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CHAPTER 2

Two-Phase Flow and Operating Range

2.1
Hydraulic Processes in Packed Columns

The accurate design of packed columns requires a knowledge of the hydraulic character-
istics of the respective packing element throughout the entire operating range. The gas
velocity at the flooding point uyp is a particularly important parameter in this context,
as it is required for the calculation of the maximum loading capacity at a given specific
liquid load ug. The higher the loading capacity of the column in the case of counter-
current flow of the phases, i.e. the higher the gas velocity at the flooding point uy, the
smaller the required cross-section and diameter of the column.

When designing a packed column, it is also important to calculate the pressure drop of
the irrigated packing Ap/H per 1 m packed bed height and the respective liquid hold-up
hy. In recent years, these have become important technical-economic parameters. They
allow the assessment of packed columns in terms of their suitability for the rectifica-
tion of temperature-sensitive mixtures and for all gas/liquid systems, i.e. for absorption,
desorption, cooling and preheating of gas as well as for absorption using slow chemical
reactions, where the residence time of the liquid must be known.

If there is only gas flowing through the packing, i.e. up, = 0, a pressure drop occurs in
the column Apy, Fig. 2-1, and increasingly so, as the gas capacity Fy rises. The pressure
drop also depends on the dimension and shape of the packing and is directly propor-
tional to the packing height H. If the packing is irrigated by the downward counter-
current flow of the liquid, i.e. u, > 0, there are mostly films and runlets forming on the
individual packing elements, assuming these are small and non-perforated. In the case
of highly perforated packing elements of any size, the so-called lattice work packings,
which are used more and more frequently, there are not only films and runlets, but also a
large number of droplets and sprays, which increases with the size of the packing. On the
basis of today’s knowledge, this applies to any type of packing of any shape and material,
i.e. plastic, ceramic and metal, in particular in the case of very small and moderate liq-
uid loads. In two-phase flow, once the gas has reached a certain velocity, the formation of
additional droplets can occur through separation from films. The total liquid hold-up hy,
of such droplets, runlets and films reduces the free cross-section available for the gas flow.

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_2,
© Springer-Verlag Berlin Heidelberg 2010
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Figure 2-1. Dependencies (a) a) Up=>Uy
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The effective void fraction of the packing (e-hy) decreases, which results in an increase
in pressure drop Ap/H, based on the accepted law of resistance acc. to Darcy and Weis-
bach. As the specific liquid load uy, increases and the gas velocity uy remains constant,
the liquid hold-up hy and the pressure drop of the irrigated packing Ap/H also increase
(see Fig. 2-1a,b).

Figure 2-1b shows a qualitative, double-logarithmic representation of the dependency
of the pressure drop per 1 m packing height for irrigated random or structured pack-
ings Ap/H on the gas capacity factor Fy, whereas Figs. 2-2a and 2-2b is a quantita-
tive representation, applicable to randomly filled 25 mm metal Biatecki rings, with the
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specific liquid load uy, as the parameter. The occurrence of different flow ranges within
the operating range is very distinctive and is marked by the limit lines AA, BB and CC, as
shown in Fig. 2-1. Figure 2-1a is a qualitative representation of the correlation between
the total liquid hold-up hy and the gas capacity factor Fy for empty columns, whereas
Fig. 2-2b shows the correlation for randomly filled, 25 mm Biatecki rings of metal. The
diagrams are similar for other random or structured packings, analogous to Figs. 2-2a
and 2-2b. The combined representation of the correlation between the pressure drop
Ap/H and liquid hold-up hyand the vapour capacity factor Fy highlights the character-
istic relationship between the parameters shown here.

Up to the first limit line AA, the so-called loading line, the pressure drop curves Ap/H
of irrigated packings at small and/or moderate liquid loads ur; and ur, run parallel
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Figure 2-2b. Hydraulic characteristics of random 25 mm metal Bialecki rings, valid for the system
air/water under normal conditions. Liquid hold-up hy, as a function of the gas velocity uy or gas capacity
factor Fy, up, with the specific liquid load uy, as a parameter

with the pressure drop curve Apy/H of dry packings with up, = 0, based on experimental
research on modern types of packings. The loading line is at approx. 65% of the flood
load factor Fy gy, pertaining to the flooding line CC. In this operating range, the liquid
flow has practically no influence on the gas flow. Hence, the liquid hold-up hy, does not
depend on the gas capacity factor Fy and/or the gas velocity uy, but it increases with the
liquid load uy..

A further increase in the gas velocity uy above the loading line AA results in an
increase in the liquid hold-up hy, Fig. 2-2b, and in the pressure drop, Fig. 2-2a. In this
operating range, the shearing forces of the gas prevent the liquid from flowing off.

The pressure drop curves in the range between the loading line AA and the upper
loading line BB rise steadily from 1.95 to 2.95 [2, 3, 12], Fig. 2-2a. At the same time, the
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liquid hold-up hy increases, leading to an increase in the effective mass transfer area, see
Fig. 2-2b. Packed columns are usually operated at gas velocities uy between 30 and 80%
of the gas velocity at the flooding point uyp.

The term “packed columns” refers to columns with randomly filled packings, with
stacked or structured packings and tube columns filled aligned with packing elements.

22
Flooding Point

2.2.1
Flooding Mechanisms

Depending on the liquid load, the type and size of the packing and the physical proper-
ties, there are two different flooding mechanisms which can occur in packed columns:

(a) flooding at high phase flow ratios

ho = (ﬂ> (2-1)
uv /) g

where columns with large-surface packing elements are being filled with liquid with
phase inversion
(b) flooding at small phase flow ratios g, due to droplet entrainment in the gas phase

In packed columns, the liquid flows in counter-current to the gas, in the form of films
and runlets. This applies in particular to small, non-perforated packing elements with
low void fraction, e.g. € = 0.4—0.6 m®> m~>. The void space of the packing elements
contains dead space, which is filled with more and more liquid as the liquid load uy,
increases. Flooding occurs when the entire column is filled with liquid. In the case of high
specific liquid loads ug, and very low gas velocities uy, i.e. at very high phase flow ratios
at the flooding point Ao, the so-called phase inversion occurs through the formation of
bubbles, whereby the gas phase is dispersed and the liquid now forms the continuous
phase.

The flooding mechanism is characterised by a steep increase in the pressure drop
curve Ap/H = f(Fy) as the gas capacity factor Fy increases, line uy 3 in Fig. 2-1b.

The last 30 years have seen a new development in the packings design, as more and
more metal and plastic packings with an open structure are being produced — the so-
called lattice packings. Today, the use of perforated packing elements with dimensions of
d > 0.050 m is common practice for industrial applications. The void fraction of these
metal and plastic packing elements with d > 0.025 m is in the range of £ = 0.92—0.98 m?
m~3. They do not contain any dead space that can be filled with liquid. The operating
range of modern “lattice packings” is therefore greater than that of full-surface packing
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elements, which means that the influence of the gas on the liquid flow is different, com-
pared to the first type of packing.

In the case of highly perforated packing elements, or lattice packings, the formation
of droplets occurs as a result of liquid dripping from the individual packing elements
or from films and runlets, and can be entrained by the upward gas flow. This process is
shown in Fig. 2-3, acc. to Bornhiitter and Mersmann [66, 87]. The amount of droplets in
the total hold-up ranges between 5 and 42%, depending on the type and size of the pack-
ing. As a rule, the number of droplets in the packing increases, the higher the liquid load
up and the larger the size of the packing elements. Low phase flow ratios at the flood-
ing point kg are characteristic of columns operated in the vacuum and normal pressure
range. This mechanism of droplet formation has been verified by specific studies carried
out by Bornhiitter and Mersmann [66, 87].

As a result, smaller as well as larger perforated packing elements are characterised by
a different flooding mechanism, as droplets occur in liquid-fluidised beds, compared to

50
Liquid: water 20°C
90mm Hiflow ring-PP

5

F (%]

wJ
<

50mm Hiflow ring PP
50 mm Pall ring PP

N
(=]

—
<

90 mm Hiflow ring PP, 90x65mm
VSP 25 PP

<

90 mm, Hiflow, ring _,  Snowflake PP
0 2 A 6 8 10 12
Specific liqud load u,-10° (mss]

Droplet ratio at liquit hold-up

(=]

Figure 2-3. Droplet hold-up for various packings during water irrigation acc. to Bornhtitter/Mersmann
[66, 87]
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classic, non-perforated packings, where flooding is caused by droplets being entrained
upwards, in particular in the case of smaller phase flow ratios at the flooding point .
The latter is characterised by a constant increase in pressure drop Ap/H, as the gas capac-
ity factor Fy rises, Fig. 2-1b, lines uy,; and up ;.

Accurate gas velocities at the flooding point can only be obtained by means of pressure
drop curves, as shown in Fig. 2-1b. The visual determination of the flooding point, on
the other hand, can cause large errors.

222
Droplet Formation in Packed Columns

Droplet Formation

Droplet formation at lattice packing elements can occur without the influence of gas, as
a result of the following: dripping from the sharp-edged packing elements, break-up of
sprays and threads (runlets) at a certain distance from the individual packing element
and through contact with the ledges of the packing elements. In the case of higher gas
velocities, droplet formation can occur through transfer of the gas kinetic energy to run-
lets and films [66, 87].

The following considerations initially refer to the second case only and are based on
the physical notion that a large number of droplets are sheared from the films and runlets
of the liquid and entrained by the upward gas flow. As a result, the proportion of droplets
to the total hold-up is even higher than shown in Fig. 2-2b. By shearing off droplets from
the runlets, the gas transfers an impulse onto the droplets. The shear force of the gas K

ﬂd% PV 5

KR = C(/) . 4 . 714‘/ (2_2)

is partly converted during droplet formation as a result of the surface tension or.. (Cj is
the so-called shear factor [58]). The surface force K is given as:

K() =7 - dT - OL. (2‘3)

While in suspension, the displaced droplet has to overcome the gravitational force minus
the lifting force.

7-d &
K, = L (pp—pv) ¢g= r
¢ o (oL —pv)-g 5

~pL-g for pp >> pv. (2-4)
The balance of forces

Kr =Ko + Kg (2-5)
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leads to the following correlation (2-6), acc. to Covelli, Miilli [58], based on the solution
of Eq. (2-5) for a minimal effective gas velocity, at which it is just possible to separate
droplets from runlets:

1690, - Ap g | ! Ap-g\
ilV,crit=|:w:| —1.55. -<UL pg) . (2-6)

2 2 2
3C% Py /C, Py

For Cp = 1, the formula (2-6) is identical to the one developed by Mersmann [38] and
Levich [57] for droplets falling in gases and liquids.

This permissible velocity uy, .+ can be used to determine a critical droplet diameter
dr.erit> based on Eq. (2-5):

6 Gy [ ]“2

T’ . —_ — . = .

16 (o —pv) g 2-glor = pv)
o1 1/2

At erir = 2.44 - (2-7)
Ap-g

Larger droplets with diameters greater than dr it break down into smaller droplets. Cov-
elli, Miilli [58] presented the following theory for the shear factor Cp in Eq. (2-2):

or-g-(pL—pv)
Py - uy

C) =653 : (1 2454 Re;(’-s“z) (2-8)

It was developed on the basis of data, taken at a heated tube for the test system
water/steam at 1 bar, and applies to Reynolds numbers of droplets Rer, acc. to Eq. (2-9),
in the range of Rer = 300 to Ret = 8000:

.
Rep = V9T (2-9)
vy

Based on Eq. (2-9), it is possible, for a given gas velocity uy, to calculate the shear factor
Cb, acc. to Eq. (2-8), followed by the critical effective gas velocity iiy i, acc. to Eq. (2-6),
if the Reynolds number Rer is known.

If the following is true:

aV > ﬁv,crit (2‘10)

then droplet formation occurs in the packing by shearing from films and runlets. In the
case of high gas velocities, the shear factor Cj is expected to be minimal, acc. to Eq. (2-8).
These conditions are most likely to trigger droplet formation.

The formation of droplets is usually described by means of the so-called critical Weber
number Wei:
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- 2 /
Uy crit * dT C PV C FV crit dT : C0

5 = Weeyir - Cy /&2 = const. =
oL, E- -0

12 ¢?
Wegrie = —=— (2-11)
0
which is based on the ratio of the shear force K, acc. to Eq. (2-2), to the surface force K,
Eq. (2-3). Equation (2-11), developed by Wallis and quoted by Stichlmair [55], applies
to low-viscosity mixtures (n;, & 1 mPas).

If the critical Weber number is not reached, there is no droplet formation from runlets
and films. This is expected to be the case for high liquid loads, for random packings with
low void fraction as well as for systems with extremely low surface tension of, i.e. for
pressure rectification.

Droplet Entrainment

The droplets forming in the packing can only be entrained if the gas velocity is sufficiently
high. The gas velocity can be ascertained from the balance of forces acting on a suspended
droplet. The thrust force of the gas Ky, must be equated to the gravitational force K
minus the lifting force Ka. The following correlation applies:

Ky =Kg — Kp =

) 2 3
uy - py dp w-dy
. R S — 2-12
VE 5 1 e (oL —pv)-g (2-12)

Solving Eq. (2-12) for uy gives Eq. (2-13)

/4 /PL — pv
g (2-13)

Estimating the Lower Limit, Which Allows Droplet Formation from Films and Runlets
in Packed Columns

It is possible to give an approximate estimation of the lowest effective gas velocity uy pl min
for the test system air/water at 20 °C and 1 bar, which allows droplet entrainment from
the packing. This is based on the assumption that the packing elements are sufficiently
large to allow the substitution of the same resistance coefficient {rp) = Y into Eq. (2-13)
that applies to a droplet swarm in an empty column. It can be calculated using Chao’s
formula (2-14), quoted by Soo [59]:

32

Yr = 14+2- = —0314-
nv

144 (m/nv) 2-14)
ReT

JRer
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For the test system air/water, the droplets in packed columns reach an average diameter
of dt = 0.003 m. uy is now substituted for the value uy = 1.5 ms~!. The objective is to
find out whether, given the above gas velocity, it is still possible for droplets of this size
to be entrained from the packing. Equation (2-9) gives the value Rer = 268.95 and Eq.
(2-14) leads to a resistance coefficient g of 12.68, which is then used to calculate the gas
velocity uy, acc. to Eq. (2-13), as 1.5 ms~!. The example shows that, at a gas velocity of
1.5 ms~! or higher, it is still possible for droplets to be entrained in columns containing
larger packing elements of, e.g., d > 0.050 m. Given a packing size of d = 0.090 m and uy
~1.5ms™ !, the liquid load at the flooding point is in excess of 100 m’m~2h~! [27,28].
The maximum operating range for larger, perforated packing elements with d > 0.050
m, at which droplet formation and entrainment can occur, is relatively wide. However, it
decreases with the size of the packing elements. It is difficult to provide a more accurate
estimation of the lower limit of the model’s validity, which assumes that flooding occurs
through droplet entrainment by the upward gas flow. This is due to the fact that no
numerical values are currently available for the resistance coefficient in connection with
droplet fall in the packing.

In addition, it is not yet possible to estimate the proportion of droplets formed
through dripping from the packing edges and those formed through shearing. The lower
value of the gas velocity in the air/water system is estimated to be uy > 1—1.5 ms~!. In
the case of Fy factors, it is in the region of 1.1-1.65 or considerably lower.

Based on Eq. (2-13), it is possible to calculate the gas velocity uy that allows the sus-
pension of droplets with a diameter of dr. If this value is lower than the gas velocity uyp,
it is no longer possible for droplets with dt to be entrained by the upward gas flow. In
such cases, it is recommended to describe the flooding mechanism in packed columns
using the film gas thrust shear force model or film model developed by Mersmann [2, 3],
see Sect. 2.2.3.

Bornhiitter (1991) [66, 87] carried out experiments to analyse the formation of
droplets in a column with a diameter of 1 m containing modern packing elements, such
as Hiflow ring, Pall ring, VSP ring, Envipac, Snowflake, with diameters ranging between
25 and 90 mm and using liquids with viscosities between 1 and 27 mPas. He found
that the proportion of droplets to the hold-up ranged between 5 and 45%, see Fig. 2-3.
What all types of packings had in common was the fact that the proportion of droplets
remained largely constant as the specific liquid load increased, whereas the proportion
increased if the loads were reduced, falling below ur, = 0.003 ms~!.

Based on the theoretical considerations illustrated above and the experimental data
found in literature [66], it can be assumed that, due to the constant occurrence of
droplets in the packing, the flooding point mechanism in packed columns is defined
by the entrainment of droplets.

223
Literature Overview — Status of Knowledge

The analysis of most representative correlations for evaluation of flooding gas velocity
in packed column was provided by Kister [88], Piche [73], Kuzniewska-Lach [74],
Grabbert [92] et al.
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The methods described in the relevant literature for determining the gas velocity at
the flooding point uy;p can be divided into two groups. The first group includes graphic
correlations developed by Sherwood, Shipley and Holloway [4], Lobo, Leva [6], Billet
[5], Eckert, Kafarov, Planowski [1, 50], Kirschbaum [19], Strigle [31] etc., who assume
droplet formation at the flooding point. Table 2-1 shows the individual developmental
stages of the most important correlations developed by this group (no. 1-7). The second
group of methods assumes film flow in the packing, see correlations 8-14 in Table 2-1
[1,4,5,6,8,9,37-89, 94].

The first group of flooding point correlations is based on the assumption that, in
accordance with visual observations, droplets are formed in the void spaces of the
packing elements, which then fall down into the packing elements situated below, see
Sect. 2.2.1.

