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Abstract

An analogy between the flow patterns in real separation columns equipped with structured packing and film flow is used to develop a
new modelling approach. The packing is represented as a bundle of channels with identical triangular cross section. The dimensions of the
channels as well as their number are derived from the packing geometry. The channel inner surface is wetted by a liquid flowing downwards,
whereas the rest of the volume is occupied by a countercurrent vapour flow. Both phases are assumed to be totally mixed at regular intervals,
determined by the corrugation geometry of the packing. The mathematical model is based on a set of partial differential equations describing
hydrodynamics and mass and heat transport phenomena. These equations are complemented by the conjugate boundary conditions at th
phase interface. A numerical solution of the model yields velocity profiles as well as concentration and temperature fields throughout the
column. The model is verified using experimental data for a binary distillation in a column equipped with Montz-Pak A3-500.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In this case, the partial differential equations of convective
mass and heat transfer offer the most rigorous way to describe
The general tendency of chemical engineering is to reachthe transport phenomena. However, even for the regular ge-
increased efficiency and capacity of separation units at pos-ometry provided by corrugated sheet structured packings, the
sibly minimal cost. This has brought about a novel genera- exact localisation of the phase interface represents a diffi-
tion of column internals, providing enhanced mass transfer cult problem, due to intricate interphase interactions dictated
performance and relatively low pressure drop. Among these by packing geometry and surface characteristics. Therefore,
internals, corrugated packings of the regular type, also re- most often, the modelling of separation processes is accom-
ferred asstructured packingshave gained a wide acceptance plished with the traditionadtage conceff], either using the
[1-4]. Over the years, serious efforts have been made regard-equilibriumor rate-based stagmodels.
ing the choice of an appropriate packing material as well as
the optimisation of the corrugated sheet geomigtrg]. This
can be achieved only if transport phenomena in the pack-2. Stage concept
ings are properly understood, and, hence, the development
of sound predictive models is required. The modelling accu- 2.1. Equilibrium stage model
racy strongly depends on the appropriate description of phase
interactions. For the separation processes taking place in ge- The equilibrium stage model was largely used for the
ometrically simple flows like films, jets, drops, etc., physical description of separation processes during the last century.
boundaries of the contacting phases can be spatially localisedSince 1893, after the first equilibrium stage model was put
forward by Sore[8], numerous publications have appeared
* Corresponding author. Tel.: +49 231 755 2357; fax: +49 231 755 3035. IN the literature, discussing different aspects of its further
E-mail addresse.kenig@bci.uni-dortmund.de (E.Y. Kenig). development and applicatidf]. Equilibrium stage model

1385-8947/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2005.03.018



88

A. Shilkin, E.Y. Kenig / Chemical Engineering Journal 110 (2005) 87-100

Nomenclature

e

&
b

briv
bo

F-factor ugsy/pg (Pa?)

)
h

(AH)T

Ucs

Uge
ULe
w

z

Greek symbols

o

effective mass transfer area{fmd)
geometric area (Aim3)
corrugation base onthe plane normal to column
axis (m)

width of a rivulet (m)

corrugation base on the plane normal to chan-

nel direction (m)
widths of corrugated sheets in a packing seg-
ment (m)

vector of concentrations (kmoln
correction factor for surface renewal
channel hydraulic diameter (m)
diffusion coefficient of a component @is)
square matrices of multicomponent diffusion
coefficients (r/s)

packing diameter (m)

rivulet flow rate in thex, y or zdirections (m)

acceleration of gravity (m#}

corrugation height (m)

vector of heats of phase transition (J/kmol)
mass transfer coefficient (m/s)

total channel length in a packing segment (n
height of packing segment (m)

phase equilibrium matrix

~

number of corrugated sheets in a column cross

section

pressure (Pa)

volumetric flow rate (r/s)

hydraulic radius of the triangular channe
(dn/2) (M)

Reynolds numbel{geSop/1t)

corrugation side on the plane normal to colurn
axis (m)
corrugation side on the plane normal to channel
direction (m)

Schmidt number/oD)

Sherwood numberk/D)

wetted inner surface of channels{m

total inner surface of channels fin

exposure time (s)

temperature (K)

velocity vector (m/s)

superficial velocity of the gas phase (m/s)
effective velocity of the gas phase (m/s)
effective velocity of the liquid phase (m/s)
total wetted area in a column cross sectioRXm
length of undisturbed laminar flow (m)

gravity flow angle {)

angle defined by Ed7) (°)

crimp angle {)

liquid film thickness (m)

angle defined by Eq8) (°)

solid-liquid contact angle’}

thermal diffusivity (n?/s)

thermal conductivity (J/m s K)

viscosity (Pas)

kinematic viscosity (ri/s)

mass density (kg/#)

surface tension (N/m)

plane inclination angle’}

corrugations inclination angle (with respect t
column axis) {)

v number of channels in a packing segment

€S ADTD T XA DTN B ™

O

Indices
G gas phase
L liquid phase

assumes that the streams leaving a stage are at thermody-
namic equilibrium. This idealisation is usually far from real
process conditions, and therefore, process equipment is de-
signed using the “height equivalent to a theoretical plate”
(HETP), a gross parameter including the influence of pack-
ing type, size and material.

