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This work presents a design principle for the prediction of the separation efficiency of random, non-perforated
and lattice-type, packing with different size and type for gas-liquid systems under high pressure up to 90 bar
for distillation and absorption systems in the entire operating range up to the flooding point.

In the first part the known correlations from literature were used for calculation of separation efficiency of
different random packings for distillation data taken from literature, valid for the systems used under higher
pressure. As a conclusion of this analysis, big deviations of calculation results in comparison to experimental
data were observed, Hanley & Chen (2012).

The application of the new droplet model presented by Mackowiak (2015) was validated for more than 24 test
systems and 115 packing types in the low pressure range from 13 to 1000 mbar. In this work the model was
validated using additionally 10 different test systems in the pressure range up to 90 bar. The presented
correlation does not require empirical, individual packing specific constants, which is a very important
advantage of this model for practical design of packed columns.

Good consistency was found between experimental values of the separation efficiency and calculated values
based on the model for different types of random packings of 1% and 2™ generation such as Berl Saddle,
Raschig-Ring, Pall-Ring but also for lattice type packing of 3 and 4" generation.

1. Introduction

Random packings are widely and successfully used in distillation, absorption and stripping processes but also
in environmental protection processes like waste gas and wastewater treatment. Their form has changed
significantly during the last decades. The field and range of applications as well as their efficiency compared to
the 1% generation of packings have significantly increased. A big progress in the available design methods
was observed during that period of time, especially in the modelling of fluid dynamics, which is presented in
the literature Mackowiak (2010).

One of the first mass transfer models for the design of random packing of 1% and 2 generation were the
models of Onda et al. (1968), Zuiderweg (1978) and Zech & Mersmann (1978). The first model for the design
of distillation columns not only for classical random packings but also for lattice type packings of the 3
generation was the model developed by Billet & Mackowiak (1984), which has been modified by
Mackowiak (1990). The model from Mackowiak (1990) was developed for more than 60 different packings for
systems with the main mass transfer resistance located in the vapor phase. Based on the assumption of film
formation in the packed bed, Billet & Schultes (1993, 1999) derived correlations for determining the effective
interfacial area per unit volume a, and mass transfer coefficients in the gas and liquid phase for 55 different
classical and lattice-type packings. These correlations are mainly applicated to systems at ambient or low
pressure.

The main aim of this work is to present the application of droplet model from Mackowiak (2015) for
determining the separation efficiency n,/H or HTU,, for distillation and absorption systems under higher
pressure. The value of the overall vapor height of transfer unit HTU,,, is calculated by Eq(1), which can be
transformed to theoretical stages per meter n,/H according to Eq(2).
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In Table 1 exemplary the resulting separation efficiency (n./H).y, from experimental distillation data with
metallic 50 mm Pall-Rings, published by Schultes (2003, 2013), are compared to the calculation using known

correlations from literature by deviation of separation efficiency §; (3) to experiment (Eq(3)).
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Table 1: Deviation of separation efficiency of known correlations §(n,/H); to published experimental data from
Schultes (2003, 2014) (n,/H).y, below loading point (F,/F, r; < 0.65) at total reflux for two systems with
higher pressure in 50 mm Pall-ring packings.

Schultes Onda et al. Zuiderweg Zech&Mersmann Mackowiak Billet & Schultes

System (2003, 2014)  (1968) (1978) (1979) (1990) (1993, 1999)
Pr (nt/H)EXP Me/H)cat  (me/H)cal (ne/H)cal (ne/H)cal (n¢/H)cal
[bar] [1/m] [1/m] [1/m] [1/m] [1/m] [1/m]
iso-butane/n-butane; F, = 0.85 Pa®>
114 2.44 1.65 2.61 10.12 2.72 6.9
6;(n¢/H); -32.4% 7.0% 314.6% 11.6% 182.6%

Table 1 showing that the use of various known and common correlations resulting in significant deviations
compared to experimental data from literature (Schultes 2003, 2014). The same observation was made by
Hanley & Chen (2012). Consequential the droplet model from Mackowiak (2015), validated at low and ambient
pressure, will be reviewed at high pressure systems.