At the flooding point, the balance of forces acting on a suspended droplet leads to
correlation (2-12), which is then transposed to give the following equation for the flood
load factor F*yp:

FV i g dr -8 [msfl] . (2-15)

F*
Cin NI /Ov Yo

The term\/ 4/3 -dr-g- wo_l in Eq. (2-15) is summed up to the so-called flood load
factor Fy ), which can only be determined experimentally for packed columns. Here,
the quotient, Eq. (2-15), is given by dividing the gas capacity factors Fyj, known from
experiments, by the root of the density difference (p;,—py) and applied to the operating

conditions at the flooding point using the term (L/V)Fl 4/ ,ov/pL (2-16).

v
L

. L
Fiw = f(Xp)  with Xp = <7> . (2-16)
V /¢

The term Xg in Eq. (2-16), known as the flow parameter, is the root of the ratio of
the kinetic energy of the liquid Ex | to the kinetic energy of the gas Exy. This type of
capacity diagram, based on Eq. (2-16), was adopted by Boden [1, 4, 8, 55] and is still
used today [40—48], mostly for the air/water system.

Figure 2-4a shows a typical capacity diagram for 15 mm metal Pall rings, based on Eq.
(2-16). Figures 2-4b and 2-4c show further examples of capacity diagrams for various
random and structured packings, which were developed on the basis of recent experi-
ments. The figures clearly show to what extent the flooding point is influenced by the
size, type and material of the packing. These variables were initially described by intro-
ducing the quotient a/e [1] ( Eq. (2-17)) and later by using the packing factor Fp = a/e?
of the dry packing [4], see Eq. (2-18).

2

u L

Lﬂ‘f./;v:f[(f) ey (2-17)
2-g ¢ pL Vg PL

The above correlation (2-17) was developed by Walker et al. [1] as early as 1937, on the
basis of experiments using the test system air/water. Spirals and ceramic Lessing rings
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Figure 2-4a. Capacity diagram F*y g = f(Xp) for random 15 mm metal Pall rings

were among the types of packings used. Sherwood, Shipley and Holloway [4] further
modified the model developed by Walker et al. [1] by introducing the empirical factor
(ML/mrw)%? and the effective gas velocity uy,f. = uy/e into Eq. (2-17). The numerical
factor 1/2 in Eq. (2-17) was dropped. The result is as follows:

Yp PV a [’“]I/Szf[(L) PV (2-18)
g-pr & Lnw V) VoL

This type of presentation of flooding point data is still used by packing manufacturers
today, albeit with minor modifications [31, 88]. There have been a number of attempts
over the years to improve the accuracy of the correlation expressed in Eq. (2-18). Lobo
et al. [6], Eckert [9] introduced the quotient (pr,w/pr) into the left-hand side of Eq.
(2-18) and proposed to replace the packing factors Fp = a/e’ of the dry packing with
experimentally determined variables F}, exp, in order to show the flooding point for all
types of packings in a single load curve. The numerical values for the experimentally
derived packing factors Fpeyyp, using the test system air/water, were listed the study [9] in
relation to various operating ranges. In Eckert’s correlation, the packing factor Fpeyp is
not a packing constant, due to the fact that it is also load-dependent.

Billet [5] found new numerical values for the packing factors Fpeyp, based on com-
prehensive rectification investigations for 15—50 mm metal Pall and Raschig rings. They
are considerably higher for given packing sizes than those derived by Eckert [9] from
experiments using the air/water system. The following numerical values are given as an
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chlorobenzene/ethylbenzene (L/V)=1 [Al

¢ d=25mm, p;=33mbar, d=022m, H=131m, N=53200 1/m
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t d=50 mm, p,=33mbar, d;=0.22m, H=15m, N=6358 1/m’

g d=50 mm, p;=67mhar, dz022m, H=15m, N=6358 1m’

air/water, 293 K, p;=1000 mbar

o d=25mm, ds=03m, H=082m, N=53500 /m? [A]
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methanol/ethanol (L/V)=1, p;=1000 mbar
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m d=50mm, d.=05m, H=2/4m, N=6100/6400 1/m° [5]
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o d=25mm, ds=05m, H=2m, N=47500 1/m’
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m d=50mm, p;=1600 mbar, d.=12m,H=55m, N=61001/m* [5]
iso-butane /n-butane, (L/V)=1

= d=50mm, p.=11600 mbar, d,=12m, H=5.5m, N=6100 1/m’ [5]

T 1 |
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1 2 L 6 10 2 40
Flow parameter af flooding point X; 10’ Xe(LIVI Vo lo,

Figure2-4b. Capacity diagram F*y ) = f(Xg)) for random 15-50 mm metal Pall rings. The experimental
values are based on the standard packing density Ny

example for 50 mm metal Pall rings (s = 1 mm):
Fppitee[5] = 107m™"  Fy pokent[9] = 65.6m ™!
and for 25 mm metal Pall rings:

Fopilet[5] =202m™"  Fypeert[9] = 157.4m™!
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Figure 2-4c. Capacity diagram F*y g = f(Xp) for various packing shapes. The experimental values are

based on the standard packing density Ny. Experimental data — see figures in annex to Chap. 2
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The empirical flooding point correlation developed by Billet [15] applies to metal
Raschig and Pall rings and reflects the experimental data for the vapour/liquid systems
much more accurately, 3(uyp) = £+ 15—20%, than Eckert’s correlation [9] does.

Depending on the packing size, acc. to Eq. (2-4), Table 2-1, the use of packing factors
Fpexp» based on Eckert [9] correlation, results in a deviation of approx. +29.1% when
determining the vapour velocity uyg.

Bolles and Fair [8] compared data found in literature, in particular experimentally
derived data provided by Billet [15], with the values calculated using Eckert’s correlation
[9]. The comparison also showed that the values for the vapour velocity uyp, which
were calculated using Eckert’s correlation, were 50% higher than the numerical values
which were experimentally derived, particularly for systems in the vacuum range and for
larger-diameter packing elements. Consequently, the correlation valid for air/water is not
applicable to vapour/liquid systems.

Planovski and Kafarov [50], quoted by Weif3 et al. [11], also differentiate between
flooding in distillation columns and in absorption columns. This manifests itself quan-
titatively in the different numerical values for the constant C;(see Table 2-1).

The other group of methods (no. 8-11 in Table 2-1), which apply to classic packing
elements with smaller sizes of up to 0.025 m, are based on the so-called filmm model [3, 60]
developed by Mersmann (1965). Here, the packing is assumed to be a bundle of flow
channels with equal diameters dy. Both phases pass evenly through each flow channel,
which results in the formation of a downward flowing liquid film with a thickness of 1.
The capacity diagram shows the correlation between the dimensionless pressure drop
Apo/(pr-g-H) at the flooding point (proportional to (Fv,pl)z) and the dimensionless film
thickness 31 /dy, Fig. 2-5a. This film thickness 81, determines the maximum capacity of
the column. A rise in the liquid loads uy, leads to an increase in the film thickness 3,
which, in turn, leads to a reduction of the free channel cross sections. This manifests
itself in the increasing pressure drop Ap/H of the gas, see Fig. 2-1b.

The measure used by Mersmann for the film thickness is the dimensionless liquid load
By, which is based on the known proportionality By ~ (31/dp)? [2, 3]. Further modifi-
cations by Reichelt [12], Gieseler [35], Vogt [49], Kleinhiickenkotten [51], Bornhiitter
[66, 87], Bylica, Jaroszynski [81], Grabbert, Bonitz [92] et al. [20, 30, 78] have extended
the range of validity of Mersmann’s correlation [2, 3, 34], see Table 2-1. The correlation
developed by Billet and Schultes [89] is also based on the film model.

Conclusions Paragraph 2.2.3 - Literature Overview

When the first correlations for determining the flooding point were developed, see
Table 2-1, the only types of packing available were classic, ceramic packing elements such
as Raschig rings, Lessing rings, Intalox and Berl saddles as well as spheres, with preferred
diameters of up to 35 mm. It was only in the late 1960s that metal packings [5] became
increasingly popular and the first plastic packings came on the market. The flooding
point model developed by Mersmann (1965) [2, 3] therefore assumed a film flow in the
packing. It is based on the assumption that the thrust force of the gas acts on the surface
of the trickle film moving downwards in the packing. This is why the model is called film
gas thrust shear force model or film model [60].
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Figure 2-5a. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems [20, 30, 44, 45, 46]

When, at a given liquid load uy, certain gas velocities uy are exceeded, the trickle
film builds up in the void spaces of the packing elements, which are then gradually filled
with liquid until flooding occurs. The film model is therefore a good method of describ-
ing the flooding point mechanism for operations with little droplet formation, i.e. for
large-surface packing elements with low void fraction and very high liquid loads, e.g. for
pressure rectification and pressure absorption.

This has also been confirmed by experimental data presented in this book.
Figures 2-5a, 2-5b, 2-5¢ and 2-5d show the flooding point diagram developed by
Mersmann. The diagram indicates that the experimental values for 25 mm Raschig rings,
25 mm metal Pall, Biatecki and Hiflow rings, VSP rings etc., only deviate marginally
from the flooding line plotted by Mersmann [2, 3]. This is based on a dimensionless dry
pressure drop Apg/pr-g-H of 0.25. In the case of a low dimensionless liquid load By, and
increasing packing sizes, however, the deviation from the basic line plotted by Mersmann
increases, see Figs. 2-5b, 2-5c and 2-5d. The position of the test points on the diagram
reveals the following trend: A column filled with packing elements with a geometric sur-
face of a ~150 m> m~—3is flooded at a dimensionless dry pressure drop of Apy/pr-g-H
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Figure 2-5b. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

~ 0.15. If the surfaces are even larger, i.e. a = 100 m2m2anda=80m?m3, flooding
is triggered in the case of dimensionless dry pressure drops of Apo/pr-g-H = 0.1 and
0.05, respectively. As the dimensionless liquid load By, increases, the individual surface-
related flood lines move closer to the basic line given by Mersmann. This indicates that
Mersmann’s film model [3] can be used to describe the flooding point mechanism even
in the case of larger packing elements, if the dimensionless liquid loads By, are extremely
high. Under such operating conditions, there is little droplet formation, and the energy
of the gas is not sufficient to keep the droplets suspended.

This clearly shows that the validity range of the filin model covers operations running
at very low gas velocities and using liquids with high surface tension. This applies, in par-
ticular, to large-surface, smooth and easily irrigatable packing materials, such as ceramic.
In order to describe the fluid dynamics outside this validity range, it would be better to
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Figure 2-5c. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

develop a new model applicable to random, perforated packings with dimensions of d >
0.015 m as well as to structured packings, which takes into account a considerable droplet
entrainment by the gas flow.

224

New Model of Suspended Bed of Droplets (SBD) for Determining Gas Velocity uy
at Flooding Point

One of the basic processes in technology occurs when a bed of particles is passed through
by another phase. Examples of this process are: fixed bed flow, fluidised bed flow, pneu-
matic transport etc., all of which are qualitatively similar, as the flow occurs around single
particles in the presence of surrounding particles. The basic processes mentioned above
also include the flooding of packed columns under certain operating conditions, i.e. in
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Figure 2-5d. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

the case of gas flowing through the suspended bed of droplets. This model is therefore
known as the suspended bed of droplets model, see Fig. 2-6. First evaluated in 1986, it
was presented at the GVC-VDI symposium in Strasburg (F) and published in the first
German edition (1991) of this book.

Figure 2-6 shows a diagram of the terms which are useful for deriving the formula to
calculate the flooding point. ug is used to express the superficial velocity of the gas which
enables the suspension of a droplet with a diameter of dt. uy g describes the superficial
velocity of the gas which enables the suspension of a droplet swarm. If the amount of
droplets hgﬂ in the gas increases, flooding occurs at lower gas velocities uy in the col-
umn. The liquid hold-up hg,Fl is therefore the most important factor which influences
the ratio of both gas velocities uy/ug. Figure 2-7 shows an example of the experimental
flooding point data, acc. to Fig. 2-2a, using the function uy,p = f; ( l—h%,Fl). This confirms
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the applicability of the following model:

R =k )" (2-19)

Uo

where hg,Fl is the liquid hold-up h(ﬁ,Fl of the free packing volume at the flooding point,
acc. to Eq. (2-19a),

VL,Fl _ @ [m3m_3]
Vs-¢e e

) g = (2-20)
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Based on this model, flooding occurs when the effective gas velocity in the packing Gg
has reached the value of the effective droplet velocity ut in the packing, i.e.:

Wp—0 = ig=ur (2-21)

An analogous condition applies to droplet swarms.

Acc. to Egs. (2-19) and (2-21), a droplet swarm falls more slowly than a single droplet.
This is due to the increased relative velocity of both phases under the influence of a
modified lifting force [55], which changes as a result of the mean density change of the
two-phase mixture, similarly to the sedimentation and/or fluidisation process.

The function f; ( hy Fl) describes the contraction effect, which occurs as the gas

flows through the droplet swarm. The application of Eq. (2-19) for calculating the gas
velocity at the flooding point uyp requires the knowledge of the velocity ug, the expo-
nent n as well as the liquid hold-up at the flooding point hL > which is dependent on the
phase flow ratio X at the flooding point [13, 17, 18, 38], in analogy to liquid/liquid sys-
tems. Section 2.2.4.4 takes a closer look at the derivation of the equation for calculating
the liquid hold-up h(L),Fl for gas/liquid systems in packed columns. Tables 2-2a and 2-2b
contains a list of mixtures and their properties at different top pressures pt up to 100 bar,
based on the author’s own experimental flooding point data as well as on literature data.

2.2.4.1
Effective Falling Velocity of a Single Droplet in the Packing uy

The effective falling velocity ut of droplets in the packing is determined on the basis of
Eq. (2-12). Analogy to Eq. (2-13), the balance of forces acting on a droplet leads to the
following formula (2-22):

4 [dr-g [pL—pv
N R A 2-22
uT \/; Yo v (2-22)

where s is the resistance coefficient of a single droplet falling through the packing.
The term

4 dr -
Jo e o ap = | (2-23)
3 0 oL — PV

represents the reduced falling velocity of a single droplet #7 in the packing.

Figures 2-4a, 2-4b and 2-4c as well as the analysis of the models described in para-
graph 2.2.3 provide important information on the parameters which influence the effec-
tive droplet velocity ut. In the case of decreasing flow parameters Xg < 1072, the flood
load factor F*yp remains virtually constant and is proportional to the reduced droplet
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velocity ur, which for h(ﬁ,Fl —> 0 tends to the value F*ypy, i.e. ur — F*y . This applies to
a given mixture and packing size.

In addition, Figs. 2-4a, 2-4b and 2-4c indicate that the reduced droplet velocity ur
increases with the packing size d. The material of the packing elements also has an
influence on the parameter ur. It follows from this that the resistance coefficient Vg
in Eq. (2-22) is a function of the size and the surface properties of the packing. The first
influencing factor can be expressed dimensionless by the quotient f,(d/dt). The second
factor is linked to the resistance coefficient {r of the dry packing. These two effects are
reflected in the general correlation (2-24):

dr - Ap - d
ur=¢- |28 (—”)~f3<w> (2-24)
oV dr

where C; is a dimensionless constant. Sections 2.2.4.5 and 2.2.4.6 take a closer look at
the derivation of the functions f, (dh/dT) and f3 (V).

2.24.2
Droplet Size and Range of Droplet Movement

Figure 2-8 [15] shows that, in the case of droplet Reynolds numbers Rer > 400, the
resistance coefficient o increases with the Reynolds number Rer, contrary to expecta-
tions. Acc. to the research of numerous authors, such as Mersmann [33, 38], Reinhart
[63] and Kovalenko [64], this is applicable in the range of Rer > 400 only to large,
deformed droplets in excess of 1 mm, falling in liquids and gases, and for ny/ny, — 0
and py/pL < 1. Mersmann [2, 38, 60] found that such types of droplets are stable in the
following range:

42 . Ap -
T ,og<
o

9 (2-25)

To calculate the droplet Reynolds number in the packing, it is necessary to ascertain
the droplet velocity ur as well as the droplet size dr and the kinematic viscosity of the
surrounding phase vy.

There are equations available to calculate the size of deformed droplets generated in
liquid/liquid systems in packed columns. These equations can be found in the work of
Mersmann [38] as well as Mackowiak and Billet [17, 18].

For simplification purposes, the fluid dynamics model described here is based on a
mean droplet diameter of:

oL

dT = CT —_—
(oL — pv)g

where Cr =1 [17, 18] (2-26)

Based on this, it is possible to estimate the Reynolds numbers Rer, acc. to Eq. (2-9), with
uy = ur [17, 18, 38].
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Figure 2-8. Dependence of the resistance coefficient of individual droplets /g on the Reynolds number
ReT acc. to Hu and Kinter [15]. vc = kinematic viscosity of the surrounding liquid. vc = vy. applies to
droplet fall in gases

Rep = “I 1 (2-9)
vy
For the maximum stable droplet size, Ct = 2.44 is substituted into Eq. (2-26)
[38, 57].

Bornhiitter [66] has published new experimental data on the prediction of droplet
size in gas/liquid systems with relation to dripping processes as well as the breakdown
of sprays and threads, using water, ethylene glycol and methanol. The evaluation of the
experiments shows that the droplet diameter, acc. to Eq. (2-26), is independent of the
specific liquid load and of the size and type of the packing. It does, however, depend on
the wetting properties and the physical properties of the liquid. In the case of ceramic,
the droplets are larger than for other materials, such as PP, PTFE and stainless steel. In
terms of the adhesion work (1 + cos6) - 10> = 80 — 120, the constant Cr is approx.
1 +0.15.

Based on Eq. (2-26), with Ct = 1, the droplet sizes for the systems listed in Table 2-2
are approx. 1.5-1072 to 2.7-10~° m. The corresponding Reynolds numbers, acc. to Eq.
(2-9), are in the range of 400 < Ret < 1400. Based on Fig. 2-8, this is the range in which
the resistance coefficient s increases as the Reynolds number Ret increases, see Fig. 2-6.

