C7 0.340 bara ]
O/P-Xylene 1.00 bara ]
C6/C7 1.65 bara | |
IC4/NC4 6.90 bara

IC4/NC4 11.4 bara
IC4/NC4 27.6 bara

IC4/NC4 20.7 bara
-14.00% -7.00% 0.00% 7.00% 14.00%

mHETP Change After Increase of Surface Tension By 20%
m HETP Change After Decrease of Surface Tension By 20%

Figure 5.7. Effect of surface tension on Delft with Mellapak 250Y.

Both Song and Aspen behave similarly in that the HETP change seems to be independent of the
test system being calculated, seen in Figure 5.8 and 5.9, respectively. The only occurrence of
surface tension in either of the models is found in the denominator of the a. term, where Aspen is

more sensitive due to having a larger exponent on the surface tension term.
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O/P-Xylene 0.130 bara ]
IC4/NC4 27.6 bara ]
IC4/NC4 6.90 bara I
IC4/NC4 11.4 bara ]

C6/C7 0.340 bara ]
IC4/NC4 20.7 bara ]
MeOH/Water 1.00 bara ]
C6/C7 1.65 bara I
O/P-Xylene 1.00 bara ]

-4.00% -3.00% -2.00% -1.00% 0.00% 1.00% 2.00% 3.00% 4.00%

mHETP Change After Increase of Surface Tension By 20%
m HETP Change After Decrease of Surface Tension By 20%

Figure 5.8. Effect of surface tension on Song with Mellapak 250Y.

IC4/NC420.7 bara |
IC4/NC427.6bara I
IC4NC4114bara [N
C6/C70.340bara | [NNEGEGEN
O/P-Xylene 0.130 bara ]
MeOH/Water 1.00 bara ]
ce/C7165bara [
IC4/NC4 6.90 bara ]
O/P-Xylene 1.00 bara |G

-5.00% -2.50% 0.00% 2.50% 5.00%

mHETP Change After Increase of Surface Tension By 20%
mHETP Change After Decrease of Surface Tension By 20%

Figure 5.9. Effect of surface tension on Aspen with Mellapak 250Y.

If Billet & Schultes models are used without the surface tension rules, the results would

be similar to Aspen and Song, but more sensitive as surface tension’s exponent is much larger.
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Delft model is not sensitive at high pressures because the a. equation has an exponential term that
subtracts from one and is then multiplied by a, and another geometric term. As the surface
tension gets smaller, the exponential term gets closer to one but at a low enough surface tension,
changes to that physical property result in a negligible change to effective area and HETP.
Although most of the models investigated showed an increase in HETP with an increase in
surface tension, the models did not agree upon the degree of sensitivity surface tension should
have on HETP. As stated earlier for liquid viscosity, the study was replicated at different nominal
areas with similar sensitivity results. For both studies, it is worth noting that since Billet &
Schultes model requires regressed packing-specific constants, its sensitivity results are dependent

on utilized regression database and packing type.

5.3.2 MONTE CARLO SIMULATION

Monte Carlo technique is useful for understanding model uncertainty that is caused by a
model’s inputs. In this case, the inputs were liquid/vapor density, liquid/vapor viscosity,
liquid/vapor diffusivity, surface tension, stripping factor, and for only Aspen’s model, molecular
weight. A normal distribution of 10,000 random values was generated for each input parameter.
The lower and upper bounds for the truncated, normal distribution are constructed based on a
lighter component composition of 99.9% and 0.1%, which provides the range of the input
parameter. The physical property range inputs were generated with Aspen Plus for each system.
Aspen Plus relies on prediction models to generate physical properties, which will have some
inaccuracy but the lower/upper input bounds for each model are consistent and can still provide a
fair comparison of uncertainty for each system. The Monte Carlo simulations are run across a
range of preloading regime F-factors, in which the mean and standard deviation are calculated, to
further analyze uncertainty with Equation 5.1. Equation 5.1 is a ratio of standard deviation to

mean, otherwise known as the coefficient of variation.
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Standard Deviation ( 5. 1)
Mean

Coefficient of Variation (CV) =

In addition to comparing uncertainty, HETP model performance was also evaluated for these
systems. Predicted HETP values from models corresponded to actual physical property inputs, at
each F-factor, that were taken from FRI and Sulzer experiments. The FRI experiments used a
composition at the middle of the bed and the Sulzer experiment was an average of top and bottom
compositions. The average of predicted model and experimental HETP values (m) across the pre-
loading regime are reported in Table 5.1. Obviously, average prediction values from each model
do not capture the complete picture but it does provide for a summary of how each model
over/under predicted each dataset. The experimental pre-loading HETP column in Table 1 are the
average values except for the reported ranges in the high-pressure systems, which varies due to a
“hump” only seen in these systems. The coefficient of variation results from the Monte Carlo

simulations can also be seen below in Table 5.1.