2. Model validation

The existing ENVIMAC data bank (EDB) was used to check the model presented in Mackowiak (2015) for 23
different test systems for 115 packing types of 1% — 4" generation with size of d= 8 to 100 mm made of metal,
ceramic and plastic. The total number of experimental data evaluated within this work was extended to about
200 additionally data sets for high pressure distillation systems and absorption systems. The 9 additional test
systems and their physical properties are presented in Table 2.

Table 2: The physical properties of investigated systems for distillation and absorption, high pressure range

System pr Ts py vy -10° Dy, 105 Scy, p.  v,-10%0,-103D,-10° Sc,
[bar] [K] [kg/m?] [m?#s] [m?s] [[1 [kg/m3] [m?s] [kg/s?] [m?/s] [-]
cyclohexane/n-heptane 1.6 378 497 165 218 0.756 641 035 13.0 619 57.2

iso-butane/n-butane 69 329 159 553 063 0878 521 022 80 129 16.9
iso-butane/n-butane 1.4 351 287 335 041 0816 487 018 50 17.67 10.3
methanol/N2-CO» 10.0 240 144 11 113 0946 841 181 26.8 264 685
methanol/N>-CO- 200 240 290 054 056 0959 841 181 262 264 685
methanol/N2-CO» 300 240 439 036 037 0964 842 181 256 264 684
methanol/N>-CO- 50.0 240 745 022 022 0993 842 181 244 264 684
methanol/N2-CO» 70.0 240 1057 0.16 0.16 1.082 842 1.81 232 264 684
methanol/N>-CO- 90.0 240 1370 0.13 012 1.083 842 181 220 264 684

The EDB contain various data for higher operating pressures up to 90 bar, e.g experimental data of
Krehenwinkel (1986), Schultes (2003, 2014) and others. To predict the efficiency of random packing n,/H or
HTU,y, see Eq(1) and Eq(2), the knowledge of the liquid and gas phase volumetric mass transfer coefficients
(B, - a.) and (By -a,) are required. For the calculation of both products the model presented earlier by
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Mackowiak (2015) was used, see Eq(4) and Eq(5). The liquid hold-up is an important factor for mass transfer
and is calculated according to Eq(6), valid below loading point.

1
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Furthermore the operating pressure and physical properties have significant influence on the droplet size and
their stability. For higher pressure and low surface tension of the system the droplet size increases, what was
observed and reported in the literature by Braun (1990) and Billet & Mackowiak (1984). This fact is taken into
account by using the correction factor C;, shown in Figure 1, to calculate the droplet size d; at different
pressure conditions by Eq(7).
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Figure 1: Correction factor C; for droplets at various pressures from EDB.
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Figure 2: Experimental verification of the model presented in this work for absorption system under high
pressure up to 90 bar for different random packing. (PR: Pall-ring; BS: Berl saddle; RR: Raschig-ring; IP:
Interpack; PP: plastic; C: ceramic; M: metal)



796

Figure 2 shows the comparison between the experimentally determined HTU,, to the calculated results,
according to the presented model above. The model is valid for the experimental absorption system
methanol/N2-CO- of Krehenwinkel (1986) in the operating pressure range up to 90 bar for different random
packing, such as 10-20 mm metallic and plastic Pall-rings, ceramic Berl Saddles and metallic Interpack.

The estimated mean deviation between experimental and calculated values for the evaluated packings of 18t
and 2™ generation is 18.6 %. This implies a good agreement of the model to high pressure systems.

3. Comparison of the presented model with correlations from literature
3.1 Absorption systems

The results of the evaluation of the absorption data from the EDB-databank for gas-liquid systems with
different correlations from literature is shown as an example in Table 3.