Systems with very low surface tensions oy, are characterised by smaller Reynolds num-
bers Rer in the transition and/or laminar range, and the resistance coefficient {ry in Fig.
2-8 decreases as the Reynolds number increases.
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As a result, Cjin Eq. (2-24) can no longer be defined as a constant. In this range, the
correlations for the effective droplet velocity ut are different from those expressed in Eq.
(2-24). However, this range is less significant for practical applications.

2243
Analogy Between the Falling Process of Particles in Fluidised Beds and the Droplet Fall
in Random Packings

The analogy between the flooding process in packed columns and in fluidised beds was
discussed at the beginning of Sect. 2.2.4. The diagram in Fig. 2-9, which was devel-
oped by Zenz [61], modified by Wunder and quoted, amongst others, by Mersmann
[2] and Stichlmair [55], is used for determining the falling velocity of particles in the
systems mentioned above. The superficial velocity is plotted on the ordinate axis of this
diagram,

2
w - v
Ap-g-nv

whereas the dimensionless particle diameter dr*, acc. to Eq. (2-27)
& = A3 (2-27)

is plotted on the abscissa axis. Ar stands for the Archimedes number, described as:

a3, .
Ar= L 2'0" Ap-g. (2-28)
Ny

Based on Eq. (2-27), the dimensionless particle diameters d1™ for the systems listed in
Table 2-2 range between 40 and 170. Acc. to Fig. 2-9, the dimensionless superficial veloc-
ity in this range is approximately dependent on the root of the dimensionless particle
diameter dr*. The following correlation applies:

2
3 Py #1/2
wo - J—V A gt (2-29)
Ap-g-ny 0T

where A is the packing constant.
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Figure 2-9. Diagram for determining the velocity, at which particles are kept in suspension [55].
homogenous two-phase bed (particulate fluidisation); -.-.-.-.-.- inhomogenous two-phase bed
(aggregative fluidisation)

By substituting Eqs. (2-27) and (2-28) into Eq. (2-29), it possible to find the correla-

tion (2-30) for the superficial velocity ug, in which droplets are suspended in a certain
type of packing.

Ap -1y -
u():Ai.34p zvg.(WAr)l/Z ‘
oy Aj = packing (2-30)
Ap dr g constant
=Al . _—
1A%

This functional correlation is comparable with Eq. (2-22).
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It follows from this that both velocities — ug acc. to Eq. (2-30) and ut acc. to Eq.
(2-22) — are dependent on the same term:

dr - Ap -
Ho T A TTpg for di € (40 — 170) (2-31)

Deriving the formula, (2-27) to (2-31), showed the analogy between the model of sus-
pended bed of droplets and the well-known model of fluidised beds, Fig. 2-9, in the range
of d% > 40.

2.2.4.4
Determining Liquid Hold-Up hg)Fl at Flooding Point

The free cross section available for gas flow changes in the presence of several droplets
(droplet swarm). Droplet swarms move more slowly than individual droplets, which
is due to the different lifting forces. The contraction effect is given by the function

fi ( LFI) (1 — hg,Fl>n, see Eq. (2-19).

Acc. to the SBD model described above, flooding is triggered for h(ﬁ,Fl — 0, when the
effective gas velocity iy has reached the effective falling velocity of a droplet ur, see Eq.
(2-21).

It is possible, for a given packing element, to calculate the gas velocity ug of an empty
column as well as the exponent n, using Eq. (2 19), provided there is sufficient exper-
imental data available on the liquid hold-up hL 1 and the corresponding gas velocities
at the flooding point uyp. The variables ug and n for Eq. (2-19) were determined using
the data for 25 mm Bialecki rings shown in Figs. 2-2a and 2-2b. The results are listed in
Table 2-3, see Fig. 2-7. The variables upand n were determined using the experimentally
derived gas velocities uyp at the ﬂooding point, the corresponding specific liquid loads
uy, and the respective liquid hold-ups h 1 p1 as well as the properties py, p, and oy, of the
test system air/water under ambient conditions. The calculation was performed using
the optimisation method, based on the simplex method:

o =3.25ms ' £3% and n = 3.5 = const. (2-32)

Table 2-3. Flooding point data acc. to Figs. 2-2a and 2-2b, valid for 25 mm random Biatecki rings made
of metal. Sytstem: air/water,1 bar, 293 K, dg = 0.15m, H=1.4m, e = 0.94 m’m~3,a=238m?m 3,
Rep >2

UVFl

TP uy ur-10° hy p-102 2-103 h{ 102 # ug

- ms~! ms™! m’ m~3 [-] m’ m~3 ms~! ms~!
1 2.80 1.39 4.26 0.496 4.84 3.330 3.331
2 2.45 2.78 6.38 1.135 7.20 3.183 3.184
3 2.15 5.55 9.79 2.58 10.60 3.186 3.187
4 1.75 11.1 16.0 6.53 16.2 3.164 3.249
5 1.40 16.7 21.3 11.93 21.2 3.225 3.227
6 1.15 22.2 23.4 19.3 26.0 3.302 3.305
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The simplex method is used to minimise the mean square error in the calculation of
the gas velocity at the flooding point uy, acc. to the formula:

= 1 il UV Fl,exp — WV ,Fl, calc 2
Suv) =— | > - (2-33)
i i1 V.,Fl, exp i

where n; is the number of test points. § (uv,pl) is the mean error in the determination of
the gas velocity at the flooding point.

The constant numerical value of the exponent n = 3.5 also applies to other packing
elements, for which the experimental flooding point data uy,p and uras well as the liquid
loads hg)Fl are available, e.g. [3, 12, 22, 36, 37].

The validity verification of the method based on Eq. (2-19), for any type of system
is only possible if the specific liquid hold-up hg,Fl at the flooding point is known or can
be calculated. There is no such correlation available in literature for gas/liquid systems.
However, the velocities uyp and ug at the flooding point can generally be ascertained
from experiment data. In order to evaluate Eq. (2-19), it is therefore necessary to derive
a correlation for determining the liquid hold-up hg)ﬂ, which is valid for all systems.

Deriving the Correlation for Determining the Liquid Hold-Up at the Flooding Point hL’Fl

Based on the two layer model for counter-current processes [13, 14, 38], the relative
velocity up is given by the sum of the effective gas velocity of both phases uyef and up e

ur, uy
s-hg+s«(l—h2)

UR = Uy,eff + ULeff = =f(1—h). (2-34)

The mean relative velocity ug is usually referred to as ‘slip velocity’ It is dependent on
the gas content (1-hY) and the falling velocity of a droplet in an infinitely extended con-
tinuous phase. The falling velocity of a droplet, acc. to Eq. (2-31), only takes into account
the physical properties of the system and the droplet size, whereas the gas content (1-h?)
also includes the mutual interaction of the individual droplets. There are numerous for-
mulas for calculating the function f (l—hg) in Eq. (2-34) for bubble columns, fluidised
beds, liquid/liquid extractors, and for fluidisation and sedimentation [14, 38, 52]. These
can be found in literature. However, there are no such methods available for systems,
in which gas, as a continuous phase, flows through the packing counter-current to the
downward moving liquid phase.

Figure 2-10 shows the slip velocity ug plotted against the liquid hold-up hY for ran-
domly filled Biatecki rings. The parameter here is the liquid load uy..

A set of curves is generated by different liquid loads uy ;, which can be expressed near
the flooding point by the following equation:

ugi = Pi- (1—h))" (2-35)
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Figure 2-10. Experimentally 25mm Bialecki ring, metal, €=094 m¥m?

derived relative velocity ug as a .
function of the liquid hold-up Cllf'/Wleer, 1bﬂ|", 293 K. dS: 015 m, H=15m

h%, valid for random 25 mm
metal Bialecki rings, based on
data shown in Fig. 2-2b
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in analogy to the known models developed, e.g., by Mersmann [38]. Figure 2-10 indi-
cates that the characteristic gas velocity P; is a function of the specific liquid load, i.e.
f(ur ), which means P;jis only constant for a specific liquid load uy ;, and the curve ug =
f(h)) tends to zero near the flooding point. The two layer model is therefore suitable for
determining the liquid hold-up at the flooding point hg,Fl‘ However, it does not lead to
a general method for determining the gas velocity at the flooding point. This is why the
method for calculating the gas velocity uy p was derived using Eq. (2-19).
Combining Egs. (2-34) and (2-35) gives the following equation:

ur uy 0\m
— s+ ———=P(1—h 2-36
PR T TR 2 (230

Figure 2-11 shows a diagram of the correlation between the liquid hold-up h{ and the
gas velocity uy. The correlation for h(L))Fl was derived, based on the following assump-

tions: (8 uv/ah%) = 0 at the flooding point for uj, = const.
In the operating range above 65% of the flooding point, the differentiation of the
transposed Eq. (2-36)

wy=e [P (1= 1) - (1) = 1) ] (2-37)

for (8uv / 8h2) = 0 and for selected specific liquid loads uy ; = const.

3uv 0\ ™M 1
— =@-e)m+1)-1-0)" (=) —u,- [——— ) =0 (2-38)
|: 3h2 i|uL,i=const ( L) ' ( (h0)2 )

L
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Figure2-11. Schematic representation of the dependence of h% on the gas velocity uy in packed columns

leads to the following solution:

(1 —h)p = L (2-39)
P+ (W) - (m+ 1)

Substituting Egs. (2-1) and (2-39) into Eq. (2-36) gives the relationship between the
phase flow ratio and the liquid hold-up h(ﬁ,Fl at the flooding point:

(h) )2 (m + 1)
[ 1 (1 — B py(m + 1)]

o = (2-40)

The differentiation of Eq. (2-36) leads to the same Eq. (2-40), under the following
conditions:

for uy = const. — (auv/aho) =0and
for up /uy = const. — (8uv/8h )=0

For reasons of brevity, the analogous derivation process, based on Egs. (2-36) and (2-40),
is not discussed here.

The derived Eq. (2-40) shows that the liquid hold-up at the flooding point hg,Fl is
only dependent on the phase flow ration i at the flooding point and on the parameter
m. The exponent m can be determined from experiments with known value pairs A
= (up/uy)g, acc. to Eq. (2-1), and h(L))Fl by transposing Eq. (2-30), using the following
formula:

m=|H LJ& 71—1 (2-41)
P\ b (1= h )
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Evaluation of Experimental Results for the Range of Low and Moderate Phase Flow Ratios .o
at Flooding Point

The experimental data available for the evaluation of Eq. (2-41) gives a constant numer-
ical value for the exponent m, based on Xy < 0.025 and on the Reynolds numbers of the
liquid Re, = uy/a-vp > 2, Eq. (2-42)

m=~—08+£12% (2-42)

The numerical value of the parameter m was determined for various systems, namely
air/water, ethanol/water, steam/water [7], air/silicone oil [36, 37], using various random
and structured packings made of different materials. In the range of low and moderate
o numbers below X(< 0.025, the parameter m is not dependent on the phase flow ratio
X at the flooding point, see Fig. 2-12a.

For hg)Fl < 0.3, the Archimedes number was found to have no impact. The same
applies to fluidised beds [2, 55, 38]. Figure 2-12b is based on experimental data taken
by Pliss, Ender [67] and Bornhiitter [66] at an industrial pilot plant at the Technical
University of Munich, using modern 50—90 mm lattice packings produced by Envipac
(size 3), Hiflow rings, VSP rings and 50 mm Pall rings made of metal and plastic, with ds
= 1 m and a packing height of approx. 3.5 m, as well as experimental data for structured
packings (Mellapak 250Y, 250X and 500Y), taken at an industrial pilot plant, operated by
Sulzer, with ds = 1 mand H = 3.7 m [67-69], plus additional data [79, 71]. The diagram

b ///
(.'E‘ 3 — — tj
P C
S 15% L v oL
E 2 I = "v{/z Q?/V/O
4O P
P i -
E. " /o‘e O}’
oz g /}T’ (\'15%
1 -1 U‘/ 1 ;
g T % Lo
5 8 ] =7 27 Equation for hold-up h
2 L& O/V/ : u —
= 6 5 )_‘;.5 o V14 25408 A (-0 =12 Ao
g T T LFI 04 (1-Xo)
LT for Re =2 l ’ ‘
3)(10 L~ 1 1

203 4 6 0% 2 3 4L 6 1027 2 3 4L

phase flow ratio Ng = b

Uyl

Figure 2-12a. Dependence of the liquid hold-up at the flooding point hg,Fl on the phase flow ratio hg,

valid for various systems and packings made of metal, ceramic and plastic for Rej, > 2 — experimental
data taken by the author in comparison to calculated values based on Eq. (2-47)
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. . . . . 0
Table Relating to Fig. 2-12 a Experimental hold-up data at the flooding point hL,Fl

TP |d10° Packing Material System & ds H Lit
[m] b [mm| | [m] [m] :
O |25 Bialecki rings random metal 0.94 0.154 1.5 [43]
15 Raschig ri d i air/water 0676 (0226 [0.63 2
v schig rings random ceramic Ibar, 293 K . . . [22]
v (25
glass air/silicone oil | 0-82 0.15 1.0 [36,37]
¥ |25
Raschig rings random 1 bar, 293 K
C,HsOH/H,0 | 0.667 0.3 2.0
v_ 25 215 2 7
hd ceramic H,0/H,0
+ (20 . . air/water 0.762 0.3 1.2
® |75 Hiflow ring random 1bar, 293K |0.865 | 045 20 [A]
® |28 . . 0.962 0.3 1.46
* 58 Hiflow ring random 097 0.45 20
o (25 0.95 0.3 1.46
m (35 Pall ring random metal 0.95 0.3 1.46
D [58 0.97 0.45 2.0
> [32(Gr.1) . 0.976 0.30/0.45 | 1.46/2.0
» |50(Gr2) |VSPringrandom 098|045 20
A |30(Gr.1A) | Envipac random plastic (PP) 0.932 0.3 1.96
A 35 Intalox saddle random 0.90 0.3 1.36
A 50 Hiflow ring random plastic 0.94 0.45 2.0
I:tl Pall ring 0.926
A |25 . 0.73 0.9
A 38 Intalox saddle random ceramic 0757 0.30 14
* S0 NSW ring 0.950 0.45 2.0
X Ralu ring plastic 0.940
P |25 NSW ring, Typ C random 0.92 0.15 1.3 [40]
g |25 Bialecki ring stacked metal 0.928 0.15 1.5
O |- Montz packing B1-300 sheet metal 0.972 0.3 1.4
d |- Montz packing B1-200 0.978
O |- Montz packing C1-200 plastic 0.954 (A
e |- Mellapak 250Y sheet metal 0.96 0.22 125
><1 |70 (Gr.2) . 0.938 03 1.4
Y |45(Gr1) |Ptmpac plastic 092 |045 2.0

shows the hold-up at the flooding point hg,ﬂ as a function of the phase flow ratio at the
flooding point A in the range up to g — 1.

The parameter m, calculated by means of the simplex method, can be described by
the new model for phase flow ratios ranging from %o = 0.001 to 1.0:

A
m=—0824 2 (2-43)
Ao + 0.5

This changes to m &~ —0.80 in Eq. (2-42) for lower phase flow ratios ¢ in the range
shown in Fig. 2-12a. Equation (2-43) leads to a correlation for m = ()¢), which covers
practically all areas of application of packed columns for gas/liquid systems, ranging from
vacuum rectification to pressure rectification and pressure absorption.
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Figure 2-12b. Dependence of the liquid hold-up at the flooding point hg p on the phase flow ratio ko,

valid for various systems and packings made of metal, ceramic and plastic for Ref, > 2 — experimental data
[67-71] for high phase flow ratios at the flooding point % and large column diameters in comparison to
calculated values based on Eq. (2-47)

Table Relating to Fig 2-12b Experimental hold-up data at the flooding point hg - System: air / water,

1 bar, 293 K

TP 1[11':]03 Packing Material ?mz ) £[£m3/m3] ?;1] flllll Literature

A (50 ;*g;’::lgi"g PP 90.7 0.926 1.0 |3.70 [16969]l

4 % ?oig(')J :vn-ging metal (1.4301) | 93.0 0.979 1.0 |[3.15 [16969]l

S ﬁl?so :vn-ging PP 61.0 0.954 1.0 |3.51 [169(?] !

o |- g ;);cll;i-;gz mm) ceramic 192 0.810 02 |1.00 |[[70]

- rﬁl;ﬂak 230X sheet metal 250 0.980 10 |3.50 [16989, 2 .

a |- ril:asgak 250 Y sheet metal 256 0.975 10 [3.50 [16989, 56 .

v - Mellapak 500 Y sheet metal 500 0.975 1.0 [3.50 1995

@=45° 68,691

+ 50 g;zltlsr.:l'g PP 112 0.929 1.0 |[3.43 [16969]l

® 15 Raschig ring ceramic 300 0.700 02 [1.00 [[71]
50 P ring metal (14571) | 100 0.98 o |30 E6979]l
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For Reynolds numbers Rep, < 2 (Chap. 4) in laminar liquid flow, the numerical value
is as follows:

y
m=—09 4 —2 (2-44)
Ao + 0.5

which changes to
m~ —0.88 £ 12 % (2-45)

for h(L),Fl < 0.20. The parameter m in Eq. (2-41) for gas/liquid systems is therefore depen-
dent on the liquid flow in the packing as well as on the phase flow ratio at the flooding
point A, in the case of higher liquid hold-ups h%ﬂ >0.2.

Now that the phase flow ratio ho and the exponent m are known, it is possible to solve
Eq. (2-40) for hg)H. The general, real solution of the quadratic Eq. (2-40) h(L))Fl =f(\g) is
as follows:

0 \/x(z)(m+2)2+4xo(m+ (1= no) — (m+2)n
hia = 2-(m+ (1 - no)

[mPm™]  (2-46)

which, for hg< 0.025 with m = —0.8 and for moderate phase flow ratios hg< 0.025, acc.
to Fig. 2-12a, leads to Eq. (2-47) describing the liquid hold-up hg,H for Re;, > 2 at the
flooding point.