Table 5.1. Comparison of Uncertainty and Performance Evaluation

Gualito B&S Delft Aspen Song
Test P Exp. | HET | CV HET | CV | HET | CV | HET cv HET cv
System | (bara) | HET | P (m) P (m) P (m) P (m) P (m)
P (m)
C6/C7 | 0.340 | 0.47 | 053 |0.055| 037 | 005 | 050 | 0.05 | 045 | 0.089 | 0.46 | 0.069
1 7
Ce6/C7 1.65 039 | 042 | 0.044| 035 | 0.04 | 039 | 0.04 | 032 | 0.058 | 0.39 | 0.051
6 3
O/P- 0.130 | 037 | 053 | 0022 | 033 | 001 | 044 | 0.02 | 0.33 | 0.009 | 0.33 | 0.006
Xylene 4 3 0 9
O/P- 1.00 034 | 045 | 0.018| 032 | 0.01 | 033 | 0.01 | 0.28 | 0.012 | 0.27 | 0.007
Xylene 3 9 1
IC4/NC | 6.90 035 | 033 [ 0.016 | 035 | 0.01 | 029 | 0.01 | 0.26 | 0.025 | 0.33 | 0.015
4 5 8
IC4/INC | 114 | 0.23- | 031 | 0.015| 031 | 0.01 | 025 | 0.01 | 025 | 0.024 | 0.31 | 0.017
4 0.37 7 7
IC4/NC | 20.7 | 0.32- | 0.38 | 0.023 | 040 | 0.02 | 0.18 | 0.02 | 0.23 | 0.021 | 0.26 | 0.023
4 0.56 4 7
IC4/NC | 276 | 051- | 0.72 | 0.044 | 0.61 | 0.03 | 012 | 0.03 | 0.21 | 0.020 | 0.20 | 0.028
4 0.73 0 8
MeOH/ | 1.00 031 | 047 | 026 | 0.32 | 0.13 | 049 | 0.16 | 031 | 0.097 | 0.32 | 0.060
Water

It was found that Song had the lowest average CV, with the systems analyzed above, with
a value of 0.031. This can be explained by its low number of working equations and having the

least physical property terms in its a. term. It also had the least recurrences of the same physical
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properties throughout the k. and kg terms. The highest average CV was in the Gualito model,
with an approximate value of 0.055. The Gualito model to predict HETP must solve a pressure
drop model first, which increases the number of inputs and thus uncertainty. For the performance
evaluation, including every individual HETP pre-loading point, Billet & Schultes performed the
best with a weighted mean absolute error of 18%, helped by the necessary regressed packing
constants. It also had the second least uncertainty across the systems, after Song. When averaging

just the low-pressure hydrocarbon systems, Aspen had the lowest with 13%.

5.4 CONCLUSIONS

This work presented the results of sensitivity tests and Monte Carlo simulations on
commonly used HETP correlations in the literature. The sensitivity tests were conducted to
highlight differences between HETP model sensitivities and how a model may perform with an
uncertain physical property input. Predicted HETP by the models varied widely with changes in
liquid viscosity and surface tension. The Monte Carlo simulations outlined differences in
uncertainty and the effect of variations in physical properties on the HETP predicted by the
models. The uncertainty results were coupled with a performance evaluation for a practitioner to

select an HETP correlation for a specific test system.
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CHAPTER VI