Table 3: Results of experimental data of absorption in methanol/N2-CO;-system Krehenwinkel (1986) under
higher pressure up to 90 bar & comparison with correlation from literature and this work.

System: Onda etal. Zuiderweg Zech & Mersmann  Billet & Schultes Mackowiak

Methanol/ Experiment ™ 1o6g) (1978) (1979) (1993, 1999)  (this work)
N,-CO, pr HTUoyexp 8;(HTUgy); 6;(HTUpy); 8;(HTUpy); 8;(HTUgy); 8;(HTUpy);
[bar] [m] [%] [%] [%] [%] [%]
15 mm Pall ring, metal; u, =31.9m/h, F, = 0.7 Pa®®
20 0.56 44 .4 -27.3 184 -44.3 25.1
15 mm Raschig ring, metal; u, = 18.0 m/h, F, = 0.4 Pa®®
20 0.48 41.2 -15.6 26.2 - 35.7
20 mm Interpak, metal; u;, =22.8m/h, F, = 0.5 Pa%>
20 0.56 13.8 -19.5 16.7 - 34.5
10 mm Berl saddle, ceramic; u; = 18.4m/h, F, = 0.4 Pa®®
20 0.42 33.3 -32.2 41.4 -35.6 9.9
15 mm Berl saddle, ceramic; u;, = 17.2m/h, F, = 0.4 Pa®®
20 0.46 63.5 -15.2 449 -31.3 12.3
30 0.47 55.7 -21.9 411 -34.6 3.8
15 mm Pall-ring, plastic, u, = 21m/h, F, = 0.5 Pa®®
20 0.70 24 .4 -39.9 -24.9 -56.2 -16.6
50 0.49 66.3 -17.7 -1.8 -47.0 -4.4
70 0.46 82.6 -7.6 8.1 -42.9 0.0
90 0.48 82.1 -10.7 8.0 -44.6 -2.2
Abs. mean

deviation [%] 42.8 22.0 72.5 65.7 15.8

The model presented in this work allows the prediction of the separation efficiency HT U, in the absorption
system methanol/N>-CO, below the loading point with best accuracy in comparison to other models taken into
account.

3.2 Distillation systems

Furthermore a generally better prediction of the separation efficiency in distillation processes is achieved
compared to classical correlations like that of Onda et al. (1968), Zuiderweg (1978), Zech & Mersmann (1978)
or Billet & Schultes (1993, 1999). This can be confirmed by the data listed in Table 4, which shows a
comparison of calculated separation efficiencies to experimental distillation data of Schultes (2003). It
becomes apparent that all correlations are useful for calculation of separation efficiency for classical packings,
but the model presented in this work leads to best accuracy and is also valid for modern random packings.

4. Final remarks

This work showed the prediction of separation efficiency columns with random packings according to the
equilibrium n,/H-model or the transfer stage HTU,, - NTU,, —model. Different correlations from literature
were compared to the newly developed model by Mackowiak (2015). It was shown that the droplet flow model
allows the prediction of the separation efficiency in packed column filled with random packing, for all
investigated types of packings from 1% to 4™ generation in the entire operation range from vacuum
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(Mackowiak (2015)) up to 90 bar (this work) below loading point with a satisfactory accuracy for practical
applications. Furthermore applicability to absorption and distillation processes where confirmed. The use of
individual packing constants for mass transfer prediction is not necessary in the presented model, what
distinguishes the presented model from other models in literature and is a big advantage for design of
columns. Table 5 shows the validity range of the presented model for the investigated systems.