\/1.44x3 + 0.800(1 — o) — 1.2
W=
LE 0.4-(1— )

[m’m~?] (2-47)

This equation is applicable to vacuum rectification and absorption, operated under low
and/or moderate liquid loads uy .

Figures 2-12a and 2-12b show the comparison between the calculated hg,Fl values
and the experimental data. The evaluation took into account experimental data for ran-
domly filled, stacked and structured packings with void fractions of 0.65 < ¢ < 0.98 m?
m~2 as well as for packing elements with diameters from d = 0.015 to d = 0.090 m.
The deviation of the experimental values from the curve, which was calculated using

Eq. (2-47), is B(h(L)’Fl) < #£15%. Figures 2-12a and 2-12b show that the liquid hold-up
hg,Fl at the flooding point is dependent on the phase flow ratio A at the flooding point

and can therefore be determined for any type of system, acc. to the single-parameter
Eq. (2-47).
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The properties and constructive parameters of the test systems are varied in the fol-
lowing ranges:

o1 = 26...... .72 mNm™!
nr = 0.35 ....10 mPas
pv = 0.09.......... 1.2 kgm™3
PL = 932 1000 kgm 3

for Rep > 2 (2-48)

d-10° = 15........ 90 m

o - 10° = 0.2......1000 [ —]

There is little data available for laminar liquid flow, with Rep < 2, for the test system
air/water [A] for 12 mm metal Biatecki rings, 15 mm Pall rings, 17 mm Nor-Pac rings
and 18 mm Hiflow rings made of PP and/or for air/silicone oil [36, 37]. Figure 2-13
shows the comparison between the liquid hold-up hg)Fl, which was calculated using Eq.
(2-46), with the parameter m, based on Eq. (2-44), and the experimental data (hg,Fl)QXP'
The deviations from the curve, reflecting Eq. (2-49), with m = —0.88, acc. to Eq. (2-45),
are approx. +10% in the range of the phase flow ratios ho= (0.2—6)-1077.

\/1.254 N 4048+ (1—hg) — 1122
h =
LFl 0.24 - (1 —np)

[m’m™] (2-49)

The applicability of the derived Egs. (2-47) and (2-49) for determining the gas velocity
at the flooding point for low-viscosity and viscous mixtures is shown in Table 2-4, based
on the example of 25 mm metal Pall rings.

Figure 2-13. Dependence of d«103 . el de | H
the liquid hold-up at the MP Packing System 73 . Ref.
. ) m m/m’| m [ m
flooding point h; ; on the —
phase flow ratio )\’0 for Rep, <2 LY 75 Roschig ringgir/water, Toar. 263K 069]0226| 1 | 3]
— experimental data in = 4 Ceramic Jair/siticon of, 1bar 23k 08 | 015 | 1 {13637
comparison to calculated values B LE [ ‘ | = v
based on Eq. (2-49) E F || L
= 02 <Re <2 P
oL ,/
10 —
% 8 ,‘7
2 s
2 6
E
Z 40 I
203 4 6 8 107 23 4 6

phase flow ratio  Ng= u/uyg
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2245
Influence of Packing Size on Droplet Velocity ug

The prediction of the effective individual droplet velocity ut for packings of any given
size, acc. to Eq. (2-24), is only possible, once the correlations for functions f, (dy/dt) and
f3(1) have been found. Table 2-5 contains the numerical values of the reduced droplet
velocity ur for various types of packing elements. It shows that ur is dependent on the
type and size of the packing element and therefore on the packing-specific variables a
and . Physically, this can be compared to the fall of an individual droplet in a tube near
a circular wall. It was referred to as a wall effect by Strom and Kinter [62], Reinhart [63]
and Clift et al. [65]. Figure 2-14 is a schematic representation of this effect.

If the droplet diameter dy approximates to the tube diameter dg, i.e. dr = dg, the
ratio of the falling velocity ur of the droplet to the maximum velocity utmax tends to
zero, see Fig. 2-14. The droplet only reaches its maximum falling velocity utmay when
the diameter ratio dr/dr is sufficiently high.

The wall effect in packed columns is analogous to the fall of droplets in tubes, acc. to
[62, 63, 65], and can be expressed by the following functions:

[
UT, max dh

and/or based on the equation developed by Wallis [65]:

c
i| b,c = exponent (2-50)

u dr°
LI |:—Tj| d = const., e = exponent (2-51)
UT, max dh

where the hydraulic diameter of the packing dy, is introduced instead of d;,. For simpli-
fication purposes, the wall effect in packed columns is expressed by the correlation in
Eq. (2-51), as this requires one less constant to be determined when deriving the final
equation for the gas velocity at the flooding point uy .

The proximity of the packing wall also has an influence on the droplet fall in the
packing. In the channel model, the tube diameter depends on the channel diameter, acc.
to Eq. (2-52), see Chap. 3.

dy,=4- (2-52)

Q™

When the droplet size is equal to the hydraulic diameter dy, of the packing, acc. to Eq.
(2-52), it is not possible for the droplet to fall in the packing, i.e. ur — 0. It can therefore
be assumed that the reduced droplet velocity Gt changes with the diameter ratio dy/dr,
if d;, becomes larger than the droplet diameter dr, acc. to Eq. (2-26).

Figure 2-15 leads to the following correlation between the reduced droplet velocity
ur and the ratio dp/dt and therefore between the effective droplet velocity urand the
quotient (dn/dr), see Eq. (2-53):
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Table 2-5. List of experimental data of the reduced gas velocity of an individual droplet 7 for various
types of packings, used for determining the gas or vapour velocity uy p — data relating to Fig. 2-15

Number d-10° a

. . € up 102 | dg H .
No. | TP of TP Packing Material [m] lmz/mgl [m3/m3] [mis] (m] [m] Literature
g 15 3768 093 | 9.63 02203 |14
L le s 15 3684 [0933 [104  |o0as08 |2 |[AL[528]
24 25 215 0950 |11.8  [022:08 |2 |[AL5.1625]
2 |a |4 25 217 |0950 |12.6 |03 08 |[A]
5 25 292 |0970 [120  o.15 13 |[A]
3 12 etal 35 150 0946 |12.8  [03-0.8 i’z' [ALLS]
= s 38 1496 0952 |13.3 02203 |7, [[A]
8 Pall ring 50 1o 0952 |13.5 820‘52 ?5 5]
4 |g |4 50 1o [09s2 |14.1 075 g5 [11625.28]
5 58 112 0979|155 | 5% (1Al
5 1 80 78 096|180 _ [0.75 3 [128]
6 |m |12 25 2397 |088 [103 0.22-0.5 ;'4' [AL[23]
7 |(m |5 plastic 35 142 0922 130 [03-045 |{, [[A]
8 |m |2 (PP,PVDF) |50 1o |09z 129  |0.75 30|
2 50 111 0919 132 |03 4 |1A]
9 le |8 25 238|094 |113 03 14 |[20]
7 Biatecki | 25 25 0945 [113 0.15 14 |[A]
10 |e |7 ring 35 155 095 |128  [022:03 |1.45 |[AL[20]
11 |e |7 53.5 110 [0973 |148 |03 14 |[20]
14-
12 |a |9 . 32(Gr.l) |2008 |0972 |13 022-045 |2 |[A]
13 |a |5 VSPring | metal 50(Gr2) | 1049 [098 [156  |022-045 |14- |[A]
2
1 2 Intalox- | =725 255|073 |81 03 2 |[09]
* s saddle 25 199|079 |835 |03 08 |[A]
15 |o |2 45 (Gr.1) | 105 0975 [150 |04 2|27
16 |o |4 Top-Pak | metal 80 (Gr.2) | 75 098 |162  |o04s TN
17 [+ |8 Dinpac 50 11270937 [154 |03 14 |[A)
18 |« |4 NSW ring | PI2SEEE 15 300 092 [120  [0.30 1.4
19 [o |6 N lf“'g (PP,PVDF) |28 193 0922 |128 0.15 14 |[40]
20 |e |7 (Nor-Pac) 50 903 l09s2 [172  |03-045 |2
21 |4 |3 28 1985 0962 |134 |03 14 |[A]
4 metal 28 182 [0965 137  |045 2 |1A]
2 |a |8 58 1006|0976 159  |045 2 |43
23 | |4 astic 28 190 0920 |123 030 14 |[44]
24 |a |5 ?PP pyvDF) |30 108 0935 |15.1 030 14 |[44]
25 |a |3 Hiflow rin > 90 69.5  |0965 [188 045 2 |44
26 |a |1 g 20 272 |0.763 |83 0.22 14 | [46]
4 20 280 [076 |88 03 14
27 |a |3 i 35 118 |0824 |122 |03 14 |[A]
5 ceramic 35 110 0926 |12.1 03 14
28 |a |4 50 89.8 0809 [125 |03 12 |[A]
4 50 856 0817 [13.0 |03 0.9
Hiflow .
29 |+ |4 caddle plastic 50 826 094 [162  |045 2 1Al
30 | |3 Ralu ring_| (PP) 50 1127|0938 [140 _ |045 2 |IAl
31 [o |10 Mellapak - 250 096 [132  |022-1 }"2‘ [A],[24,26]
2 | x Ralu Pak B 250 0963|1345 045 2 [148]
heet metal
33 o |4 sheetmetal ' p1100 |100 0987 |182 |03 }j [A]
34 o |9 Mont B1-200 [200 [0978 |1436 |03 2 1Al
35 |o |12 ontz B1-300 |300 0972|1244 |022-045 | |[A]
packing 2
36 |e |3 PP C1-200 [200 _ [096 [137 |03 14 [[A]
37 |e |3 sheet metal | B2-500 500 _ [0.95 | 10.1 0.22 15 [[A]

A = Author
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Figure 2-14. Schematic ‘
representation showing the 3 1
influence of the column E
diameter ratio dr/d on the 5
~
—
=2

falling velocity of droplets

0,20

0,18 o
air/water, 1 bar, 293 K .
0,16

0,14 % f IR 3:5""

0,12 & _gT a

0,1 o | =

0,08 Aoox

0,06
0,04
0,02

- _ 1/4
u; =0,075 - (d,/d;)

Reduced droplet velocity & in m/s

0 2 4 6 8 10 12 14 16 18 20 22

Ratio of diameters d,/d,

Figure 2-15. Reduced gas velocity of an individual droplet u as a function of the diameter ratio dy,/dr,
valid for Pall, Biatecki and VSP rings, d = 15—80 mm, and the air/water system under normal conditions

4, V4 d, V4
for ur ~ |:d—h:| — ur ~ [d—h] (2-53)
T T

Hence, f,(dp/dr) in Eq. (2-24) takes the form:
dy dp \ V4 dy
Zl=c (2 for = > 3 2-54
: (dT> ’ (dT> T (2-54)

2.2.4.6
Deriving the Final Equation for Gas Velocity at Flooding Point uy f|

Stichlmair [53] found that the effective velocity ty of droplets flowing through individual
packing elements increases to a value higher than ug/e, which is due to the deflection of
the fluid between the particles and the vortex shedding. As a result, the effective gas
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velocity Uy can be expressed as:

_ Up

AP

Assuming that f4(e ) = €9, the correlation for ug is as shown in Eq. (2-56), and the
exponent q must be determined experimentally:

(2-55)

U
iy = =2 (2-56)
FX|

Flooding occurs for h(ﬁ,Fl — 0, acc. to the model shown in Fig. 2-6 and Eq. (2-21), when
the effective falling velocity ut of an individual droplet is equated with the effective gas
velocity ug, which keeps the droplet suspended, acc. to (2-21), i.e.

_ u
Uy = ur = - ur (2-57)
e

Equations (2-57), (2-22), (2-53), (2-54) and (2-56) result in the following equation:
drAp - o1V2 T d V4
o = Cy - Cy [Tipg] . [i] AT (2-58)
v dr

Equations (2-19), (2-32) and (2-58) lead to the following correlation for the gas velocity
at the flooding point uyp, which also applies to packing elements with similar resistance
coefficients g, see Table 6-1a:

n
uy gl = ug + (1 — hg,Fl) =

dr-Ap-g 1/2 dy 1/4 72
B - i ed. (1=K
Cr |: o dr £ (1 hL,Fl)

where Cp = Cy - G - 5 (¥).
Using the minimisation procedure, the evaluation of the experimental data listed in
Tables 2-6, 2-7, 2-8 and 2-9 for various types of packings leads to the following model:

dy 1 [dr-ap-g1"? 7/2
uy,p = Cp - e [?] [Tig} (1 —h)p) ! (2-60)
T pv

(2-59)

where Cp is a dimensionless constant, which has been calculated as:
Cp & 0.50 (2-61)

for classic, randomly filled packing elements.
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Table 2-6. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17a, in
columns with randomly filled metal packing elements. No. of test system acc. to Table 2-2

d-10° . dg | H | .

TP Packin Test system > Literature
[m] g Y [m] [m]

PART 1

° 12 1,6 0.22-0.3 0.8-1.4 [A]

° 25 Bialecki rings 1,6,10 0.15-0.30 0.7-1.4 [A],[20]

°® 35 g 1,6,10 0.15-0.50 0.7-2.0 [A],[20,39]

o 50 1,6,8 0.15-0.80 1.0-2.5 [A],[20,39]

o 15 12,3,6,7 0.30-0.788 1.4-2.0 [AL[5]

. 25 1,2,6,16 0.15-0.75 1.4-4.0 [AL,[5]

° 30-Glitsch 12 0.22 15 [A]

° 35 . 12,3,6 0.22-0.80 1.4-4.0 [AL[5]

* 38-VFF Pall rings 1,6 0.22-0.30 1.46 [A]

3 50 12,3,4,8,11 0.50-1.20 14-5.5 [A],[5,7,66]

* 58 1 0.45-1.00 2-3.5 [AL[67]
80 2 0.80 2.0 [5]

* 35 Ralu i 1 0.75 30 (28]

+ 50 alu rings . A

A 15 2

A 25 o 2

A 35 Raschig rings 5 0.5 2.0 [5]

A 50 23

[&] 03 0.288 1.0 [94]

5] 0.5 0.288 1.0 [94]

[ ] 0.7 0.28 2.0 [94]

O 1.0 Raschig Super rings 1 0.30-0.40 1.4-3.0 [86, 94]

= 15 0.28 2.0 [94]

[ ] 2.0 0.30-0.75 1.4-3.0 [86, 94]

|| 3.0 0.44 2.0 [94]

PART 2

° 0.5A 1,12 0.22-0.30 1.4-1.54

o 1A 1,6,12 0.22-0.30 1.4-1.54

(6] 1.5A i ) 1,6,12 0.22-0.30 1.4-1.54

o 1.5A Turbo Glitsch CMR 304 rings 6 022 154 [A]

o) 2A 1 0.45 2.0

O 3A 1 0.45 2.0

+ 30P Glitsch rings 1 0.30 1.4 [A]

[ 28 Hiflow ri 1,6 0.22-0.60 1.4-2.0 [A]

O 58 Hlow rings 11 0.45-1.00 2.0-3.5 [AL[45,60]

+ 25 1-13 rings 1 0.30 0.7-1.4 [20]

+ 40 IMPT rings 1 0.45 2 [A]

* 10/15/20 Interpack 6 0.218 1.5 [5]

A 0.7/1.0/1.5 )

A 2.0/2.5/3.0 Nutter rings 1 0.3 2.25 [95]

[ size 1 1,8 0.18-0.32 2.83.0

[} size 2 Me-Pac 1,6 0.32-0.60 1.5-3.0 [AL[79.80]

* 50 PSL ring 1,6 0.22-0.3 1.4 [A]

A 25

A 40 .

A 50 :;a;[ssc]lgrt metal saddle rings 1 0.8 _ 193]

A 60

A 70

3 no.1 0.30-0.45 1.45-2.0

'S 102 Top-Pak ! 0.45 2.0 (Al

° no.1 ) 0.218-0.45 14520 |[AL[27,93]

* no.2 VSP rings 1,6 0.218-1.00 1.45-6.0 | [A][67,93]

Number of test points:
A = Author

435, mean relative deviation g(u”, ) =6,15%
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Table 2-7. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17b, in
columns randomly filled with plastic (PP, PVDF) packing elements. No. of test system acc. to
Table 2-2

3
TP l d-10 Packing | Material Test system ds ‘ H | Literature
[m] [m] [m]
PART 1
+ 50 Bialecki rings PP 1 0.30 14 [20]
+ size 1 0.45
+ size 2 Dtnpac PP 1 030 2.0 [A]
. size 1 0.30 1.4
& size 2 Envipac PP 1 0.30-0.45 1.4-2.0 [A]
* size 3 0.45 2.0
* no.1 . 0.30-0.45 1.4-2.0
¥ 0.2 Glitsch CMR PP 1 045 20 [A]
[ J 45 Hackette PP 1 0.45 2.0 [A]
=] 25 Pall rings PVDF 6,7 0.218-0.22 1.4 [A]
u 25 030 14 [AL, [44]
O 35 . 0.30-0.45 1.4 [A]
] 50 Pall rings PP ! 0.30-1.00 14-35 | [A], [44,66]
O 90 0.75 3.0 [96]
A 38 ) 0.75 3.0 28]
A 50 Ralu rings PP ! 030-075 _ |143.0 |[AL[28]
* 2" Super saddles PP PP 1 0.75 3.0 [28]
. o1 0.15 13 [AL, [40]
o) 0.2 Telerette PP ! 0.45 2.0 [AL [54]
PART 2
+ 28 . .
+ P Hiflow rings PVDF 1,6 0218-030 |14 [AL,[44]
O 15 030 14 [A]
(o] 38 Hiflow rings PP 1 0.8 - [97]
A 90 045-1.00  |2.03.5 |[66],[A]
O 50 Hiflow Super PP 1 0.30-0.45 1.4-2.0 [[A]
(@] 50 Hiflow saddles PP 1 0.45 2.0 [A]
] 35 0.30 1.4
P 50 Intalox saddles PP 1 045 20 [A]
=] 17 7
] 22x27 Nor-Pac PVDF 6,7 0.218 1.4 [A]
A 28 6
L] 17 1 0.30 0.9-1.4 [A]
o 2x27 1 0.30 1.4 [A]
A 28 Nor-Pac PP 121b 0.15-1.40 1.0-2.0 | [A], [40]
. 38 1 0.30 1.4 A
* 50 1,8,22 0.30-1.40 0.9-2.0 [A], [Fi/Lu]
L 90 Raflux rings PP 1 0.8 - [971
A 50 VSP rings PP 1 0.45 2.0 [A]

Number of test points: 260, mean relative deviation é)i'(uvﬂ) =4.10%
A = Author

This packing group includes: 15 to 80 mm Pall rings made of metal, plastic and
ceramic, 25 to 50 mm metal Bialecki rings, metal VSP rings (sizes 1 and 2), metal Top-
Pak packings (sizes 1 and 2), 10 to 50 mm Intalox saddles made of plastic and ceramic,
8 to 50 mm ceramic Raschig rings, Glitsch rings made of metal and plastic (sizes 0.5-3),
I-13 rings and PSL rings.