FUTURE WORK AND CONCLUSIONS

A physical property and HETP performance study was conducted with five structured
packing HETP correlations — Billet & Schultes, Delft, Gualito, Aspen and Song. The physical
property portion of the study included physical property sensitivity testing and Monte Carlo
simulation of nine unique systems. The sensitivity testing was meant to highlight the differences
in models caused by assumptions, different physical property ranges used for development, etc.
As a result of the testing, the counter-intuitive relationships between HETP and liquid viscosity
were observed with the Billet & Schultes and Gualito correlations. Even when models agreed in
the overall relationship between liquid viscosity and HETP, there was less agreement in the
degree of sensitivity between higher and lower pressure systems. In addition to liquid viscosity,
the differences in dependency on surface tension were highlighted between all the models. Some
correlations demonstrated changes in 15% or more with predicted HETP because of a surface
tension input change of 20%, while other correlations were impacted by less than 3% in HETP
change. Overall, the physical property sensitivity results hoped to not only quantify the sensitivity
of models with surface tension and liquid viscosity but prove to be a warning for practitioners
who utilize these correlations outside of their validated physical property ranges. The final aspect
of the physical property study included Monte Carlo simulation, to determine which correlation

would have the highest uncertainty due to their input parameters.
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Gualito had the highest uncertainty of the analyzed correlations, due to the large number
of equations required to solve the pressure drop and efficiency aspects of the model.

In addition to the physical property study, a performance evaluation of the correlations
was included. The first was an analysis of all the same systems from the physical property study
with Mellapak 250V, to couple performance data with uncertainty calculations from Monte Carlo
simulation. There were also other systems analyzed and packings, as presented in Chapter 4,
ranging from nominal areas of 250 to 500 m?/m?®. Billet & Schultes correlation consistently
predicted HETP accurately, due to the packing-specific constants, which were regressed for each
set of data and corresponding packing. Gualito performed well overall but had consistent
weakness with o/p-xylene systems. No model could predict the efficiency hump seen in high
pressure structured packing. The newer models of Aspen and Song performed well, with Song
being quite the surprise due to its development from an air/water column databank. Effective area
predictions were also a focal point of study, including each model’s interpretation of its
definition. Overall, the goal was to quantify HETP performance and provide observations and
points of emphasis, if possible, of why the models were performing poorly with specific data.

In terms of future work, there is multiple routes that this research can be further pursued.
The simplest is to recreate the same study with more correlations that have fallen by the wayside,
there is a jungle of structured packed HETP correlations and not all have been given a fair shot.
Another route is for a future graduate student to take observations and conclusions from this
study to produce an updated or new efficiency correlation. The physical property study or
performance data could guide a researcher in terms of selected test systems for experiments. Also,
many small observations made in this study, for example, Song’s performance could be improved
with distillation data if it were a weaker function of liquid load, could be taken to design a model
with improved performance. The ultimate goal for this research area of structured packing
efficiency correlations would be to definitively measure terms like effective area and other
parameters, so as to not contribute another correlation where those important terms are uncertain.
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APPENDICES

APPENDIX A

A.1l. MATLAB Function M File — Billet & Schultes correlation

function
[HETP,h t,U Lbar,k L,k G,a ph,Re L]=billetschultesfun(F v,p L,p G,sigma
,vis L,vis G,D L,D G,lambda,a p,E,s)

%% Inputs required

% Billet & Schultes (Preloading equations only) 1993/1999
% The 1993 paper or the 1999 paper with just the preloading equations
for

[

% Billet & Schultes correlation.
n=length (F v);

% Superficial velocity calculations
U Gs = F v./((p_G)."0.5); % m/s
ULs = U Gs.*(p G./p L);

% Surface Tension Rule
sigma=sigma’';

count = 0;
for ii=sigma;
count = l+count;

if ii < 0.030;
sigma (1, count)=0.030;
else
sigma (1, count)= ii;
end
end
sigma=sigma’';

= pl;
= ones(n,1l)*1; % gravity conversion factor
ones(n,1)*9.80665; % gravitational constant (m/s"2)

I Q

p
9_
9

o

Billet & Schultes packing specific parameters

L = ones(n,1)*1.490; % Packing specific constant regressed for
respective packing (ligquid), must be changed for respective packing
C V = ones(n,1)*0.5167; % Packing specific constant for respective

pgcking (vapor), must be changed for respective packing/data

Q
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d h=4.%(E./a_p); % Hydraulic diameter (m)

%% Liquid hold-up calculation for preloading regime
h t = (12.%(vis L.*a p."2.*U Ls)./(p L.*qg))."(1/3);