Table 4: Comparison of the model prediction with literature correlations with experimental data of Schultes

(2003,2013) for 25-50 mm metallic Pall rings and SRR-rings-no.2, d;=1.2 m;

Experiments Ondaetal. Zuiderweg Zech & Mackowiak
(1968) (1978) Mersmann (1979) (1990)
)
H

o), ol oG, a0

exp

Billet & Schultes Mackowiak
(1993, 1999) (this work)

5 (%), 5 (%),

[1/m] [%] [%] [%] [%] [%] [%]
50 mm Pall ring, metal
cyclohexane/n-heptane; F, = 1.49 Pa®>,p; = 1.6 bar
1.73 -5.8 14.2 151.5 25.7 111.7 23.9
iso-butane/n-butane;  F, = 0.85 Pa®5,p; = 11.4 bar
2.44 -32.4 7.0 314.6 11.6 182.6 12.4
Raschig Super-ring No. 2, metal
cyclohexane/n-heptane; F, = 1.49 Pa®%,p; = 1.6 bar
1.73 -0.7 -3.3 95.0 13.9 106.2 21.6
iso-butane/n-butane F, = 1.24 Pa®3,py = 6.9 bar
2.00 -21.1 -2.7 172.0 10.2 128.7 -1.6
iso-butane/n-butane F, = 113 Pa®3,p; = 1.6 bar
2.44 -35.7 9.3 222.9 8.6 178.9 12.0
25 mm Pall ring, metal
cyclohexane/n-heptane; F, = 1.13 Pa®®,p; = 1.6 bar
3.15 211 -18.6 48.9 -5.4 24.3 -12.0
Abs. mean
deviation [%] 19.5 12.1 167.5 12.6 122.1 13.9
Table 5: Proven validity range of presented model.
d 0.008 — 0.090 m Py 0.076 — 105,7kg/m? Fy/Fyr, 090
a 54.2 — 550 m*m® p. 487 —1100 kg/m? pr 0.013 — 90 bar
& 0.696—0.987 m¥m? o, 5-72.7mN/m Re, = a”—VLL € (0 —150)
d;  010—14m Se, = ;—i € (10 — 10000) Rey = J_"S‘\’/VK € (400 — 17500)
d,/d 6 Scy = vy /Dy € (0.4 — 1.25)
H 0.8-4m
Symbols
a [m%m?] geometric surface area of packing per unit volume
a, [m%m?] interfacial area per unit volume
Cr [-] correction factor droplet, Eq(2)
d [m] packing diameter
dy [m] hydraulic diameter; d, =4-¢/a
dg [m] column diameter
dp [m] Partial size of packing; d, =6 (1 —¢)/a
dr [m] mean droplet diameter
Dy,D, [m%s] diffusion coefficient in the gas or liquid phase
Fy [Pa°'5] gas load factor in relation to full column cross section, F, =Uu, \/E
g [m/s?] gravitational acceleration
h, [m*m?] liquid hold-up in relation to total packing volume Vs
HTU,y, [m] height of an overall transfer unit related to vapor phase

H [m] height of packed bed



798

K [-] wall factor, acc. to [1]
l [m] mean contact path
L [kmol/h] molar flow of liquid
My [-] slope of equilibrium line
n./H [1/m] number of theoretical stages per 1 m packing height
NTU,y [-] number of overall transfer units, related to vapor phase
Do [bar] ambient pressure
pr [mbar, bar] operating pressure
u; [m/s] specific liquid load in relation to full column cross section
u u
Ug [m/s] relative phase velocity Ug = v__ L
e-h_ h
uy [m/s] linear gas velocity in relation to full column cross section
v m liquid volume
Ve [m packing volume, Vg =H -7-d2/4
v [kmol/h] molar flow of gas or vapor
Greek symbols
B-a, [1/s] volumetric mass transfer coefficient
8:(.),6(.) [%] relative error, middle value of relative error
A [ stripping factor 2 = m,,, - V/L
®p [ packing form factor acc. to (Mac¢kowiak 2010)
p,Ap [kg/m’] density, density difference 4p=p, —p\,
oy, [N/m] surface tension of liquid
v [m%s] kinematic viscosity
Indices
L relating to liquid
S relating to operating point at loading point; F, =0.65-F,
Vv relating to gas or vapor
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