The limitations of the equilibrium stage model have long
been recognised. For a multicomponent mixture, the same
HETP is assumed for all components, this value being con-
stant through the packing height. The latter is in contradiction
with the experimental evidence and may lead to a severe un-
derdesigrn7]. Moreover, this model is not able to consider
the packing geometry characteristics, which play a keyrole in
actual mass and heat transfer. Therefore, for kinetically con-
trolled processes, it is very difficult to use the equilibrium
stage model without significant loss of accuracy.

2.2. Rate-based stage model

The so-called rate-based stage model presents a different
way to the modelling of separation processes, by directly con-
sidering actual mass and heat transfer rgtg0]. A number
of models fall into the general framework of the rate-based
stage. In most cases the fill] or penetration and surface
renewal[12,13]models find application, whereas the neces-
sary model parameters are estimated by means of correla-
tions. In this respect, the film model appears advantageous
due to numerous correlation data available in the literature
(see, e.g[14]).

According to the film model, all the resistance to mass
transfer is concentrated in two thin films adjacent to the phase
interface. The film thicknesses represent modelparameters
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which can be estimated using the mass transfer correlationsexpected incomplete surface wetting for structured packings
[7,15]. It is also postulated that the mass transfer occurs of the corrugated sheet type. The authors used earlier inves-
within these films solely by molecular diffusion and that out- tigations of wetted-wall columns provided by Johnstone and
side the films, in the bulk fluid, the level of mixing is so Pigford[29] and considered the gas flow in structured pack-
high that all composition gradients disappear. Mass trans-ings as passing through a series of wetted-wall columns with
fer occurs through the films in the direction normal to the the dimensions related to the actual angle and size of the cor-
phase interface, whereas both molecular diffusion and con-rugations (se€&ig. 1). In compliance with this analogy, the
vection parallel to the interface are neglected. Contrary to gas mass transfer coefficient was determined by the known
the equilibrium stage model, thermodynamic equilibrium is expression for wetted-wall columfiz9]:
assumed here only at the phase interface. The mass bal-
ances are established for each phase separately and relatetfic = 0.0338(Rec)®(Sca)/ 1)
by means of component diffusion fluxgg. In the case of
multicomponent separations, which are most commonly en- In Eq. (1), the Reynolds number is determined based on the
countered in industrial practice, multicomponent diffusion in hydraulic diameter of the flow channel. For the liquid phase,
the film phases is described by the Maxwell-Stefan equationsthe penetration theofl 2] is applied, whereas the exposure
which can be derived on the basis of the kinetic gas theory time is taken equal to
[16-18]

Certainly, the accuracy of the film model depends heavily fe =
on the proper estimation of the film thicknesses. As men-

tioned above, they are calculated using the mass transfer corcorresponding to the time necessary for the liquid to pass over
relations obtained either experimentdlly}] or on the semi-  the corrugation sidey (seeFig. 1). The main differences as
theoretical basi§19-23] In the next section, a closer look  compared to the model proposed in H&f] are another ge-
at several major approaches to estimation of internals-relatedometry of the channels (a combination of a diamond-shaped
parameters is given. and a triangular channel), different treatment of the hydrody-
namic picture and application of other correlations for mass
transfer coefficients.
3. Estimation of internals-related parameters A further model for the liquid distribution, effective con-
tact area and mass transfer performance of structured pack-
The first comprehensive study on hydrodynamics and ings was proposed by Nawrocki et §1]. Liquid motion
mass transfer performance of structured packings was carover packing surface is approximated by a flow of rivulets,
ried out by Zogg[19] for Sulzer BX and Sulzer BY gauze j.e. narrow films, their width depending on packing surface
packings. The purpose of his study was to correlate the spe+tension and structure. The authors assumed that the rivulets
cific geometric characteristics of the analysed packings with split at each crossing of adjacent corrugated sheets into two
their mass transfer performance. parts, with the fractiof® passing into the neighbouring chan-
The model proposed in Reffl9] is based on the obser-  nel and the fraction (& P) remaining in the original channel
vations of the gas flow phenomena in corrugated passages(seeFig. 2). Furthermore, no mass transfer is supposed to
The experiments were carried out in a plexiglas installation occur between two sides of a corrugated sheet and no ra-
with transparent walls, reproducing two adjacent corrugated dial mixing at the crossings. When approaching the column
sheets of a structured packing. Based on observed flow patwall, the liquid is partially reflected back into the packing
terns, the gas flow through corrugated passages is modellednd partially flows down the wall according to the fackor
by a hydrodynamically similar one, namely as a flow through - After the flow distribution is established, the width of each