The flooding point constant Cg

Cr ~ 0.55 (2-62)
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Table 2-8. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17¢, in
columns randomly filled with ceramic packing elements. No. of test system acc. to Table 2-2

3
TP ‘[iml]O Packing Test system ‘[i;l] fllll] Literature
. 20 1,6 0.218-0.30 125-14
o) 38 . . 1,6 0.218-0.45 1.4-2.0
° 50 Hiflow rings 16 0.218-0.30 0914 |
) 75 1 0.45 2.0
A 25 1,6 0.220-0.30 14 [A]
A 38 Intalox saddles 1,6,21a 0.220-0.50 1.4-2.0 [A], [29]
A 50 1,6 0.220-0.75 1.4-3.0 [A], [28]
* 25 . 3,611 0.218-0.50 [A],[23]
¥ 50 Pall rings 6 0220 1.0-1.4 [AL21]
u 8 8,10,14 0.10 1.0 [AL[5]
[ ] 15 1,6 0.20-0.220 1.0 [AL[3,5,71]
m] 19 4 12 55 [5]
m 25 Raschie ri 1,3,6,14 0.220-0.50 1.0-2.0 [AL,[5,32]
o 25 Glas aschig rings 20 0.150 1.6 [36,37]
. 35 1 0.30 0.7 [20]
o 50 1,6,8 0.30-0.60 0.7-1.4 [A],[Fi],[20,82]
* 100 2la 1.20 2.0 [84,85]
+ size 1 1 0.316
+ size 2 R-Pac 1,6 0.320-0.60 1.0-3.0 [82,83]
+ size 2 SR-Pac 1,6 0.320-0.60 1.0-3.0 [82,83]

Number of test points: 181, mean relative deviation E(UV_FI) =5.53%
A = Author

was increased by approx. 10% in the case of modern, highly perforated packing elements,
such as 20—90 mm Hiflow rings made of metal, plastic and ceramic, 17—50 mm Nor-
Pac rings, plastic VSP rings (size 2), Ralu rings (sizes 1%, and 2), Tellerette (sizes 1 and
2), Envipac (sizes 1, 2 and 3), Dtnpac (sizes 1 and 2), R-Pac, SR-Pac, Mc-Pac. The same
applies to non-perforated Montz packing made of sheet metal and plastic as well as to
Impuls packing.

For perforated Mellapak 250 Y packings, Ralu-Pak 250YC with slit perforation, Gem-
pak 200AT and stacked 25 mm metal Biatecki rings, the numerical value of the flooding
point constant Cg was found to be:

Cr &~ 0.615 (2-63)

The different numerical values, which were found for the constant Cgj (Egs. (2-61) +
(2-63)), indicate that the wall effect cannot be sufficiently expressed by function
f>(dp/dr) alone. It is not only the wall distance, but also the shape of the packing wall
that needs to be taken into account. This is linked to the resistance coefficient {rg in
single-phase flow.

In Fig. 2-16, the Cpy; values of the experimental data, listed in Tables 2-6, 2-7, 2-8, 2-9
and substituted into Eq. (2-60), are plotted against the resistance coefficient ) for the
respective gas velocity at the flooding point uy g, acc. to Eq. (3-14) or (3-26):

Ve = Ky - (Rey)}7 (3-14)

Y = Yo - (1 — @p) (3-26)
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Table 2-9. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17d, in column
filled with structured or stacked packing elements. No. of test system acc. to Table 2-2

. . dg H .
TP | Packin; ‘ Type | Material ‘ Test system | S ‘ | Literature
4 yp! Y [m] [m]
TUBE COLUMNS (TS)
e [ 25 1 0.025 15 [A]
° Bialecki rings 25 metal 8 0273 1 [A]
+ | Pall rings 25 metal 1 0.025 1 [76]
STACKED PACKINGS
[ ] 25 1,6 0.150-0.218 | 1.4-1.7
@ | Bialecki rings 35 metal 6 0.218 1.5 [A]
o 50 1,6 0.151-0.30 | 1.0-1.7
O | Bialecki rings 50 plastic 1 0.30 1.0 [77], [A]
@ | Hiflow rings 50 ceramic 1 0.45 1.0 [A]
+ | Pall rings 50 1,8 0.40-0.487 | 1.0 [AL[21]
+ | PSL rings 50 metal 1 0.28 1.4 [A]
STRUCTURED PACKINGS
B | Euroform PP 1 0.30 1.4 [40]
B | Fi-Pak (I-13F) metal 6 0.147-0.218 | 1.4 [A]
O | FX (VFF)260 PP 1 0.45 2 [A]
O |Gempak A2 T304 metal 6,12 0.218 1.4 [AL[AI]
B | Impuls 50 ceramic 1 0.385-0.40 |1.4 [21]
A 250X 1 1.00 35 [26,68,69]
A | Mellapak 250Y sheet metal | 1,6 0.218-1.00 | 1.4-3.5 | [A],[26,68,69]
A 500Y 1 1.00 3.5 [68,69]
. Al metal 6,7 0218 1.4 [A]
* A3-500 1,6 0.218-0.45 | 2.0 [AL[A]]
S B1-100 1 0.30 1.4 [A]
& B1-200 1,6 0.218-0.30 [ 1.4 [AL,[47]
& | Montz B1-300 1,6 0.218-0.30 | 1.4 [AL[47]
o B2-300 sheet metal | ¢ 0218 14 |[AL[AD]
* B2-500 6 0.218 1.4 [AL[A1]
* C2-200 1 0.30 1.4 [A]
* S1 metal 6 0.218 1.4 [A]
* Gr3 1 0.30 1.4 [A]
* | NorPac Kompakt no.1 | PP 1 0.30 1.4 [A]
X Kompakt no.2 1 0.30 14 [A]
A | Ralu-Pak 250YC sheet metal | 1,6 0.218-0.45 |1.4-2.0 | [A],[48]
A | Sulzer gauze packing BX metal 2,3,6 0.218-0.50 | 1.4-2.0 | [AL[5]
A | Honeycomb packing PP 1 0.30 1.4 [A]

Number of test points: 196, mean relative deviation é_(u\,ﬂ) =6.06 %
A = Author

based on Tables 6-1a—6-1c, using the numerical values K;, K, and ¢p determined within
the scope of this work. This leads to the following correlation (2-64) for calculating the
flooding point constant Cp for Eq. (2-60):

Cp = (CFZ,0)450 : llfp_ll/6 <+8% (2-64)

where Cpp o = 0.566 for a flow angle of gas stream in the packing channels o = 45° is a
dimensionless constant, independent of the type, size and material of the packing.

Equation (2-64) applies to any types of randomly filled packing elements and struc-
tured packings with type Y flow channels (approx. 45°) for resistance coefficients in the
range of Yp = 0.1—8. As shown in Fig. 2-16 and Eq. (2-60), the gas velocity at the



2.2 Flooding Point

75

030

-10%
0.20f
010+
051 152 253 354 455 55 6 657 75 8

Resistance coefficient

WYri

Figure 2-16. Dependency of the constant Cg on the resistance coefficient at the flooding point g
plotted on the basis of data in Tables 2-6, 2-7, 2-8 and 2-9

flooding point uyp decreases, as the resistance coefficient {rp increases. The flooding
point constant of Cp = 0.5 applies to the group of packing elements with a resistance
coefficient {rp at the flooding point in the range of 1.8 and 3, see Eq. (2-61). For resis-
tance coefficients in the range of Y} = 0.9—1.6, the flooding point constant is assumed
to have a mean value of Cy= 0.55. The group of perforated packing elements also
includes structured packings made of sheet metal, plastic and ceramic (type Y) with-
out wall openings. For practical calculations, the flooding point constant for resistance
coefficients Yp in the range of 0.5—0.9 is determined as Cp; = 0.615. This applies to the
group of structured sheet-metal packings (type Y) with slit perforation, e.g. Ralu-Pak
250YC, or perforated packings such as Mellapak 250 Y, Gempak 202 AT, as well as plastic
packings 250 Y.

The lowest resistance coefficients g are typical of stacked packing elements, honey-
comb packings, tube columns as well as for type X packings made of sheet metal and type
BX gauze packings with flow channels of 30°. They are in the range of Y = 0.1—0.4.

Metal Raschig rings have been found to have the highest resistance coefficients. A
resistance coefficient of approx. Y= 8.18 in the turbulent flow range of Rey > 2100
results in a flooding point constant of Cp = 0.4 for Eq. (2-60).

Influence of the Flow Channel Angle oz on the Gas Velocity at the Flooding Point uy

The evaluation of the experimental data shown in Table 2-10 for stacked Hiflow rings,
Raschig rings and Pall rings, tube columns with structured Pall rings and Biatecki rings,
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Table 2-10. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17e, in
columns operated at higher pressure. No. of test system acc. to Table 2-2

a-10° . . H .
TP [m] Packing Material Test system dg [m] [m] Literature
A 10 . 27 0.086-1.550
A 15 Berl saddle ceramic 272829 0.155
+ 20 Interpak metal 27 0.155 0.8 [75]
* 20 Novalox saddle ceramic 27 0.155
] 15 metal 27 0.155
[ ] 35 Pall ring . 19 0.50 25 |[39]
u] 15 plastic 27 0.155
4 - ceramic 0.8 [75]
o 15 Raschig ring metal 27 0.155

Number of test points: 177, mean relative deviation E_(u\,ﬂ) =8.93%

Hiflow rings, structured Sulzer gauze packings (type BX), as well as type X sheet metal
packings and Montz packings X with flow channels of & = 30° resulted in a higher flood-
ing point constant Cpy g, compared to Eq. (2-64), namely:

(sz,o)wo =0.693 for o =30° (2-65)

A constant numerical value Cp 9= 0.566 for random packings and type Y structured
packings with a flow channel angle of a = 45° in relation to the column axis leads to
the assumption that gas in a random packing flows through a bundle of parallel flow
channels with a diameter of d, and with a mean angle of approx. o = 45°. If the angle of
the flow channels a is reduced, the gas velocity at the flooding point increases and reaches
its maximum value Cgj at a = 0°. By substituting the value pairs (Cp )y for a = 45°
and o = 30° into correlation (2-64), the following correlation (2-66) can be derived:

Cp = Cprp - coso - 1//;11/6 =0.80 - cosa - 1//;11/6 (2-66)

where:

Cr1,0 = 0.800 for flow channels with a0 = 0°.
Cp1,0 = 0.693 for flow channels with a = 30°
Cr1,0 = 0.566 for flow channels with o = 45°.

By substituting Eq. (2-65) into Eq. (2-60), it is possible to derive the following
Eq. (2-67) for determining the gas velocity at the flooding point uy g in packed columns
with any types of column internals.

- drAp-oTV2 T, V4
uy,pp = 0.80 - cos - PAE F11/6 dr-2e-g i . (1 — thl)NZ [msfl]
ov dr ’
(2-67)
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The dimensionless flooding point constant Cpj o = 0.80 for Eq. (2-67) applies to var-
ious types of packed columns, i.e. for:

(a) randomly filled packed columns

(b) structured packings

(c) stacked packing elements

(d) tube columns stacked with packing elements
(e) empty columns.

The numerical value Cp o= 0.8 applies to columns in which the angle of the flow
channels is assumed to be o = 0°. This is the case for tube columns with stacked 25 mm
metal Pall rings [76].

It follows from Eq. (2-67) that, as the gas velocity at the flooding point uyp increases,
it is possible for increasingly larger droplets to be entrained by the upward gas flow.
The gas velocity at the flooding point uyp also increases with the hydraulic diameter
dn and the void fraction €. In the case of highly perforated packing elements, the gas
velocities at the flooding point are higher, due to the lower resistance coefficients Y.
Type X packings with channel angles of & = 30° can always be expected to have higher
gas velocities at the flooding point than type Y packings with channel angles of o = 45°.
In the case of very low liquid loads, e.g. in rectification under vacuum, the liquid hold-
up at gas velocities calculated acc. to Eq. (2-67) may be broken down into very small
droplets, which leads to the packing being blown empty by the gas.

2.24.7
Comparing Experimental Flooding Point Data and SBD Model Acc. to Eq. (2-67)

For the purpose of evaluating the author’s own experimental data as well as data taken
from literature for columns with dg = 0.025—1.4 m, including data taken by Billet [5]
and Bornhiitter [66], Sulzer [67-71], Mozenski, Kucharski [39] and Krehenwinkel [75]
etc., a database was created, which now holds 1,200 experimental items of data for 32
different mixtures from the range of vacuum to normal rectification as well as pressure
absorption and/or pressure rectification up to 100 bar, see Table 2-2.

Evaluation of Experimental Flooding Point Data for the Range of Vacuum Rectification
and Normal Pressure Range

Figures 2-17a, 2-17b, 2-17c¢ and 2-17d show a comparison between the calculated and
experimental gas velocities at the flooding point. More information on the experimental
conditions and the test systems can be found in Tables 2-6, 2-7, 2-8 and 2-9.

The gas velocities at the flooding point (uy,p|)calc were determined iteratively, acc. to
Eq. (2-67), for the start values (uv;p))exp> (UL,Fl)exp. Figure 2-17a shows a comparison
between the gas velocities (uy;p)calc, calculated using Eq. (2-67), and the experimental
values (uy;r1)exp for metal packings. The evaluation was based on approx. 340 experi-
mental values, of which 80—91% were given with a maximum relative error of less than
+8%, using Eq. (2-67). The mean error in the determination of the gas velocity at the
flooding point (uyp)clc for metal packings was found to be 5 (U.V)F]) = 4.7 % during
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the evaluation of the experimental data. This applies to experimental data with ds/d > 6
within the validity range of this model, i.e. for gas velocities in the air/water system of
uyp > 0.5 ms~! and B, < 5.1073, see Fig. 2-17a.

Figures 2-17b, 2-17¢ and 2-17d show a comparison between the experimentally
derived gas velocities at the flooding point (uv;p)exp and the calculated values (uy;p1)calc
for plastic packings (Fig. 2-17b), ceramic packings (Fig. 2-17¢) as well as for structured
packings and stacked packing elements (Fig. 2-17d). 75—91% of all test points for struc-
tured packings are spread over a range of £12%, see Fig. 2-17d.

The mean relative error § (uy,p1) in the determination of the gas velocity at the flood-
ing point (uypl)cale, acc. to Eq. (2-67), for the experimental data shown in Figs. 2-17a,
2-17b, 2-17c and 2-17d is given as:

s (uy;r1) = 4.10 % for random packings made of plastic — 260 test points

§ (uy,p1) = 5.50 % for random packings made of ceramic — 181 test points

§ (UV,FI) = 6.10 % for structured packings, stacked packing elements, tube columns
of sheet metal, plastic, ceramic — 196 test points

Equation (2-67) also confirms the test points for diameter ratios of ds/d <« 6, when
the experimentally derived resistance coefficients g for smaller columns ds/d < 6 are
substituted into Eq. (2-67). This is the result of the evaluation of data taken during exper-
iments with the system chlorobenzene/ethylbenzene at 33 and 66.7 bar in a distillation
column with dg = 0.22 m (ds/d = 3.8) for 50 mm ceramic Intalox saddles, Hiflow rings
as well as for 50 mm metal Pall rings and Bialecki rings. What is remarkable is that, even
in the range of lower uyp values of 0.4—1 ms™!, the new model accurately reflects the
experimental vapour velocities uyp for 8 and 15 mm Raschig rings. Deviations greater
than £8% were found mostly in some literature data, for which no detailed information
on the packing density N and the geometric data a and ¢ of the respective packings was
available.

Evaluation of Experimental Flooding Point Data for the Pressure Range

Due to the high density of the gas phase, a correction factor for the evaluation of the
experimental data has been introduced, as recommended by Mersmann [2], which has
proved useful for calculating the droplet velocity ur, acc. to Eq. (2-75), and the gas veloc-
ity at the flooding point uy .