%% Mass transfer coefficient calculations
Re G new = (p G.*U Gs)./(vis _G.*a p);
Sc_G_new (vis G) ./ (p_G.*D_G);

[

% Preloading equations of effective area, velocity, etc.

apha = 1.5.*((a_p.*d h)."(-0.5)).*(((U Ls.*d h.*p L)./vis L)." (-
0.2)).*(((U_Ls."2.*p L.*d _h)./sigma).”0.75) .*((U Ls.”2)./(g.*d _h))."-
0.45;

a _ph = apha.*a p;

U Lbar = U Ls./h t;

Liquid/gas mass transfer coefficients for preloading regime
L =C L.¥12.7(1/6).*U Lbar.”(1/2).*(D _L./d h)."(1/2);
G =C V.*(1./((E-
_£) .~ (1/2))) .*((a_p./d h)."(1/2)) .*D_G.*(Re_G new) .”(3/4) .*(Sc_G new).
(1/3);

> A A~ o°

%% Calculation of HETP
P

HETP =

((U Gs./(k_G.*a ph))+lambda.* (U Ls./(k L.*a ph))).*(log(lambda) ./ (lambd
a-1));

end

A.2. MATLAB Function M File — Delft Model

function
[HETP,a e,k L,k Gl=delftfun(F v,p L,p G,sigma,vis L,vis G,D L,D G, lambd
a,a p,E,theta,s,h pe,b,h)

o\°

% Inputs required
% Delft Model 2004,2014
n=length (F v);

U Gs = F v./((p_G)."0.5); % m/s

U Ls U Gs.*(p G./p _L);

omega = ones(n,1)*0.1; % Constant for Mellapak, Montz and other
packings similar with perforations

% Check 2004 paper for more information on constants

[

pi; % saves p as pi (3.14...)

= ones(n,1l)*1; % gravity conversion factor
ones(n,1)*9.80665; % gravitational constant (m/s"2)
alpha L=atand((cosd(90-theta)) ./ (sind(90-

theta) .*cos(atan(b./(2.*h))))); % Effective corrugation angle

p
9_
g

I Q

%% Geometric Calculations
del = ((3.*vis L.*U Ls)./(p_L.*g.*a p.*sind(alpha L))).~(1/3); % Liquid
film thickness (m)
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[

1 gpe = h pe./sind(theta); % Length of the gas flow channel in a
packing element (m)

d hG = (((b.*h-2.*del.*s).”2)./(b.*h)) ./ ((((b.*h-
2.*del.*s)./(2.*h)) ."2+((b.*h-2.*del.*s)./ (b)) ."2).720.5+((b.*h-
2.*del.*s)./(2.*h))); % Hydraulic diameter of a triangular gas flow

channel (m)
phi = 1; % Reversion back to old Sherwood gas number from original

Delft Model publication
h L = del.*a p; % Liquid hold-up (m)

%% Effective Velocity Calculations
_Ge = U Gs./((E-h_L).*sind(theta));
Le = U Ls./(E.*h L.*sind(alpha L));

a a

oe

% Dimensionless Number Calculations

Sc G = vis G./(p_G.*D _G); % Schmidt number in gas phase

Re Grv = (p _G.* (U _Ge+U Le).*d hG)./vis G; % Reynolds number in gas
phase based on relative velocity

Re Ge = (p G.*U Ge.*d hG)./vis G; % Effective Reynolds number in gas
phase

xi GL = (-2.%*1logl0(((del./d hG)./3.7)-

(5.02./Re_Grv) .*1loglO(((del./d hG)./3.7)+(14.5./Re Grv))))."-2; % Gas-
liquid friction factor

Sh Glam = 0.664.*Sc _G."(1/3).*(Re_Grv.*(d hG./1 gpe))."(1/2); %
Sherwood number for laminar flow

Sh Gturb =

((Re_Grv.*Sc G.*((xi GL.*phi)./8))./(1+12.7.*((xi GL.*phi)./8) .7 (1/2).*
(Sc_G."(2/3)-1))).*(1+(d_hG./1 gpe)."(2/3))