a bundle of identical channels with the triangular cross sec- rivulet is determined using the formula suggested by Shi and
tion. Using this analogy, the average gas velocity in the chan-

nels and corresponding Reynolds number can be calculated.
The liquid motion over a packing surface is approximated

by a flow of a planar laminar gravitational film (the so-called — Tl o Tuiia of
“gravity flow”) over an inclined smooth surface. The gravity ' eorrugation)
flow angle corresponds to a minimal angle with the column

axis (see also Ref424,25]). To take into account distur- ;

bances caused by interactions between the liquid films flow-

ing over adjusted corrugated sheets, the length of undisturbed
laminar film is introduced as a correction factor for the cal-
culation of the liquid mass transfer coefficient. 5 (liquid film

50
CeULe

)

Later, a similar model for mass transfer in gauze packings thickness)

was proposed by Bravo et 420] and further extended by
Fair and Bravd26] and Rocha et a[27,28], to include the Fig. 1. Cross section of a flow channel (adapted f{@i).
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sheet perforation fraction. In the subsequent model devel-
opment, the links between the possible flow directions and
perforation properties are analysed more comprehensively
[35].

After the flow rates of liquid rivulets from the crossing
points have been determined with the above model, the width
and average thickness of an individual rivulet can be esti-
mated using the modified Shi and Mersmann appr¢adh
to enable calculations for varying inclination angle.

As usual, the authors resorted to the traditional technique
for estimation of mass transfer characteristics, applying the
penetration theorfl2] and Eq.(1) suggested by Bravo et al.
[20] for the liquid and gas phase mass transfer coefficients.

In such a way, all models discussed in this section are
based on the rather simplified geometric consideration of the

“%.,  Liquid

Gas

Fig. 2. Model of liquid distribution (adapted frofa1]). packing. They tak_e _into a(_:count only maj_or geomgtric and
surface characteristics which have a considerable impact on
Mersmanr{30]: the process hydrodynamics. It is important that these mod-

els are simple enough to allow the application of continuum
04 02( PL 0.15 . mechanics equations. However, the authors do not use this
briv = 3.49F v (U—) (1 — cosv) 3) opportunity and resort to the traditional application of mass
L& transfer coefficients in terms of the film model.
whereas the effective wetted area of the structured packing is
set equal to the total area of individual rivulets.
Following the common practice, Nawrocki et §21] 4. Acloser look on the film model
adapted the Johnstone and Pigf§e8] correlation for the
calculation of the gas mass transfer coefficient, while for ~ Though widely used, the film theory reveals some prob-

the liquid phase the penetration theory previously applied lems, when applied to complex processes. A critical analysis
in Refs.[20,26]was utilised. shows, that the difficulties are mainly connected with the es-

More recenﬂy’ Oluﬁ: [31132] reported an alternative timation of the film thickness. Fil’St, it is determined from

model based on packing geometry for prediction of corru- the mass transfer correlations and therefore directly depends
gated sheet structured packing separation performance. Th@n the diffusion coefficients (cf. Ed1)). However, multi-
model is grounded on a representation of a packing as a bunfomponent mixtures are characterised by several diffusion
dle of wetted wall channels with the characteristic triangular coefficients related to different component binary pairs, and,
Cross Section’ similar to the methods considered above. Astherefore, the film thickness is different for each Component.
in Refs.[26—28] liquid motion is approximated by the film ~ This leads to a formal contradiction, as, according to the film
flow over an inclined surface. Particular attention is given theory, the film thickness should be unique. Thus, in engi-
to several packing geometric characteristics, e.g. corrugationn€€ring practice this important model parameter has to be
dimensions and inclination angle, which are explicitly taken €stimated as an average of component film thicknesses.

into account in the model. A detailed comparison between  Another difficulty is related to convection, as, by defi-
the model, proposed in Ref26—28]and those reported in nition, the films are stagnant and hence no mass transport
Refs.[31,32] was performed by Fair et g33]. The model
suggested in Ref$26—28]was judged as less amenable for
further development since it is based on the fixed packing
type and size specific parameters.

Another approach for predicting mass transfer perfor-
mance of corrugated sheet structured packings was proposed
by Aroonwilas and TontiwachwuthikiiB4]. Liquid motion
through a packing is considered as a network of rivulets flow-
ing over an inclined flat surface, merging and splitting at the
crossing points between adjacent corrugated sheets. Further-
more, the flow from any given crossing pointis assumed to be
possible only in four directions (shown gsto g4 in Fig. 3
towards the crossing points at the lower level. The directions
a1 andgp correspond to the channel flow, whergaandg, to
the gravity flow in the proportions dictated by the corrugated Fig. 3. Liquid distribution model (adapted frofd4]).