If the density of the continuous phase py is higher than the density of the ambient air
Pair> the gas velocity at the flooding point uyp is calculated using the correlation:

0.18
/9% _

Uy,Fl = UV,FL,Eq.(2—67) * (7) [ms™']. (2-68)
Pair

Equations (2-67) and (2-68) give the following dimension-dependent final Eq. (2-69) for
determining the gas velocity at the flooding point in any type of packed column.
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- dr-Ap-o1V2 [ d, V4
uV)Fl:0.80-cosa-86/5-wF11/6|:T7pg1| |: h] '(1—h2,F1)7/2'KpV [ms_l]

pv dr
(2-69)
where:
Koy =1 for pv =< pair(1.165 kgm~3) and/or (2-70)
oy \0.18
K,y = (—) f : 271
pV 1.165 or PV > Pair ( )

The exponent n = 0.18 in the above equation was determined by evaluating approx.
180 experimental flooding point values in the range of higher pressures up to 100 bar,
taken during the course of this work, see Fig. 2-17e.

Figure 2-17e shows a comparison between the experimental flooding point data
UvFlexp» taken by Krehenwinkel [75], Mozenski et al. [39], and the calculation based on
Egs. (2-69) and (2-71) uypicalc- The experimental data is based on various test systems
and an operating pressure of up to 100 bar. The experimentally derived gas velocities at
the flooding point uyp are in the range of approx. 0.01 to 0.85 ms™!.

A list of individual symbols and systems used can be found in Table 2-10. The com-
parison shows excellent concurrence of the experiments with the calculation. 80% of the
experimental values deviate within +15% from the graph. After evaluating approx. 180
experimental data points, the mean relative error in the determination of the gas velocity
at the flooding point in pressure systems was found to be approx. 8.93%.

An analysis of the experimental results has led to the significant conclusion that it is
indeed possible to determine the fluid dynamics of packed columns in the pressure or
vacuum range without performing any experimental work, as the results shown by the
above correlations are transferable to any pressure range and any type of packing. This is
an important conclusion, in particular for practical applications, as experiments in the
pressure and negative pressure range are extremely complicated and costly.

The most important result of this work is the ability of the SBD model to describe the
flooding in columns with any internals, any test systems in the vacuum, normal pressure
and pressure range up to 100 bar accurately enough for practical applications.

In addition, strong proof has been provided, based on a large amount of experimental
data using the test system air/water under ambient conditions, that the results are trans-
ferable to any test systems and mixtures with extremely divergent properties. Hence, the
experimental effort in designing packed columns can be minimised to just a few exper-
iments, using the test system air/water and/or experiments with single-phase flow, in
order to determine the resistance coefficient \r in relation to the Reynolds number of the
gas phase.

2.24.8
New Dimensionless Correlation for Gas Velocity at Flooding Point Based on SBD Model

Based on Egs. (2-72) and (2-73), correlation (2-69) is now expressed with an extended
Froude number Fr*y at the flooding point. By introducing the dimensionless, extended
Froude number of the gas phase
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2
“Ywr PV

Fri; =
R dr-g Ap

(2-72)

it is possible to derive the following flooding point correlation, applicable to any type of
column internal, which constitutes the main result of this work:

B d 1/4
Fri/? =08 cosa -y '/° - [d—h} Koy -6 (1=1) )" (2-73)
T

Equation (2-73) is now applicable within the following limits:

—— <9, ny/nL — 0 aswellas pV/pL << land dh/dT >3 (2-74)

and for Rey, < 600, Ar = 6.4-10*—10°, for any types of packing elements and structured
packings with resistance coefficients in the range of Yp € (0.1—8.5).

2.24.9
Evaluation of Experimental Data Using Mersmann’s Film Model [3]

For the purpose of plotting the flooding curves presented by Mersmann [3], as shown in
Figs. 2-5a, 2-5b, 2-5c and 2-5d, the pressure drop of dry random or structured packings
Apo/H was determined using the correlations (3-8) and (3-14), presented in Chap. 3.
The empirical constants for determining the resistance coefficient s, acc. to Eq. (3-14)
or (3-26), in the range of Rey €(500-15,000) were taken from Tables 6-1a—6-1c.

The experimental results are presented in Figs. 2-5a, 2-5b, 2-5¢ and 2-5d. They show
strong deviations of up to +50% and more, compared to Mersmann’s film model [3],
in the case of large packing elements, in particular those with lattice structures, as well
as structured packings with low irrigation densities. In the case of larger, dimensionless
liquid loads By, > 2—3-1072, the experimental data is spread more closely around Mers-
mann’s [3] flooding point curve, and increasingly so for larger-surface packing elements,
i.e. those with large geometric surfaces a and small void fractions e.

In his work, Mersmann [3] only evaluated data for air/liquid systems at ambient con-
ditions for classic packing elements, such as Raschig rings, spheres and Berl saddles. The
evaluation of rectification data carried out during the course of this work, also con-
firms the applicability of the flooding point diagram, acc. to Fig. 2-5, for determining
the vapour velocity uyp at the flooding point for small packing elements d < 0.015 m,
e.g. for randomly filled, metal 10 and 20 mm Interpack, 12 mm metal Bialecki rings,
17 mm plastic Nor-Pac, 15 mm Pall rings made of metal and plastic as well as 17 mm
plastic Hiflow rings, as long as they are within the model’s range of validity.

Mersmann’s [3] flooding point diagram describes the flooding in packed columns for
small packing elements with d < 25 mm sufficiently accurately throughout the entire
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operating range By. In the case of lattice and structured packings, the model is only
applicable in the range of high liquid loads By, > 3—5-1077.

2.2.4.10
New Equation for Calculating Individual Droplet Velocity uy

Equations (2-19), (2-21), (2-56) and (2-67) lead to the following correlation (2-75) for
the effective falling velocity of individual droplets in the packing:

_ Uuy,Fl
gl2. (1 _ hgﬂ)s.s

- ANV LA o\ 1/2
=0.80 - cosu - 1//Fll/6 . (d—h) . (M> [ms’l]
T pv

ur - 0.566

(2-75)

The first term in Eq. (2-75) is used to determine the effective droplet velocity ur, based on

the experimental flooding point data, if the values uyrr and hg,Fl as well as the void frac-

tion € are known. Equation (2-75) therefore constitutes the full form of the correlation

based on Eq. (2-24). The second term in Eq. (2-75) is important for various design tasks

and constitutes the final equation for the falling velocity of droplets in packed columns.
A similar correlation with dr, acc. to Eq. (2-26),

dr - Ap -
ur A~ A; - ar-ap-§ (2-76)
/9%
L Ap -
ur = Aj - /Lfg (2-77)
Py

and with A; = 1.55 was found by Mersmann [38] in relation to deformed droplets falling
in gases and liquids in columns without internals.

The following correlation (2-78) is applicable to systems with a higher-density gas
phase, analogous to Eq. (2-69):

0.18
\4
UT = UT, eqn.(2—-75) * K,OV = UT, eqn.(2-75) * (7) (2-78)
air

where K, is based on correlation (2-70).

2,25
Conclusions Chapter 2.2

1. Based on the evaluation of approx. 1,200 items of experimental flooding point data,
the model of suspended bed of droplets (SBD model), which is presented in this book, is
applicable to any types of randomly filled packing elements, stacked packings, struc-
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tured packings and tube columns filled with stacked packing elements, in the range
of small, moderate and high phase flow ratios % in the vacuum and normal pressure
range and at high pressures of up to 100 bar.

The latest experiments [66] with random packings have confirmed the droplet
formation in packed columns as a result of dripping from the edges and walls of the
individual packing elements. This explains why flooding can occur in packed columns
at certain phase flow ratios, even in the case of smaller gas velocities, before the pack-
ing is filled with films and sprays, as assumed by the film model. Hence, the packed
column is flooded earlier than predicted by the film model [3], and the gas velocities
at the flooding point, calculated acc. to the film model [3], are much higher for larger
lattice packing elements and structured packings than the experimentally derived val-
ues, see numerical example 2.1.

The SBD model is based on the assumption that droplet formation occurs at the
flooding point and therefore describes the flooding point mechanism accurately, both
for higher and smaller gas velocities in pressure absorption and rectification pro-
cesses, see Fig. 2-17a, 2-17b, 2-17¢, 2-17d and 2-17e

The new dimensionless equation for calculating the gas velocity at the flooding
point (2-73), based on the SBD model, is as follows:

L
dr

Fr;:ll/2 =0.8-cosa - 1//F_ll/6 . |:

1/4 .
j| Kpy T (1 - h?,,Fl) >
with the dimensionless extended Froude number, acc. to Eq. (2-72)

2
_ v pv
dr-g Ap’

Fri;
which in practice can also take a dimension-dependent form acc. to Eq. (2-69)

1 [dr-Ap-g VP [ dy Y
uy p = 0.80-cosot-e;“é/:r’w//l;ll/6 [Tipg] [d—h] -(l—hgpl )7/2'va [msfl]
ja% T ’

where: Ky =1 for  pv < pair(1.165 kgm—3) and/or

oV 0.18
K,y = ( ) for
PV =\1165

v > 1
Pair

acc. to Egs. (2-70) and (2-71).

Equation (2-69) applies to any types of random and structured packings made of
any material, provided the resistance coefficient { at the flooding point for single-
phase flow is known. The validity of Eq. (2-69) for internals in the range of {rp =
0.1—8.2 has been verified. The calculation of the gas velocity uypy, at the flooding
point, acc. to Eq. (2-67) and/or the extended Eq. (2-69), is performed iteratively. The
simplification of Eq. (2-67) leads to Eq. (2-60).
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2. Based on the dimensionless Eq. (2-73) and/or (2-69), it is possible to determine the
gas and/or vapour velocity with a mean relative error of ~ 6% for systems used in
vacuum and normal pressure rectification as well as in absorption processes, if the
physical properties pr, ov, N1, NV, €L, the geometric packing data a and < and the
liquid hold-up at the flooding point h(ﬁ,Fl are known. In the case of pressure systems,
the gas velocity at the flooding point can be determined with an accuracy of +15%,
see Fig. 2-17e.

3. If the phase flow ratio at the flooding point kg is known, it is possible to determine
the liquid hold-up hg)Fl, acc. to Eq. (2-46)

JR30m 22 ang(m+ D)(1 = k) — (m+2)hg
2-(m+ (1 — o)

hY = [m*m™3]  (2-46)

The parameter m in this equation is calculated using Eq. (2-43) for turbulent liquid

flow Rep, > 2
N
m=—0.82+ —2 (2-43)
Ao+ 0.5
and Eq. (2-44) for laminar liquid flow Rep, < 2.
A
m=—090+ 2 (2-44)
Ao+ 0.5

In the case of larger packing elements, at moderately negative and normal pressure,
the liquid flow is practically turbulent, which means that Eqs. (2-46) and (2-42) are
mostly applicable. Hence, it is possible to determine the flooding point without hav-
ing to ascertain any experimental hold-up data at the flooding point.

4. The evaluation of the experimental flooding point data acc. to Eq. (2-73) and/or
(2-69) was based on roughly 1,200 items of experimental data for approx. 200 ran-
dom and structured packings and tube columns. The columns, internals and operat-
ing parameters were varied within the following ranges:

01 < Yy =< 85 [—1]
0.025< dg < 14 m
059 < & < 098 m’m™
0008< d < 0.100 m
54 < a < 750 m’m3
045 < H < 6.0 m
0013< pr < 100 bar (2-79)
0 <x-10>< 1000 [—]
00l < uy < 18 ms~!
01 < Fypmg =< 55 /Pa
0 < wu <56- 1073 ms™!
0 < Re, < 600 [—1]
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Table 2-2 contains a list of 32 mixtures with widely different physical properties,
which were used for evaluating the experimental flooding point data.

5. Based on the SBD model, the gas and/or vapour velocity at the flooding point can be
determined in the following way: Firstly, the phase flow ratio at the flooding point
ho is calculated as a start value, acc. to Eq. (2-1), for Vyz = Vy. Subsequently, the
liquid hold-up at the flooding point h(ﬂ,m is calculated in the first iteration, acc. to
Eq. (2-46). Now Eq. (2-69) is used to determine the gas and/or vapour velocity at the
flooding point uy p, based on the physical properties of the system py, pr, oL, N, ML
the geometric data a and € of the respective packing elements and the mean resistance
coefficient, acc. to Table 6-1a—6-1c.

Finally, it must be ascertained whether or not the assumption Rey, > 2 is appli-
cable. If Rey, is below 2, the new calculation of the hold-up at the flooding point is
performed, based on Eq. (2-42), followed by the calculation of the gas velocity at the
flooding point. Only a few iterations are necessary to determine a sufficiently accurate
value for uy and thus for the variables o and h(L),Fl'

Further to the correlations presented above, there are a number of calculation
examples at the end of this chapter, which illustrate how the model can be used to
determine the vapour velocity at the flooding point for 50 mm randomly filled Pall
rings for the system ethyl benzene/styrene under vacuum, and the gas velocity at
the flooding point under pressure for 25 mm randomly filled Bialecki rings for the
air/water system, for structured gauze packing BX as well as for 15 mm Pall rings
made of plastic.

6. The film gas thrust shear force model, developed by Mersmann (1965) [3], for deter-
mining the gas velocity at the flooding point is most suitable for applications using
classic and/or large-surface packing elements with a > 300 m?m™> throughout the
entire operating range. This is reflected by the shading in the flooding point diagram
developed by Mersmann [3], see Fig. 2-18. The film gas thrust shear force model, on
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Figure 2-19. Flooding line for various packings. Compilation of results from Figs. 2-5a—d

the other hand, only applies to perforated packing elements, if the dimensionless lig-
uid loads are high, By > 5-1073, as shown by Figs. 2-5a, 2-5b, 2-5c and 2-5d as well
as Fig. 2-19. These operating conditions mostly occur in the case of extremely high
liquid loads, in pressure absorption and pressure rectification.

A further modification of Mersmann’s diagram, based on the model presented in the
first German edition of this book [90, 91], can be found in Bornhiitter’s work (1991)
(66, 87] and by Grabbert, Bonitz (1998) [92].

Farther capacity diagrams for different packings are shown in Annex to this chapter,
Figs. 2-22, 2-23, 2-24, 2-25, 2-26, 2-27, 2-28, 2-29, 2-30, 2-31, 2-32, 2-33, 2-34, 2-35,
2-36, 2-37 and 2-38.
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23
Determining Column Diameter

If the gas capacity factor Fyp at the flooding point is determined in relation to a given
packing element, it is possible to ascertain the operating point marked by the gas capacity
factor Fy. The following applies:

Fyu < Fy < Fyp. Depending on the separation process, the gas capacity factor Fy
is set at approx. 10—80% of the value at the flooding point. This leads to the following
correlation for the column diameter ds:

_EAs_r vV -
ds = /= _\/; N [m] (2-80)

where V is the gas capacity in kgs~!.

24
Lower Loading Line

Vacuum distillation columns are mostly operated at very low liquid loads uy, in particu-
lar in the rectifying section. For this reason, it is important to ascertain the lower loading
line ug y, Fig. 2-20, as well as the flooding point. Kirschbaum [19] and Schmidt [7, 32]
have looked at methods to determine the lower loading line.

The lower loading line is largely dependent on the physical properties of the mix-
ture to be separated as well as on the material and geometric dimensions of the packing

Figure 2-20. Height of an 25 mm Ruschig ring' CEI‘CUTIiC, Schmidt [7]
overall transfer unit for various d=03m H=2m
L/V ratios as a function of the bsenzené/foluene 1 bar

Reynolds number of vapour
Rey and liquid Rexp acc. to
Schmidt [32]. As shown in this
diagram, the lower loading line
is below the flooding line
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elements, whereas interfacial instabilities do not appear to have an effect on the lower
loading line.

Schmidt [32] has presented various equivalent correlations for determining the lower
loading line up,y. The simplest equation, which is also the clearest and easiest one to
apply, is as follows:

2/9
C 1/2
—6 L g —1
up = 771070 [;] [ms™], (2-81)

The relative error of this equation is £20%, which has been verified for vacuum con-
ditions up to 20 mbar and for liquid/vapour ratios of L/V = 0.5—1.25.
The liquid number is given as:

3
PL O

CL= —; (2-82)
n -8
and the shear stress number is:
2.8 2.8
F
T, =09- [ w } —09- [—V] (2-83)
uy,Fl Fy

Equation (2-81) was derived by Schmidt [7, 32], based on his own exper-
imental results and those found in literature, using the systems ethanol/water,
dichloroethane/toluene and benzene/toluene under normal pressure and vacuum of up
to 20 mbar. It is applicable to 25—50 mm ceramic Raschig rings and metal Pall rings.

Schmidt [7, 32] noticed the dewetting phenomenon, which causes the separation effi-
ciency below the loading line uy,y to drop. The phenomenon is amplified by a decrease
in the specific liquid load uy.. Equation (2-81) shows that, in the case of mixtures with a
decreasing liquid number Cj, the lower loading line uy, i shifts towards the lower values
of the specific liquid load uy,, which has a positive effect on the elasticity of the column.
The operating range of packed columns using such systems is therefore larger, Fig. 2-21.

In the case of mixtures with low viscosity ny, and high surface tension oy, such as
aqueous mixtures, the specific liquid load at the flooding point up p can fall below the
lower loading line up,y, i.e. urp < ur,y, as shown in Fig. 2-21 [7, 32]. These operating
conditions lead to the downward liquid flow being impounded and entrained by the gas
(vapour), without sufficiently wetting the packing surface.

2.4.1
Conclusions Section 2.4

Based on Schmidt’s [32] correlation (2-81) for calculating the lower loading line uy y
and the knowledge of the loading line of the type of packing used, it is easy to determine
by calculation whether the specific liquid load uy, selected for the separation task of the
column, is above the lower loading line ur y, uL,y < ur < upp.
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Figure 2-21. Lower loading 25mm Pall ring, metal, Schmidt (7]
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List of Numerical Examples — Chapter 2 “Flooding Point”

2.1

2.2

2.3

2.4

2.5

Determining the vapour capacity factor Fyp at the flooding point, acc. to Eq. (2-67)
and the column diameter dsfor metal, randomly filled 50 mm Pall rings for the sep-
aration of the mixture ethyl benzene/styrene under vacuum.