%% Mass Transfer Coefficient Calculations

k Glam = (Sh_Glam.*(D_G))./(d_hG);
k_Gturb = (Sh_Gturb.*(D_G)). /(d_h6) ;
k G = (k Glam.”2+k Gturb."2).”(1/2)

k L =2.((D L. *U_LS)./(p.*E.*h_L.*s)).A(1/2); % 2014 Olujic and
Seibert new kL term

X

%% Effective Area Calculation

Re L = (p_L.*U_Ls)./(a_p *vis L);

We L = (p L.*U Ls."2)./(a_p.*sigma);

Fr L ((U_Ls."2). *a p) /9;

a e = (l-omega) .*a p.*(l-exp (-
1.45.%((0.075./sigma) .”0.75) .*(Re_L."0.1) .*(Fr L."-
0.05).*(We_L.”0.2))); % updated effective area term from 2004 DM paper
%% Calculation of HETP

HETP =

((U Gs./(k G.*a e))+lambda.* (U Ls./(k L.*a e))).*(log(lambda) ./ (lambda-
1))

end
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A.3. MATLAB Function M File — Aspen Model

function

[HETP,a e,k L,k G]=Aspenfun (LMW,GMW,F v,p L,p G,sigma,vis L,vis G,D L,D
_G,lambda,a p,E, theta)

n=length (F _v);

% Superficial velocity calculations
Gs = F v./((p_G)."0.5); % m/s
Ls = UGs.*(p G./p L); % m/s

= pi; % saves p as pi (3.14...)
= 1; % gravity conversion factor
ones(n,1)*9.80665; % gravitational constant (m/s"2)

I Q

P
9_
g
% Ligquid/Gas Concentration and Flux calculations

LMW2 = LMW.*(1./1000); % (kg/mol)
GMW2 = GMW.* (1./1000); % (kg/mol)

c L = p L./LMW2; % Liquid concentration (mol/m"3)
c G =p G./GMW2; % Gas concentration (mol/m"3)

L =U Ls.*c L; % Liquid molar flux (mol/m”2 sec)
G = U Gs *C_G % Gas molar flux (mol/m”*2 sec)

% Dimensionless calculations
d e = 4.*E./a p; % equivalent diameter

Re L = (d e.*U Ls.*p L)./(vis_L);
Re G = (d e.*U Gs.*p G)./(vis G);
We L = (d_e. *p_L *U Ls.”2)./(sigma);
Fr L = (U Ls.”2)./(g.*d e);

Sc L = vis L./(p L.*D L);
Sc G = vis G./(p_G.*D G);

% Mass transfer coefficients

k L = 0.33.*%Re L.*Sc L.”~(1./3).*((c_L.*D L)./d e)

k G =

0.0084.*Re G.*Sc _G."(1/3).*((c_G.*D _G)./d e).*(cosd(theta)./(cos(p./4))
) .N=T7.15;

ae=ap.*(0. 539 *Re G.”0.145.*Re L.”-0.153.*We L."0.2.*Fr L."-
0.2.%(p_ G /p_L)

0.033.*(vis_G. /v1s L) .70.090.* (cosd(theta)./cos(p./4))."4.078);

C y = log(lambda) ./ (lambda-1) ;

C x (lambda.*log (lambda)) ./ (lambda-1) ;

% HETP Calculation
HETP = (G./a e).*((C_ y./k G)+(C x./k L))

end

A.4. MATLAB Function M File — Gualito correlation

function
[HETP,F t,c,a e,k L,k G,h
G,D

k ,Fr L,We L,dpdz,U Le,U Ge]=gualitofun(F v,p_
L,p G,sigma,vis _L,vis G,

L
L,D G,lambda,a p,E,theta,s)
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n=length (F _v);

% Superficial velocity calculation

UGs =F v./((p_G)."0.5); % Gas superficial velocity (m/s)
ULs = U Gs.*(p G./p L); % Liquid superficial velocity (m/s)
P = pi; % saves p as pi (3.14...)

g c = ones(n,1)*1l; % Gravitational constant

g = ones(n,1)*9.80665; % Gravitational acceleration (m/s”2)
% Gualito specific constants for metal packings

A 1 = ones(n,1)*29.12;

A 2 = ones(n,1)*0.36;

B 1=5.21;

B 2= -16.83;

C 1 = ones(n,1)*0.177;

C 2 = ones(n,1)*88.774;

D 1 = ones(n,1)*0.614;