Node
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mechanism, except for molecular diffusion in the direction equipped with structured packings. In the subsequent sec-
normal to the interface, is possilfig6]. Nevertheless, con-  tions we discuss the modelling approach for the gas and liquid
vection in films is directly accounted for in correlations. flows, mathematical description and the solution strategy.
Moreover, in case of reactive systems, the film thickness
should depend on the reaction rates, which cannot be con-
sidered in terms of this model. 6. Hydrodynamic analogy for structured packings

The filmtheory, once developed for equimolar binary mass . )
transfer in non-reactive systerfisl], was free from contra- Generally, corrugated sheets structured packings are in-
dictions. Nowadays, it is widely applied for much more com- stalled into a column as a bed of certain height and diameter.

plicated processes and therefore additional assumptions havd IS composed of a number of stacked elements (segments).
to be made. These assumptions are in conflict with physical N Ségments are perpendicular to each other to produce the

backgrounds and application of the model becomes problem-mixmg effects for both gas and liquid at each transition from
atic [36]. one packing segment to anottj2B]. Each packing segment

consists of a number of corrugated sheets manufactured from
gauze, metal, ceramics or plastics and additionally mechan-
ically or chemically treated to improve their wetting char-

acteristics. A typical geometry of such corrugated sheets is

The main reason for the application of simplified descrip- Skétched irFig. 4. ,
tions, as the film, penetration or surface renewal models is | "€ Structured geometry of corrugated sheets results in a
extremely complex hydrodynamics in the majority of indus- geometrically ordered fqu flow, which is d|fferent from Fhe'
trial processes. When describing the hydrodynamics of suchflow through random packings. The geometric characteristics
processes, it is hardly possible to localise the phase boundOf Structured packings provide valuable information which
aries and specify the boundary conditions there. Therefore,N€IPS to capture the gas and liquid flow patterns.
the rigorous equations of continuum mechanics cannot be
usually applied to the modelling of separation columns.

An opportunity to employ the rigorous equations of con- _ )
tinuum mechanics even for the cases, in which real phase The corrugated sheets are installed counter course in such

boundaries cannot be exactly localised, is associated with the? Way that they form channels crossing each other at a cer-
idea ofhydrodynamic analogyetween complex and simpler  t&in ?‘”9|e<ﬂ with column axis ($eeFlg. 4). Therefore, the
flow phenomena. More precisely, some particular similari- packing segment can be visualised as a set of triangular flow
ties are meant between complex flow patterns encounterecchannels, with identical cross sections and lengths dictated
in industrial separations and geometrically simple flows like PY the channel proximity to the column wall. Each channelis
films, jets, drops, etc. as well as their combinatif8#. Hy- formed by the two wall sidesy and one open sida, which
drodynamic analogies provide a means to process modelling,faces a neighbouring channel and is shared between the both
combining the rigour of exact continuum mechanics equa- channelg23]. _
tions and rather simple geometric description. Based on geometry and spatial arrangement of corrugated
An example of the hydrodynamic analogy is discussed in Sheets andtaking into account previous studig1,27,31]
Ref. [37], where pertraction in falling liquid films is con- We assume that the gas flow through a packing segment can
sidered. This process represents a combination of extractionP€ @Pproximated by a flow through a bundle of channels with
and re-extraction in a system comprising three liquid films dimensions derived from the corrugation geomekig(4).
flowing cocurrently, with the middle film being a liquid mem- ~ FOr simplicity, we assume round channels, based on the
braneg[38,39] The pertraction process is modelled basing on widely used hydraulic diameter approximation. Furthermore,
a simpler flow of parallel liquid films with constant thick-
nesse$40,41] i

5. The idea of hydrodynamic analogy

6.1. Gas flow

N,
N

I
The hydrodynamic analogy idea has been also used for E.q?»‘"
the modelling of zero-gravity distillatioj2], where the real :
two-phase vapour-liquid mass transfer under countercurrent i
flow conditions is simulated by a film-flow approximation. 5
To account for the change in the diffusion and hydrodynamic |
characteristics caused by the porous support used in this pro-
cess, certain modifications of the governing equations are
made. In all these examples, the simplified hydrodynamics
allows the use of rigorous equations of continuum mechanics
for the description of the separation uri3§].

In the present paper, the hydrodynamic analogy idea is
applied to rigorous modelling of distillation in columns Fig. 4. Geometry of a corrugated sheet.
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we consider the gas flow in the channels as laminar and fully % Liquid
developed, being ideally mixed at regular intervd8,43] <
The mixing points subdivide the laminar flow into fragments
of a certain length. They are necessary to take into account
the experimentally observed mixing of the gas flow due to
an abrupt change in the gas flow direction towards the sub-
sequent channel, either at the column wall or at a transition
between the neighbouring packing segments. To be on line
with experimental observations, we assume the length of the
undisturbed laminar flow to be equal to an average channel
length in a packing segment.