Determining the vapour capacity factor Fy gy, acc. to Eq. (2-67), for metal, randomly
filled 25 mm Biatecki rings for the air/water test system at ambient conditions.
Determining the vapour capacity factor Fyp, acc. to Eq. (2-67), for Sulzer gauze
packing BX for the separation of the mixture ethyl benzene/styrene at a top pressure
of 66.7 mbar.

Determining the vapour capacity factor Fyyp at the flooding point, acc. to eqns
(2-69) and (2-71), and the column diameter ds for randomly filled 15 mm plastic
Pall rings for the separation of the mixture methanol/nitrogen (N,) at 30 bar.
Determining the vapour capacity factor Fyp at the flooding point, acc. to Eq. (2-69),
and the relative column load Fy/Fy g in an existing column of a demethaniser being
upgraded to a structured Mellapak 350Y sheet metal packing at an operating pres-
sure of 32 bar.

Numerical Example 2.1 - Sections 2.2.4 and 2.3

A column filled with metal 50 mm Pall rings is used to separate 1,000 kg of the mix-
ture ethyl benzene/styrol with xp = 0.5895 mol mol~! per hour, at a top pressure of
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pr = 66.7 mbar. The aim is to achieve a top product with a mole fraction of higher-
volatility ethyl benzene of xp = 0.9618 mol mol~! and a bottom product with a mole
fraction of xy = 0.0018 mol mol~!xy. What column diameter is required, if the column
is operated at 46.3% of the flood load and the reflux ratio is r = 6.28?

The vapour capacity factor Fyp at the flooding point is determined using the method
described in Sect. 2.2.4 as well as Eq. (2-67). The following variables are given, with the
physical properties applicable for a top pressure of pt = 66.7 mbar.

— vapour density pv

—liquid density pL= 835.2 kgm 3

— surface tension o= 25.1 mNm™!

— viscosity of the liquid nL=0.437-1073 kgm~! s~!
— viscosity of the vapour mixture Ny=7.14-10"% kgm—! s!
— molar mass of the distillate product Mp= 106.1 kg kmol !

— molar mass of the feed M= 105.34 kg kmol~!

— relative vapour capacity Fy/Fyp= 0.463

Solution

A. Calculating the flows and flow rates at the column top according to the task definition

1. Feed rate:
F =1000 kgh™!
F=F/Mg
= 1000/105.34 = 9.493 kmolh™"

2. Distillate rate:

. . XF— X
D=pF.2E" W
XD — Xw
05895 — 0.0018
=9493. — = 5812 kmolh™!

0.9618 — 0.0018

3. Vapour rate at column top:

V=(+1)-D
= (6.28 + 1) - 5.812 = 42.3 kmolh™!

with a molar mass of Mp = 106.1 kg kmol !

V=V-Mp
=42.3-106.1 = 4488.9 kgh™!

4. Liquid rate L at column top:

L=r-D-Mp
=6.28-5.812-106.1 = 3872.2 kgh™!
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B. Determining the vapour capacity factor Fyp

1. The phase flow ratio at the flooding point X is given as:

_ Vi _Leav _
Vy -V
3872.2-0.257
T 835.2-4488.9

Ao

=2.654-10"%

2. The liquid hold-up hg,Fl at the flooding point is determined, acc. to Eq. (2-47),

using a start value of g = 2.654-107%. As a result, hg’Fl is given as:

. \/1.44»)»§+0.8~Ao~(1—ko)—1.2-A0
hL,FL =
0.4- (1 —Xo)

\/1.44 - (2.654-1074)24.0.8 - 2.654 - 104 - (1-2.654 - 10~4) —1.2- 2.654 - 10~
a 0.4 (1-2.654-10~%)

=3.565- 10 2m>m~3

3. The vapour velocity at the flooding point for 50 mm metal Pall rings is deter-
mined acc. to Eq. (2-67). The following values apply for the geometric data a and
¢ as well as the constants Kj, K, for Rey > 2100 in relation to Eq. (3-14), acc. to
Table 6-1a: Ny = 6100 Nm™> = ag = 110 m®* m~>, &g = 0.952 m® m—3, K; =
3.23, K;= —0.0343 for Eq. (3-15) to calculate the resistance coefficient.

The application of Eq. (2-67) also requires the following parameters:

— the hydraulic diameter
dy=4-¢/la=4-0952/110 = 0.0346 m
— the droplet diameter

dr =.\/o/Ap-g=

= /0.0251/ ((835.2 — 0.257) - 9.81) = 1.75- 10 °m

4. Firstly, Eq. (2-67) for a = 45° is used to estimate the gas velocity at the flooding
point uyp for Yp = 2.42 with Rey > 2100 and hy p; = 0.0365 m? m3.

—ige [ dn drap -g]"? 35
o =osse-y o[ E] e [Ny ]

=6.43 ms~!
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As a result, the vapour velocity uy with Fy/Fyp = 0.463 is given as:

uy = 0.463 - Uy Fl
= 0.463 - 6.43 = 2.98 ms~!

the column cross section Ag is:
Vi 4488,9

- = = 1,628 m*
3600 - py - uy 3600 - 0,257 - 2,98

As
and, finally, the column diameter dg is given as:

ds =/ % = 1.44m; based on the assumption that dg = 1.45m

. Based on the specific liquid load uy,

B L B 3872.2
T 3600 pr - As 3600 - 835.2 - 1.65

ur

=7.8-107% ms!
the Reynolds number Rey, is calculated as:

ur ur - pL
ReL: = =
VL - a nL-a

_7.8-107*.8352

AR P I
0.437-10-2 - 110 -

As a result, the use of Eq. (2-47) for calculating the liquid hold-up hg,Fl at the
flooding point is justified.

. Based on a specific liquid load of up = 7.8 107* ms™!, the vapour velocity at the
flooding point uyg is calculated as uyp = 6.69 ms~!, acc. to Eq. (2-67), using
iterative calculation. The phase flow ratio at the flooding point ¢ is given as
1.1:107* for Y = 2.34 and for h{ ;; =2.38 1072 m* m ™,

The calculated value for uyg is only 4.1% higher than the velocity of 6.43 ms™!
obtained by approximate calculation (point 4).

The vapour capacity factor at the flooding point Fypj is now given as:

Fyp = uyp-/py =3.39 ms*l\/kgm_3 [\/Pa]

The following numerical value was found by Billet [5], Chap. 2, for the vapour
capacity factor Fyp with L / V = 1 for the same system and a marginally different
phase flow ratio, compared to the one specified in the task definition:

Fyp =33 ms ' kgm=3 [@]
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Relative error 3(Fyp):

(FV,Fl)culc - (FV,Fl)exp )

8(Fy p) = 100

(F V,Fl )exp

_339-33
T 33

- 100 = 2.73%

Further calculations were performed, based on other methods, to determine the flood
load factor Fy g, acc. to this task definition. The results were as follows:

1. Eckert’s method [9]: Fyp =5.0 Pa’?> 3(Fyp) = 51.5%

2. Mersmann’s method [3]:  Fyp =4.98 Pa%  §(Fyp) =50.9%

3. Billet’s method [5]: Fyp =355 Pa%  3(Fyp)=7.6%

4. Equation (2-67): Fyp =339 Pa?? d(Fyp) = 2.73%

5. Exp. value: Fyp =33 N acc. to Billet [5] for (L/V) =1.

Numerical Example 2.2 - Chapter 2

The aim is to determine the gas velocity at the flooding point uyp in a column randomly
filled with 25 mm metal Bialecki rings with a diameter of dsg = 0.15 m. The column is
operated at a gas velocity of uy = 1 ms~! and a specific liquid load of up, = 0.0111 ms~!,
using the test system air/water at 1 bar and 293 K. The technical data of the Bialecki rings
is as follows:

N =55000m~3
=a=238m?m >, ¢ =0.94m’>m3.

The physical properties are valid for 1 bar and 293 K:

v = 182107 m?s~! oL = 998.2 kgm >
nL = 103 Pas pp = 1.17 kgm73
op = 72.4-1073Nm~! g =9.80665 ms >

Solution
1. The following parameters are required for calculating the gas velocity at the flooding
point uyp, acc. to Eq. (2-67):

1.1 Kjs, Ky coefficients for determining the resistance coefficient for the dry packing
at the flooding point for Rey> 2100.
Based on Eq. (3-16) and Table 6-1a, the numerical values for the model constants
K3, Ky, [20] for Rey > 2100 are as follows:

K3=4.13, K4y = —0.0522.

The start value is assumed to be a mean value of Yrgy p, = 2.60, acc. to Table 6-1a.
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1.2 Hydraulic diameter dp:

3 0.942 s
dp=4--=4.-—— =1.583-10 “m
a 238

1.3 Droplet diameter:

o o1 B \/ 0.0724
"=V o—pv)-g V(9882 —1.17) - 9.80665

=2.72-10"3m

2. The Reynolds number Rey, is given as:

ur UL - PL
ReL = = =
VL -a nL-a

11.1-1073-998.2
= T 4655 > 2
10—3.238

The liquid hold-up hg’H is determined using correlation (2-47). The start value for
the phase flow ratio at the flooding point A is assumed to be:

u
Ao = L 1111073 where uy =1 ms™
uy

1

This leads to a value of hg,Fl = 0.2056 m® m~3, acc. to Eq. (2-47). Based on the
first iteration, the gas velocity at the flooding point (uyp); is given as the numeri-
cal value of (uyp); = 1.7132 ms~!. Subsequently, a new phase flow ratio of Ao =
11.1-1073/ 1.713 = 6.46-1073 is created, for which the (uy,p1)2 value is now calcu-
lated iteratively. If the difference between the value (uyp )i+, based on iteration i+1,
and the value (uyp);, based on iteration I, is less than 0.01 ms~ 1, the iteration is
finished.

The iterative calculation leads to the following numerical value for uyp:

uy p = 1.776 ms™ !,
which is practically identical to the value uyp = 1.75 ms~! for up, = 11.1-1073 ms™},
shown in Figs. 2-2a and 2-2b, which was experimentally derived. The relative error is
therefore:

1.75 - 1.776
3 (uV,Fl) = T -100% = —1.49 %

The column is operated at approx.
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Fy uy

= = =0.563
FV,FI uvy i 1.776

i.e. at a flood load of 56.3%. The phase flow ratio at the flooding point

u  11.1-107°

— =6.25-1073
uy,p 1.776

Ao =

now gives the following liquid hold-up at the flooding point:
W) p=153-10"m’m™.

Based on Table 2-3, the experimentally derived h(ﬁ,Fl value is 16.2%.
This gives a relative error of:

15.3 —16.2
8 (hg,Fl) = YT 100% = —5.55%

for Reyp = 2553.7, hence:

Vg = 4.13 - 2553.7700522 = 2 745

Example 2.3 — Chapter 2

The aim is to determine the gas velocity at the flooding point for the Sulzer gauze packing
BX, using the system ethyl benzene/styrene at 66.7 mbar. The column diameter is ds =
0.5 m, the reflux rate at the column top is L = 1491 kg/h, as shown in Fig. 6-33 [5];
L / V = 1. The angle of the flow channels for BX packings is o = 30°. The gas velocity at
the flooding point, which was experimentally derived by Billet [5], is uyp= 7.50 ms~!.

Solution

Based on a mean value of {r, € (2100-10,000) {rp, = 0.374 and the geometric data a and
&, shown in Table 6-1c, the numerical values for Eq. (2-67) are as follows:

e 0.95
dy=4.2=4. - =0.0076 m
a 500

dr=1.75-10"m

1491 -3 1
= _ =2.52-10"" ms
0.52- I - 835.2- 3600
L 0.257
=l =1 =308-107%
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For Ao = 3.08-1074, m is calculated using Eq. (2-43):

0.82 4 — 10 0.82 + 308-107% 0.82
m = —0. ——— =—0. — = 0.
o + 0.5 3.08-10~% + 0.5

and the liquid hold-up at the flooding point, acc. to Eq. (2-47), is given as:
) g =3.834-10" m’m™>

After the first iteration, the gas velocity at the flooding point, acc. to Eq. (2-66), is calcu-
lated as:

7.6-1073m %%
uyp = 0.8-cos30°-037471/6. | —— -0.9512,
1.75 - 10=3m

1751073 - 835 - 9.817" is
: 357 (1 —0.03834)%° =
=7.222 ms™!

In the second iteration, the numerical values for Ao and Rey are calculated as:

u 2.52-1073
Ao = <i> =2 —328-107° = W, =4-102mim
uy ) g 7.677 ’

and

uy - dp 6 uy 6-7.220-0.257
= = = 3116.8
(I1—¢)-vy a-vy 500-7.14-107°

Rev =

Based on Eq. (3-14) and Table 6-1c, the resistance coefficient of the dry packing V is
calculated as:

¥ =1.21-3116.8""% = 0.3823

The gas velocity at the flooding point uy g, acc. to Eq. (2-67) is given as:

761]0'25

uy g = 0.8 - cos30° - 0.3823~1/6 .
V.Fl 1.75

1.75-1073 - 835-9.81
0.257

1/2
-0.9512 . [ } (1 = 0.039)>°

=7.18 ms™!
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At 0.58%, this value only differs marginally from the numerical value given by the first
iteration, which means that the value for the gas velocity at the flooding point can be
assumed to be:

uy,p =7.18 ms~!

The relative error in the determination of the gas velocity at the flooding point uy;pyexp
is therefore:

7.18 —7.50
7.50

8 (uv,m) = - 100% = —6.18 %

Numerical Example 2.4 - Chapter 2

A column with a diameter of dg = 0.155 m is filled with 15 mm plastic Pall rings for the
separation of the mixture methanol/nitrogen at 30 bar and 251 K. What is the column
load, assuming a liquid flow of 464 kgh™! and a gas flow of 472 kgh~!? The physical
properties and technical data of the packing are as follows:

Physical properties:

gas density:

pL = 41.06 kgm >

liquid density: pL = 831.0 kgm >
surface tension: op =24.17-1073Nm™!
viscosity:
—liquid N = 122:107° Pas
— gas phase nv = 16.2-107° Pas
Technical packing data:

Loads:

(acc. to Krehenwinkel, Chapter 2 [75])

15 mm Pall ring — PP

column diameter: dg =0.155m
packing density: N = 247600 m 3
specific weight: G =130 kgm ™

geometric surface of packing elements:

void fraction:

gas phase:
liquid phase:
specific column loads:

a=375m?m™3

¢ =0.846 m> m—3

V =472kgh™!

L = 464 kgh™!

uy =0.169 ms~!

uL =29.6 m®> m2h!
=8.22-10"3 ms~!
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Solution

The gas velocity at the flooding point uy is determined for higher gas densities as py =
1.2 kg/m?, based on Eq. (2-69).
The phase flow ratio at the flooding point kg ;

up  8.22-1073
No,1 = = —

-1 _ = 4.864 - 1072
Ty 0.169

based on Eq. (2-46), and for m= —0.7313, acc. to Eq. (2-43), is given as:
W) p=3319-107°m’m~>
The application of Eq. (2-69) requires the following variables:

— the hydraulic diameter of the packing dy:

£ 0.846 .,
dy=4-Z=4.-"—=9024-10"m
a 375

— the droplet diameter dr, based on the Eq. (2-26):

o 0.0242 _3
dT = = == 1.77 N 10 m
(oL — pv) (831 — 41.06) - 9.81

— the numerical value of the Reynolds number of the gas phase Rey, which is calculated
using Eq. (3-10):

uy - d
Rev = d P .
(I—¢)-wy
with a constant particle diameter d,,
1—e¢ 3
dy=6- =2.464-10"m

and the wall factor K

4 N1
K = (1 + ) = 0.936
ds-a

as well as the kinetic viscosity of the gas phase

16.2-107°
=V 2 3045.1077 mis!

vV
VT oy 41.06
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and for
uy = 0.169 ms™!
which gives:

0.169 - 2.464 - 1073
Re, = -0.936 = 6415.6 > 2100
(1 —0.846) - 3.945 - 10~7

Based on Table 6-1a, the numerical values K3 and Ky, used for determining the resistance
coefficient { in the turbulent flow range Rey > 2100, are given as:

K3 = 3.23 K4 = —0.0343
Hence:
W =3.23-6415.67003 = 2391

Based on Table 6-1a, the packing form factor ¢p, used for determining the resistance
coefficient { acc. to Eq. (3-27) leads to the same value:

5224

v

v

42306 = 2224 12306 = 2,387 ~ 2.39
T T 64156 T T Y T

Based on Eq. (2-71) for py>> py,ir, the following applies:

Joivs 0.18
K,, = ( ) = 1.90
oV 1.165

Equation (2-69) now leads to the following result:

9.024- 107374
1.77 -10-3

uy,pr = 1.90-0.566 - 2.3911/6 [

-0.846'2 .

—0.3319]7/% =

1.77 - 1073 - (831.0 — 41.06) - 9.817"* ’
41.06

=0.161 ms™!

Note

The column floods, as the experimental gas velocity uy in the column uy = 0.169 ms~!,
acc. to [75], is approximately equal to the gas velocity at the flooding point uyp =
0.161 ms~!, based on Eq. (2-69), with a relative deviation of: 3(Fyr) = 4.72%.
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Numerical Example 2.5 - Chapter 2

The trays of a demethaniser, operated at approx. 32 bar, are upgraded to Mellapak 350Y.
The aim is to determine the maximum loading capacity of the upgraded packed column
in the rectifying section with a diameter of ds = 1.2 m and in the stripping section with
ds = 2.282 m [72]. The operating data is taken from the article by Ghelfi, Kreis, Alvarez
and Hunkeler [72].