D 2 = ones(n,1l)*71.35;

szgma_ref 0.045; % (metal) surface tension reference based on
material of packing

F SE = ones(n,1)*0.35; % Packing specific constant, see Gualito
p_air = ones(n,1)*1.2; % air density at 1 bar, unclear of what temp ?
(kg/m”3)

%% Pressure drop calculation

We L = ((U Ls.”2).*p L.*s)./(sigma.*g c); % Weber number for liquid
Re L = (U Ls.*s.*p L)./(vis L); % Reynolds number for liquid
Fr L = (U Ls.”2)./(s.*g); % Froude number for liquid

c = ones(length(sigma), 1) *1;
count = 0;
sigma=sigma’';
for ii=sigma;
count = l+count;
if ii < sigma ref;
c(count,1)=0.90;
else
c(count,1l)= B 1.*10.7(B_2.*ii);
end
end
sigma=sigma';

% using egn 14 for ae/ap or Correction Factor for total hold-up

F t=

((((We L.*Fr L).70.15).*A 1.*(s.”A 2))./((Re_L.70.2).*(E."0.6).*(1-
0.93.%c) .*(sind(theta)).”0.3)).*(1.2./(1+0.2.%exp(30.* (U _Ls./ (2.*U_Gs))
)));

a e=F t.*a p.*F SE;

F t =

((((We L.*Fr L).70.15).*A 1.*(s.”A 2))./((Re_L.70.2).*(E."0.6).*(1-
0.93.*c) .*(sind(theta)) .”0.3));

% Flood Pressure Drop Calculation

dpdz flood = 1500+65000.*U Ls; % flood pressure drop in Pa/m

Q

% Dry Pressure Drop Calculation
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dpdz dry =
((p_G./p_air) .~ (0.4)).*(((C_1.*p G.*U Gs."2)./(s.*(E."2).*(sind(theta))
.72))+((C_2.*vis G.*U Gs)./(s.”2.*E.* (sind(theta)))));

dpdz new = dpdz dry;
% Iteration Process

h L=
((4.%F_t)./s).~(2/3) .*((3.*vis L.*U Ls)./(p _L.*E.*(sind(theta)).*g.* (((
p L-p G)./p L) .*(1-(dpdz new./dpdz flood))))).”(1/3); % Liquid hold-up
(dimensionless)

dpdz = dpdz dry./((1-(D_1+D 2.*s).*h L)."5);
while abs(dpdz new-dpdz) > 107-3;
dpdz new = dpdz;

h L =
((4.%F_t)./s)."(2/3) .*((3.*vis _L.*U Ls)./(p L.*E.*(sind(theta)).*g.* (((
p L-p G)./p L).*(1l-(dpdz new./dpdz flood))))).”(1/3); % Liquid hold-up
(dimensionless)

dpdz = (dpdz dry)./((1-(D_14D 2.*s).*h L)."5);

end

h L =
((4.%F_t)./s)."(2/3) .*((3.*vis _L.*U Ls)./(p_L.*E.*(sind(theta)).*g.* (((
p_L-p G)./p_L).*(1-(dpdz./dpdz_flood)))))."(1/3);

o)

% With convergence here, dpdz is accurate & final h L can be used for
rest
% of model

%% Mass transfer coefficient calculations

~Ge = U Gs./(E.*(1-h L).*sind(theta)); % Effective gas velocity (m/s)

~Le = U Ls./(E.*h L.*(sind(theta))); % Effective liquid velocity (m/s)

L = 2.*(((D L.*U Le)./(p.*s))."(1/2))
G:
.054.*%(D_G./s).*(((U_Ge+U Le).*p G.*s)./vis G)."0.8.*(vis G./(D G.*p G

) .7~0.33;

’

— o~ ~ G G

%% Calculation of HETP
ETP =

((U Gs./(k G.*a e))+lambda.* (U Ls./(k _L.*a e))).*(log(lambda) ./ (lambda-
1))

jas]

end

A.5. MATLAB Function M File — Song correlation

function

[HETP,a e,k L,k G]=Songfun(F v,p L,p G,sigma,vis L,vis G,D L,D G,lambda
,a_p,E,theta, 7)

n=length (F v);