6.2. Liquid flow

The main purpose of corrugated sheet structured packings
is to ensure continuous thin film flofd1]. In reality, the
form of liquid flow over the packing surface is an intricate
function of both liquid and surface properties as well as the
packing geometry. A number of papers concerned with lig- Fig. 5. Physical modelfor the flow structure (the mixing points are indicated
uid flow over complex surfaces are available in the literature by dash linesz_ andzs represent the lengths of undisturbed laminar liquid
(see, e.g. Ref§44-47). Among others, a comprehensive ex- and gas flow, respectively).
perimental study of viscous film flow over various surfaces,
similar to those encountered in industrial structured pack-
ings, was carried out by Zhao and Ce48] and Shetty and ~ 7- Determination of the model parameters
Cerro[49]. They discriminated between two types of struc-
tures to be associated to structured packings: macro-structure According to the physical models for gas and liquid flows
resulted from the corrugation geometry and micro-structure through corrugated sheet structured packing formulated in
related to the packing material type and treatment. Further,the previous section, laminar gas flow occurs through the
they confirmed experimentally that liquid flow over struc- Pungle of inclined channels, whereas the liquid, in form of
tured packing surfaces can be approximated by a sequencé’?‘minaf films, wets their inner surface. The inner diameter
of fully developed laminar viscous films flowing over flat ©Of @ channel is set equal to the hydraulic diameter of the

Gas

surfaces with alternating inclinations. corresponding triangular channel (3&g. 4):
According to experimental study of liquid flow over adja- boh
cent corrugated sheets under influence of gr48idy, liquids dhn = — (4)

generally tend to move in form of laminar films at the mini- 50

mal angle with the column axis, corresponding to the gravity A schematic view of the flow in the channel is giverfig. 6.
flow anglex defined above. The gravity flow anglex is calculated from the analysis of
Based on these considerations we assume that liquid mo-
tion over packing surface represents a laminar and fully de-
veloped film flow. This film wets the inner surface of the
channels inclined in accordance with the gravity flow an-
gle (seeFig. 5), whereas the rest of the volume is occupied
by a countercurrent gas flow (see Sectét). We also as-
sume, that for all channels, the film thickness is the same.
This means that, at this stage, any radial maldistribution is
neglected. Similar to the gas flow model, we apply the ap-
proximation of the periodic ideal mixing at regular intervals.
However, the mixing in the liquid phase results from a dif-
ferent mechanism. Namely, since the gravity flow angle
does not coincide with the corrugation inclination angle
the liquid changes its flow direction abruptly when reaching a
corrugation ridge. Thus, the length of the undisturbed laminar
flow is assumed equal to the distance between the two neigh-
bouring corrugation ridgg49]. The total inner surface of the
channels represents a model parameter, which is calculated
based on the packing wetted area. Fig. 6. Two-phase gas-liquid laminar countercurrent flow in a channel.
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the nearest smaller integer number):
. D
n = int (Tpac> (10)

The width ofith corrugated shed; is calculated from the
crimp heighth and the packing diameter:

Bi= /D%~ (h(n —2( - D)P. i=1...k (11
with
k= %n

due to symmetrical arrangement of the corrugated sheets.
Whenn is an odd numbelk is rounded off to the nearest
bigger integer number anBy represents the width of the
central sheet.

It can be proven, that the number of channels built up by
a single sheet is equal to

2B; 2Ltang
. -1
! b T b
2(B; cos L sing) — b
_ 2B "’+b Db 1 . a2
0

Fig. 7. To the calculation of the gravity angle (adapted ffas). . . .
The average channel length is defined as a ratio of the total

a corrugated sheet single channel, with the length equal tochannel length in a packing segment ($eg. 8) and the

unity (Fig. 7). number of the channels:
The segment BC represents an intersection of the plane ]
BCD, normal to the base AC, and horizontal plane. Using the ;¢ = ;l;l’ (13)
packing dimensions shown Ifig. 4, the following relation i=1Vi
forthe gravity angle can be derivets]: For an evem, it follows from Eq.(13):
cotg
= arctan 5
¢ (sin[arctan(co& cot(y/2))]) ©) . 2LY % B 14)
G= X
The length of undisturbed liquid laminar film flow corre- 2c0spY"t_1 B; + k(2L sing — bo)
sponds to the interval BE and can be also derived fragn7:
whereas for an odd:
a ®)
ZL = T o~
2sin(y/2) sinB 2L (22?;113,- + Bk)
G =
where 2cosyp (225?;11& + Bk> + (2k — 1)(2L sing — bo)
B = arcsin(sinp cose) @) (15)
€ = arctan(cog cot(y/2)) (8)