Solution

Table 2-11. Physical properties and operating data of the upgraded column

Column diameter dg [m] dg=1.2 dg =2.282
Top pressure p [bar] 30.8 28.7
Temperature ty = tp, [°C] 19.8 —2.7

Gas density py [kgm_3] 51.46 63.10
Liquid density pr, [kgm™>] 394.6 392.2
Surface tension o1, [MNm~!] 2.5 1.8

Gas viscosity ny [Pas] 8.9-107° 9.0-10°°
Liquid viscosity ny, [Pas] 0.083-10~3 0.078-10~3
Mass stream of gas V [kgh™!] 12438 42930.7
Mass stream of liquid L [kgh™1] 16.060 93731.9
Specific liquid load uy, [ms™!] 10-103 16.21:1073
Gas velocity uy [ms™!] 0.0534 0.0462

2. The technical data of the Mellapak 350Y, acc. to Table 6-1c¢, is as follows:

a=350m?m™3
£ =0.965m> m™?
Ky =5.756, Ky, = —0.321, K3 = 1.3662, K4, = —0.133

Cri0= 0.566

The predicted maximum loading capacity of the Mellapak 350Y is calculated itera-
tively, acc. to Eq. (2-69), in the first iteration for:

Xo,[S( ur, ): L-py
uy,Fl pL-V

The following applies to the rectifying section with ds = 1.2 m:

16.060 - 51.46
= —————— = 0.1684
12438 - 394.6
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and with dg = 2.282 m:

93731.9 - 63.10

= ————— =10.3513
42930.7 - 392.2

0,1

Now the liquid hold-up hg,Fl at the flooding point is determined using Eq. (2-46)
with the parameter m, based on Eq. (2-43):

0.82 4 — 101 0.82 4 1684 0.568 (ds = 1.2 m)
hos + 0.5 0.1684 + 0.5 s
and
03513
m=—082+ — " — _0.4073 (ds = 2.282 m)
03513 + 0.5

Equation (2-46) now leads to the following result, valid for ds = 1.2 m and %y =
0.1684:

oo V0.16842 - (—0.568 + 2)2 + (4 - 0.1684 - (—0.568 + 1) - (1 — 0.1684)) -
LA 2-(—0.568 + 1) - (1 — 0.1684)

(—0.568 + 2) - 0.1684
2-(0.568 4 1) - (1 — 0.1684)

= 0.427 m*m™>
and valid for dg = 2.282 m and Ao = —0.4073:
hg,Fl =047 m® m™3

. The gas velocity at the flooding point uy is calculated, using Eq. (2-69) for:

£ 0.965
dy=4.-5=4. 222 — 001103 m
p 350
0.0025
I \/ =862-104m  (ds=12m)
Ap-g V(3946 — 51.46) - 9.81

and/or
dr =7.47-10"%m (dg = 2.282 m)

The resistance coefficient Vs, for the dry column dg = 1.2 m and uy = 4-V/(m- dsZ-py)
=0.0594 ms™, is given as:
uy - dp 6-uy 6-0.0594 - 51.46
ReV = = =
(1—¢)-vy a-vy 350-8.9-10-°
= ¥ = K3 - Reyy! = 0.4306

= 5887.2
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and based on ds = 1.2 m and uy = 0.0462 ms ™'
Rey = 5556.6 and Y = 0.343

Now the gas velocity at the flooding point uyp can be calculated, using Eq. (2-69),
for a column diameter of dg = 1.2 m:

uy,p = 0.566 - 0.4306-1/6 . 0.971-2 . <

11.03 - 10 — 3\ /4
0.862-10 — 3

8.62-10 — 4 - (394.6 — 5.46) - 9.81\ /2
51.46

51.46\ %18 s »
(7)) (10437 =0.0809 ms

The flood gas load factor is therefore given as:

Fvpr = uv,pr - +/pv = 0.5805 v/ Pa

Following the creation of new phase flow ratios at the flooding point X1 and o,
further iterations lead to the final result, for a column diameter of dg = 1.2 m:

uy g = 0.096 ms ™! and Fyp = 0.69 VPa

and on dg = 2.282 m:

1 and Fyp =044 VPa

uy,p = 0.056 ms—
The column load in the rectifying section is as follows, for a column diameter of dg =
1.2 m:

Fy  uy _ 0.0594

FV,Fl - uy fl - 0.096

-100 = 61.9%

and in the stripping section, for a column diameter of dg = 2.282 m:

Fy _ uy _ 0.0462

= = - 100 = 82.5%
Fy p Uy Fl 0.056

According to information found in literature, the maximum column load [72] is
given as:

F
V. _ 580 for ds=12m
Fy
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and

F
V70 for dg=2282m
Fy g

This leads to the following flood gas load factors Fyp:

Fy p = 0.735 v/ Pa for ds=12m
and
Fy g = 0.509 ~/Pa for d¢=12.282m

The relative deviations 8(Fy ) are therefore:
8(Fy,p) = —6.12% for dg=12m
and

8(Fy.p1) = —13.5% for ds=2.282m

Note

The load values of the Mellapak pressure column, which were calculated using the SBD
model, are safe and only marginally different from the values found in literature, given
the extreme physical properties of the separated system and the operating conditions
under high pressure.
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Annex Chapter 2
Flood Load Diagrams for Various Random and Structured Packings

25mm Pal ring, PP, PVDF
methanol/ethanal, LN_1 d<=05m, H=2m, 1bar. 057000 1/m’> (23]

toluene-n- -octane
L/V=1, de=022m, H=15m, 133 mbar, 53050, #5560, 50001/,
Chlorobenzene/efhylbenzene
L/V=1, ds=022m, H=15m @29 o67 ¢133mbar
ulr/wuter 1bar, 293K, de=022m, H=09m 54500 1/m’
35mm Pall ring, PP
air/water, 1bar, 296K, H=03+045m, H=14m 416608 1/m’
50mm Pall ring, PP, air/water, 1 bar, 296 K

nd_=045m, H=2m, 6450 1/m’

ado=03m, H=15m, 6700 1/m°

xds Ohm H 1km, 7330 1/m3

5
s 50mm Pall ring, PP, N=€700 2 | [ 11
Bl Fa ek kl—[35m Pal ring, PP,
y— - 0. = e Al.\.~ T 1 -
Te 8 8 —§r__ = g gu_‘No 18000 1im?
Xe] -Eé 25mm Pall ring — ‘n S
g plushc Ng=51000 1/m° TN
3 I
c b4 T O O

1 2 3 4 6 10 20 K 60

Flow parameter at flooding point XF,-103 XH:(L/V)F,VQVIQ,_

Figure 2-22. Capacity diagram F*y ) = f(Xg) for random 25—50 mm Pall rings made of plastic

chlorobenzene fethylbenzene L/V=1 433, e67mbar,

d=022m, H=15m, 6195 1/m3

mr/wu’rer 1 bar, 293K

a 0s=04m, H=14 m, 6600 Um3, od=045m, H=1m, 6024 1/m°
& ethanol/water, L/V-‘I 1bar, d.=05m, H=1m, N=6400 1Im’

S w10
BE o Tt
'8‘;‘2 6 [ / -
22 50mm Pall ring, ceramic, =
‘é*uf;- b ﬁNo-6l+00 1Im3
i 3 HRIERE
1 2 3 456 81 1520 30 40 60 80

Flow parameter at flooding point Xg10% Xei=(LV) Vo, 7o,

Figure 2-23. Capacity diagram F*y ) = f(Xp) for random 50 mm Pall rings made of ceramic
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Figure 2-24.

Figure 2-25.

o air/water, d=015m, H=15m, 1bar, 296K
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Capacity diagram F*y g = f(Xp]) for random 25—50 mm metal Pall rings

chlorobenzene /ethylbenzene, L/V=1, 667 mbar
v d=25mm, ds=022m, H=15m, N=39000 1/m3
air/water, 1 bar, 293 K
a d=25mm, d -030m H=14m, N=39900 1/m
d=25mm, d =045m, H=2m, N=37000 1/m’
e d=50mm, d,=045m, H=2m, N=5150 1/m3

a
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Capacity diagram F*y 5 = f(Xp) for random 25—50 mm metal Hiflow rings
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Figure 2-26.

Flood load factor
F
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Capacity diagram F*y g = f(Xp)) for random 25—50 mm Hiflow rings made of plastic

air/water, 1bar, 290 K
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a 0D p

[

Flow parameter at flooding point X102 Xe=(LIV) ¥ /oL

Figure 2-27. Capacity diagram F*y ) = f(Xp) for random 25—75 mm Hiflow rings made of ceramic
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chlorobenzene / ethylbenzene
e d=28mm, p;=667mbar, ds=022m, N=452001/m
air/water, 293 K
4 d=38mm, p,=1000 mbar, d,=03+04 m, H=145m, 18600 1/m’
o d=50mm, p;=1000 mbar, d =03m, H=145m, N=7320 /m3
g . ZEE"50m Nor-Pac, No=7300 1/m]
- = — 1
o E 1 hd - iy 2
= 0 38 mm Nor-Pac .
=N - 3 T
SR N,=18000 1/m / e
; 6 28mm Nor-Pac ™ -
8 *u_;‘ No=£44500 1/m3 [41]
o, I
1 2 3 4 6 8 10 15 2 40

Flow parameter at flooding point X -10,

Xg,

=(L/V): \/QV oL

Figure 2-28. Capacity diagram F*y 5 = f(X)) for random 28—50 mm Nor-Pac packing made of plastic

Figure 2-29. Capacity diagram
F*y,p1 = f(Xg) for random
metal VSP rings, sizes 1 and 2

VSP ring, metal

©

air/water, 1bar, 293 K

size 1, d=03m, H=146m, N=33434 1/m
size 1, dg -OLSm H=2 m, N=31572 1/m?

size 2, ds-OASm H=2m, N=7841 1/m?

chlorobenzene / ethylbenzene, 66.7 mbar
size 1, d =022m, H=146m, N=30948 1/m
size 2 =022m, H=146m, N=7601 1Um’

o ||

ar—o—0/>K |

_>
<

—0 F~a

@

—

—
o)

VSP ring size 1 7%

o

No=33500 1/m?

* 2.
ya 107 in m/s

VSP ring size 2

F
=~

Flood load _factor

No=7800 1/m?
Lol

3.0

1072

2 4 6 10" 2

Flow parameter at flooding point XF[-1O2
Xe=(LIV), \lgv 19,
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Figure 2-30. Capacity diagram air/water, 1bar, 295K
F*y gl = f(Xgy) for random o ds=0316-06m, H=136-3m
Mc-Pag, sizes 1 and 2, and S 2 _— —
50 mm Pall rings made of metal g McPac No.2, 7295 1/m3 I I
u= > a McPac No.1
g € 1 o 635 e
8 c 104 _:\LA N~
O ‘—m 8 S0 mm Pall ring T
3u> 5983 1/m3 ds=045m, H=2m
[V r'4 1 1 1 1 1 1 1
8 102 2 3 4 6 81 2
Flow parameter at flooding point XF‘-10,2
Xg = (LIV); Vo, lo,
Figure 2-31. Capacity diagram S air/water, 1bar, 293K, d;=03-045m
F*y 1 = f(Xp) for random g
Dtnpag, sizes 1 and 2, made of < n 15 H= 1[“ ‘2 m i .
plastic o E o—| | Dtnpac size 2,PP
L e 4 oo+—@=+ '
o T oDtnpac size 1, PP [O T~
O 8
= 0 |
0 _
610
102 2 3 4 5 1"15 2
Flow parameter at flooding point XH-10,2
Xe = LIV Vo /o,
Figure 2-32. Capacity diagram air/water, 1bar, 293K, dg=03/045m, H=14-2m
e e e T[] [ JEnvinac size’3 (6-GoBom) '
plastic ) N *'ﬂi Envipac size 2(d=0060m)
é & o—]
’UE_‘ 8 >~
8% | NS
o Envipac size 1(d=0030m)
g 2 ]
440

2023 4 6 8 107 16 20 30 40 60
Flow paramefer at flooding point XFl'1°2'
Xe = (L) Vou 79,
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chlorobenzene /ethylbenzene, d;=0.22m, H=124m, [A]
o p;=66.7 mbar, N=51620 1/m3
¢ p;=133 mbar
benzene/toluene, ds=03m, H=2m, 46000 1, Schmidt (7]
a V=1, pr=400 mbar
A L= 085 pr=400 mbar
a L/v=1, p;=1000 mbar
methanol/ethanol, L/V=1
+ 0g=05m, H=11m, p,=1000 mbar, N=43000 1/m Billet [23]
trans-/cis-

-« d.=05m, H=095m, p.=1000 mbar, N=43000 1/m3 Billet (23] |
cur/water Thar, 293K,

o ds=03m, H=076/09m, p.=1000mbar, N=48175 1/m’ [A]

£ o R r L]

EEY S e

“é‘\é A 25mm_Raschig ring, ceramic T—os<]

; 'Ea No=l4-6000 1/m3 ~

8> L dper vt

=%, [ [T 1] [
081 2 L 6 10 20 40 60 100

Flow paramefer at flooding point XF|'102

Xer=(LIV)g ¥ 9, /%0

Figure 2-33. Capacity diagram F*y ) = f(Xp) for random 25 mm Raschig rings made of ceramic

Air/ Water, 1bar, 293 K

e1'-R-Pac, ceramic, d,=0.316m, H=3m

=25 mm (1")-Intalox Saddle, ceramic d:=03m, H=09m

238 mm (13)-Intalox Saddle, ceramic ds=0.3/045m,H=134/2m

FV.:I SUyg - Vq%_vgv

+25mm (1°) Raschig ring, ceramic, d.=03m H=1m

— 15
v R
£ o R-Pac, size1 (o)
w vaf\% 38 mm Intalox Saddle ()
5 \Th'\“:\til\ . s25mm Raschig ring (e)
ts 6 o . =
ha 7_\\ — " IZ‘ Nu‘
g 25 mm (1) Intalox LT T
- Saddle (s S N
83407 ' [
=07 2 3 L 6 81 2 3 L 6
. . 02 - L _Q_V
Flow parameter at flooding point X -10¢ X, (V>FI\/9‘L

Figure 2-34. Capacity diagram F*y ) = f(Xp) for random R-Pac size 1, 25—38 mm Intalox saddles and
25 mm Raschig rings, made of ceramic
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Air/ Water, 1bar, 293 K, Chlorobenzene / Ethylbenzene
240/530 mbar
o - SR-Pac, ceramic,size?; d.=03/06m, H=136/15m
¢ _R-Pac, ceramic,size2; d,=03/06m, H=136/15m
v -50mm- Intalox Saddle, ceramic; d.=045m, H=2m
« - 50 mm-Raschig ring, ceramic; ds=03/06m, H=1-15m
_ 2
w
€ 15
B o\—o\\\ SR-Pac,size 2
* & > an! —
u_i 3 CI”_" 10 \VF\V.\\\ ~o—__
_fc:> > 8 y ‘o;\\ v -
8L T
o 2 50 mm Raschig -ring
8.k 50 mm Intalox Saddle
g woos R- Pac size 2
k=] 3
[N,
-2
205 2 3 L 6 81

2 3 4
Flow parameter at flooding point X102 X, = <L> \/gj

Figure 2-35. Capacity diagram F*y g = f(Xp|) for random R-Pac size 2, SR-Pac, 50 mm Intalox saddles
and 50 mm Raschig rings, made of ceramic

Figure 2-36. Capacity diagram e air/water, ds=0.15 m, H=15m

Fryp = f(Xp) for stacked 25 = air/water, d=03m, H=14m

and 50 mm metal Bialecki rings ochlorobenzene/efhylbenzene d=022m, H=15m
[=]
T Q15 50mm Bialecki rmg, metal, —|
£ E T——
5.8 ﬁ" \’;“ Stacked
B _
=) *'I7-—25 mrn Blaleckl ring, metal, .=
8> | stacked |
. 5 1 1

1 2 3 4 6 81 20 30

Flow parameter at flooding point XF[102.

Xe=(LIV), Voo,
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air/water, 293K
® Mellapak 250Y, p;=1000 mbar, ds=0.30m, Meier [24]
4 Ralu Pak 250YC, p.=1000 mbar, ds-OASm H=18 m
= Montz B1-300, p,=1000 mbar, dy=022m, H=145m
= Montz B1-300, pT-1000 mbar, d =045m, H=17m
v Montz B1-200, p;=1000 mbar, ds=022m, H=14m
v Montz B1-100 pT-1000 mbar, ds=030m, H=14m
chlorobenzene / ethylbenzene
% Montz B1-300, p-=667mbar ds=022m, H=14m
5;:_5:__——%\, B1-200  [Monfz sfructured
S _. 2 ] 81,100 J_|mefal sheet pac-,
e e king
-Montz s’rrucfured metal S
rshee’r packing B1-300 // g\i\&“
| | Mellapak 250Y ] XN
and |Ralu Pak 250YC RS
I TR
2 3 L 6 81 20 40 60 100

Flow parameter at flooding point X102
Xp= (LIV) Yoy o,

—_
U1

—
O\CDO

FQF, 10% in m/s

Flood load factor

w

—_

Figure 2-37. Capacity diagram F*y g = f(Xp) for various structured packingss

Figure 2-38. Capacity diagram Structured packing GEA-H2, PP
* j—
F VEL = f(Xp) for GEA'HZ TP Type [mlimz] system [m'i;ar] [S;] [:‘]
plastic structured packings
o | NET 38-150 | 80 1.80/3.15
a | FKP327 125  |air, 293K | 1000 | 0.60 3.04
o| FKP319 150 1.2/3.05

o

e -y

Flood load factor
F*yrr102 inm/s ,

i)
-

10 30
Flow parameter at flooding point Xg-102

-
o
-
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