% Superficial velocity calculations

U Gs = F v./((p_G)."0.5); % m/s

ULs =UGs.*(p G./p L); % m/s

P = pi; % saves p as pi (3.14...)

g ¢ = ones(n,1)*1l; % gravity conversion factor
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g = ones(n,1)*9.80665; % gravitational constant (m/s”"2)

o)

n=ones(n,l)*1l; % correction term for type of packing (=1 for structured
packing)

o\

kL & kG (mass transfer coefficient) calculations

k L = 0.12.*U_Ls.A0.565.*(vis L./p L)

0.4.*(D L."0.5). (1/6) .*a_p."-0. 065 *((z./1.8).7=0.54);

k G = 0.28.*U Gs. AO 62.*(vis_G./p_G)

0.12.*(D_G.”0.5).*a p."0.38. *((Slnd(Z *theta)).AO.65)

% Effective Area calculation

a e = a_p.*(l.l6.*n.*( (p_L./sigma).*g.”(1./2) .*U _Ls.*a p." (-
3./2)).70.138);

% HETP calculation

HETP =

((U Gs./(k G.*a e))+lambda.* (U Ls./(k _L.*a e))).*(log(lambda) ./ (lambda-
1))

end

A.5. MATLAB Parent M File — Example for calling one of the functions

% This is the main file, which runs every correlation (the correlations
are

% functions that get called to this file and take physical
property/packing

% information inputs below. Lines 49-54 have all the correlations,
delete

o) o)

% or add % in order to have a certain correlation run/not run.
clear,clc

% Physical property inputs

% Input physical properties (SI units)

% Example of some preloading points of an o/p-xylene system at 0.130

bara physical properties and their arrangement inorder to
% calculate HETP for each F-factor.

F v [0.687244038 1.05561849 1.57186725]; % F-factor (Pa”0.5)
p L = [815.3404622 813.7386145 816.9423099]; % Liquid density (kg/m"3)
P G = [0.560646683 0.560646683 0.496572777]; % Gas density (kg/m"3)
vis L = [0.000358 0.000358 0.000367]; % Liquid viscosity (Pa*s)
vis G = [0.0000075 0.0000074 0.0000074]; % Gas viscosity (Pa*s)
D L = [3.9875E-09 3.9922E-09 3.8475E-09]; % Liquid diffusivity
(m"~2/sec)
D G = [0.000017522 0.00001767 0.000019892]; % Gas diffusivity (m"2/sec)
sigma = [0.02252 0.02251 0.02282]; % Surface tension (N/m)
lambda = [0.943033695 0.930602316 0.912197792]; % Stripping factor
LMW = [106.167 106.167 106.167]; % Liquid molecular weight (kg/kmol)
GMW = [106.167 106.167 106.167]; % Gas molecular weight (kg/kmol)
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[

% Geometric Characteristics, input your packing information below
n=length (F v);

theta = ones(n,1l)*45; % (Corrugation angle (deqg)),Example if
corrugation angle was 45 degrees, rest of geometric parameters should
follow this format

E = ones(n,1)* (insert wvalue)

s = ones(n,1)*(insert value); % Corrugation side (m)

b = ones(n,1l)*(insert value); % Corrugation base (m)

h = ones(n,1)*(insert value); Corrugation height (m)
h 1
Z )

; Void fraction

o

[

pe = ones(n,l)*(insert value); % Height of packing element (m)
= ones(n, 1) * (insert value % Packed bed height (m)

a p=ones(n,1l).*(4.*s)./(b.*h); % Should use this equation but below

you can specify an already calculated a p

%a_p = ones(n,1l)* (insert a p value here) % Use Nominal packing area

equation to determine a p and input in place. (m"2/m"3)

’

% Re-arranging

D G=D G';

sigma=sigma’';

lambda=lambda"';

LMW=LMW "' ;

GMW=GMW ' ;

% file name of each function must be the same, for ex “gualitofun” must
be the name of the m file of that function in order for the parent file
to work and properly call any of the HETP correlation functions

[HETP,F t,c,a e,k L,k G,h L,Fr L,We L,dpdz,U Le,U Gel=gualitofun(F v,p

L,p G,sigma,vis L,vis G,D L,D G,lambda,a p,E, theta,s);

clc
fprintf ('HETP values: \n')
fprintf ('$f \n', HETP)
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