The total inner surface of the channels comprising a packing
As mentioned above, the length of undisturbed laminar gas Segment is related to the packing geometric (installed) area
flow is equal to the average channel length in a packing seg-

ment. Total channel length of a corrugated sheet in the pack- , ”DgacL (16)
ing is related to its dimensions (sE@. 8) by the following L=t
formula: ) ) )
whereas their wetted surface to the packing effective (wetted)
2B,L  2B;L
i = =" i=1...,n 9) mass transfer area
b cosp bo
. . . 2
wheren is an integer number representing the number of . ”DpacL 17
e = de (17)

corrugated sheets in a column cross section (rounded off to 4
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8. Governing equations and solution strategy e at the interface
oup ug

i =, = ug, oo e 21
8.1. Hydrodynamics y UL =uc Mgy = Re (21)

The hydrodynamic part of the problem is usually assumed e at the channel symmetry axis
independent of the heat and mass transfer part. Hence, is can

ou
be solved separately. The system of Navier—Stokes equations Y = Rn, B—G =0 (22)
in the film flow approximatiori51] (Fig. 6) can be presented 4
as follows[36,40} In addition to the boundary conditions, E¢20)—(22) the
mathematical description is supplemented by the flow con-
82up aP, _ servation conditions:
Wp 2 —¥+gppsma:0, s
Y qL = wL/ ui (y) dy = constant (23)
P, 0
— =0, p=L,G (18) Rn
dy g6 = WG / ug(y) dy = constant (24)
)
From Eq.(18) where
P oP sina
L _ Z5 _ constant= AP (19) wL = Se (25)
0x ox L
» and
The boundary conditions af86,40}. sin
we = St— (26)
e on the wall L
are the widths of the wetted and total area in a packing cross
y=0, u =0 (20) section, respectively.
.
b L~
‘ 181 B, | By| B,
(a)
3
. B L
\ v
Dpac b

< > <+

(c) (d)

Fig. 8. Segment of a typical corrugated sheet structured packing ((a) top view, (b) isometric projection, (c) side view, (d) front view).
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8.2. Solution of the hydrodynamic equations

The solution of Eq(18) is a parabolic function:

up=A,5>+B,y+Cp, p=L,G (27)

The coefficientsyp, By, Cp can be derived from the follow-

ing relations resulted from the boundary and conservation

conditions (Egs(20)—(24):
AP+ pLgsina

AL (28a)
2L
AP i
Ag = + pcg Sina (28b)
2uG
B = —2AGRhn (28c)
CL=0 (28d)
pL(2AL8 + BL) = uc(2A6é + Bg) (28e)
A 8% + BLS = Agd? + Bad + Cg (28f)
83 82
gL = —wL <AL§ + BL E) (289)
(R} =8 . (Rf—4%
4G=wc (AG h3 G h2 + C(Rn — 9)
(28h)

Combining Egs(28), the following expression for the deter-
mination of the liquid film thicknes8 can be derived:
gwed(Rn — 8)*(pL — pc)(Bucsd + 4uL(Rn — 8))sina

6L (3Rn — 9)

Lo we(8 — Rn)(Bucd(2Rn — 8) + 211 (Rn — 8)?)
ncwL8?(3Rn — 8)

—4q6=0 (29)

Eqg. (29) is solved numerically using Brent’'s meth¢s].
The values of the liquid film thicknessobtained from Eq.
(29) differ from those calculated from the well-known Nus-

and invokes the matrix equations when 2. To simplify the
solution, we assume here that the channel curvature is negli-
gible. Then the mass transfer equations are:

ICL ¥PCL ICs PCe
u() 57— =[Dl—  uc(y2)—— =[Dcl—

0x1 ays d0x2 ay5

30)

and the heat transfer equations are:

oT. 32T|_ TG 82TG
u(y)o— =kL— ucg(y2)7— =re— (31)

d0x1 ayy dx2 ay5

Boundary conditions are formulated as follof8§,40}

e atthe liquid entrance

x1=0 . =C, =1 (32)
e at the gas entrance
=0 Cc=C% Te=T3 (33)
o at the wall (adiabatic and non-permeable)
aC aTh
n=0  =t=o Zt-=p (34)
ay1 ay1
e at the channel symmetry axis
aC oT
w=0 =Cf-0 ZCf-o (35)
ay2 dy2

e at the phase interface (thermodynamic equilibrium, mass
and heat conservation conditions)

y1=38, y2=Rn—3; Cc=[M]C., T =Tg,
aCL Cq
[DL]— = —[Dcl—;
ay1 ay2
oTL TG aCL
M- =—Ac— +(AH)'[D ] — (36)
ay1 ay2 ay1

The periodic ideal mixing is incorporated into the boundary
conditions in the following way: the total channel height is

selt approximation. This difference depends on the gas flow subdivided into equal fragments with the lengthandzg for
rate and may reach 10—25% for higher gas loads. Given thethe liquid and gas phase, respectively. At the entrance of each

film thickness, solution of Eq$27) and (28Yields velocity
profiles in both phasesy(y). These values are further used
for the description of mass and heat transfer.

8.3. Simultaneous mass and heat transfer

single interval of an undisturbed fluid flow, the temperature
and concentration profiles are uniform with respect to the
coordinatey; andy,. This means that the concentrations and
temperatures at the entrance into each subsequentinterval are
assigned constant values calculated as integral mean values
of the concentration and temperature distribution at the exit

To avoid difficulties connected with convergence and sta- Of the preceding interval.

bility of calculations, the use of two different, oppositely di-

Solution of Egqs(30)—(36)yields concentration and tem-

rected reference frames in accordance with flow directions perature fields in the liquid and gas phase that can be used
is advantageouf86]. Mass and heat transfer in each phase for the determination of any arbitrary characteristics of the
(Fig. 6) is described by the convective diffusion equations. two-phase mass and heat transfer, e.g., component fluxes or
Unlike the hydrodynamic part of the problem, the mass trans- average concentration and temperature profiles along the col-
fer part essentially depends on the number of componrents  Umn([36].
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8.4. Solution of mass and heat transfer equations Table 2
Model parameters

Egs.(30)—(36)are solved numerically, using the solution  dn (m) 0.0045
method similar to that suggested in Ré86,53] The initial o () 68-3228
system of equations is reduced to an uncoupled (scalar-type ((nr;)) 0.0965
form and discretised by an implicit finite difference scheme. g (2 0718
The resulting system is solved by the Thomas algoritb4 S (M?) 0.718
with the use of the matrix-form coupled boundary conditions
at the phase interface, E@6). are arranged in two modules covering hydrodynamic and si-

This solution method is advantageous because of its Sim-my|taneous mass and heat transfer calculations. The neces-
ple implementation and stable performance. Contrary to sary physical data are calculated using Aspen Prop@ties
the commonly used variations of the Newton’s method, the §at4 basg56]. To access the properties data base, the writ-
Thomas algorithm allows a consecutive solution and —what {e routines are compiled and linked into a shared library via
is most important — does not depend on the choice of starting aspen simulation engine. This allows automatic loading and
values. execution of the FORTRAN files directly from Aspen Flus

interface during simulation runs. The FORTRAN code has
been developed in a general way to allow any arbitrary modi-

9. Model verification fication of the component list (including the number of com-
. ponents) as well as the physical property calculation meth-
9.1. Experimental data ods from Aspen PIf without recompilation of the FOR-

TRAN code. Complementary to our own model, the built-in

~ The proposed modelling approach has been verified us-F| ASH2 model56] is used for the modelling of the column
ing the total reflux distillation data for the binary mixture epgiler.

chlorobenzene/ethylbenzene (CB/EB) obtained at the Uni-
versity of Dortmund55]. The experiments were carried out
in a column of 100 mm inner diameter, equipped with struc-
tured packing Montz-Pak A3-500. The geometric charac-
teristics of this packing are given ifable 1 The packing
was installed in 1 m high beds, with the total height of 3 m.
The experiments were accomplished for operating conditions
changing in a wide range in order to reveal the area of model
application regarding the assumptions made.

9.3. Simulations

In the simulations, the average concentration and temper-
ature profiles were obtained based on the calculated local
concentration and temperature fields. The measured concen-
tration, temperatures and flow rates at the condenser outlet
were used as input parameters. Our purpose was to reproduce

F h K . ¢ 1m heiaht. th | the measured concentration profiles along the column. The
or each packing section of 1 m height, the samples Werepacking specific model parameters calculated with the use
taken at three locations: 0.1, 0.5 and 0.9 m. Moreover, probes

K b 4 bel h i ) I of Egs.(4)—(16)are summarised ifiable 2 Since the gauze
were taken above and below the packing sections as well as,, -ings generally exhibit a very good wetting performance,
from the reflux and bottom streams. All samples were anal-

the packing surface was assumed to be fully wetted.
ysed off-line with a gas chromatograph. Absolute pressure at P g 4

the top of the column was measured by pressure transduc- 1.0 |
ers. The distillate flow rate was determined by coriolis-mass- 1 e PR
flow-meter, whereas the bottom flow rate was measuredbya 5| | _._ ;15 L
graduated glass using a stop watch. | I "
_ Liquid film "
. . w 06 L
9.2. Model implementation 3 " L
0 //., A cA- (A A A
The model described in Secti@and the solution algo- 3 °* e PP
rithms have been implemented in FORTRAN. The routines 9 4 I S P
3 X A 005§ |
[} 0.2 A P1G //‘
Table 1 > // A 000l -
Geometric characteristics of Montz-Pak A3-500 el j //
— 0.0 A -0.05 N {l
a (m</m?) 500 q
€(-) 0.95 ) . "(?’100»0 [ toxo® eoxto*
h(m) 0.006 0.0 5.0x10™ 1.0x10° 1.5x10° 2.0x10°
bo (m) 0.009 Distance from the channel wall, [m]
So (M) 0.0075
L (m) 0.183

. 24 Fig. 9. Calculated velocity profiles for two different operating con-
() I ditions (P1G:q. =0.0277 ni/h, TO = 38415K, xo(CB)=0.8944; P1H:
2 () qL=0.0575/h, 7O = 39315 K, xo(CB) = 0.8220).
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Liquid £film Vapour phase

-1

CB molar fraction,

K]

[K]

Temperature,

Fig. 10. Calculated concentrations of chlorobenzene (a,b) and mixture temperature (c,d) for the lower 0.25m part of théqcehin®277 ni/h,
Xo(CB) =0.8944, total packing heigh 3 m).

Fig. 9 shows the velocity profiles resulted from the solu- inthe vapour phase are significantly higher and concentration
tion of the hydrodynamic equations (see Sec8al for two profiles steeper than in the liquid phase. Obviously, the influ-
different experiments. In these experiments, the flow rates areence of the regular mixing manifested in form of the stepwise
such that the interfacial shear stresses take relatively smallchanges in the concentration and temperature is much more
values resulting in the observed semi-parabolic velocity pro- pronounced in the vapour phase (see (b) and (d)). It should be
files for both phases. A strong influence of the liquid flow on pointed out that the same trends observed in the liquid phase
the vapour flow can be observed, namely, there are negativeare caused by the mixing in the vapour phase. Influence of
velocities indicating the reverse vapour flow, clearly seen in ideal mixing on the concentration field in the liquid phase
the enlarged fragment iRig. 9. Increasing the vapour flow  cannot be noticed at given conditions. This can be explained

rate results in a rapid grow of the liquid film thicknéssince by the prevailing resistance to the mass transfer in the vapour
the vapour slows down the flowing liquid and, hence, makes phase which is typical for distillation.
it thicker.

Fig. 10demonstrates the chlorobenzene concentration and9.4, Comparison with experimental data
temperature fields in the neighbouring liquid and vapour

phases for the lower part of the column. To render the trends

In Fig. 11, the calculated concentration profiles for
presented here clearly to the reader, the packing height axeghlorobenzene are compared with measured data. Simula-

for concentration ((a) and (b)) and temperature ((c) and (d)) tions are carried out for two different operating pressures,
fields are orientated oppositely. The concentration gradientswhen F-factor calculated under the packing ranges from
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Fig. 11. Comparison of calculated and experimentally obtained chlorobenzene (CB) concentration profiles.
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0.458 to 1.144 PZ. Under the total reflux conditions, an conduction. Similar to the hydrodynamic problem, these
increase in the gas flow rate implies a corresponding increaseequations are applied to both phases and coupled by the
in the liquid load. For the given operating conditions, the val- boundary conditions atthe phase interface. The solution gives
ues of liquid phase Reynolds numbers varied through a smalllocal concentration and temperature fields, which are used
range up to 30, which corresponds to viscous laminar flow for calculation of the concentration and temperature profiles
with constant film thickness. along the column.

Based on the comparison shownFRig. 11, some con- The proposed model has been verified using the to-
clusions regarding the range of application of the proposedtal reflux distillation data for binary mixture chloroben-
model can be drawtirig. 11demonstrates a very good agree- Zene/ethylbenzene in the column, equipped with the Montz-
ment between the predicted and measured data in the rang&ak A3-500 structured packing. The comparison of the calcu-
of F-factor up to approximately 1.0, whereas for higher val- lated and measured concentrations shows a very good agree-
ues, the discrepancy between the calculated and measurethent for values of-factor corresponding to laminar flow
concentrations becomes considerable @Egellg—h). Fur- regime, what is in accordance with the assumptions of the
ther simulation studies showed that this discrepancy increasegnodel. Next objective is to extend the approach to transi-
with increased-factor, even at constant values of the liquid tional and turbulent flow regimes for the vapour phase. The
load. The latter suggests that at the valueB-&dctor starting ~ model will be tested for different packings and multicompo-
from 1.0, the gas flow in channels attains a behaviour strongly Nent systems at relevant operating conditions.
deviating from the laminar flow assumed in the model. It can
be concluded that even under assumption of regular total mix-
ing of the vapour phase, the model fails to predict the mass Acknowledgement
transfer performance at the transitional flow regime. From

Fig. 10vitis evident that the vapour phase experiences avery  The support of Stiftung Stipendien-Fonds des Verbandes
intensive mixing and this effect cannot be fully mirrored by - der Chemischen Industrie e.V. is greatly acknowledged.
considering the total mixing at channel transitions.
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