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A model describing the fouling in irrigated columns with random packings was ap-
plied successfully to the description of the increase in pressure drop when fouling occurs

( )during the absorption of CO in a suspension of Ca OH . It is based on the2 2
Darcy �Weisbach law and the channel model. A mass balance around a fouling layer
on the packings leads to a time-dependent equation including the hydraulic radius from
the channel model. A remo®al term is introduced in the fouling model. To approach the
experimental results, the remo®al term had to be extended by an empirical parameter. It
can be interpreted as a remo®al efficiency factor and is obtained by easy numerical
fitting.

Introduction
In many industrial absorption processes it often would be

desirable to use suspensions as scrubber solutions. When de-
posits are likely, jet scrubbers or spray towers, for instance,
are used instead of packed columns. But the energy demand

Ž .per NTU Number of Transfer Units of an absorbed compo-
nent in a jet scrubber or spray tower is higher than the spe-
cific energy demand in an absorption column. According to

Ž .Schaber 1987 , jet scrubber absorption of sulphur dioxide in
a NaOH solution demands about 0.18 up to 0.5 Whrm3 per
NTU. In comparison, the specific energy demand of the same
absorption in a packed column is 0.11 up to 0.15 Whrm3 per
NTU.

Fouling can be defined as the unwanted formation and ac-
cumulation of deposits on surfaces. There is always a compe-
tition between adhesion forces and removal forces. Fouling
causes serious problems. Generally, fouling cannot be pre-
dicted or calculated in advance. If fouling occurs, oversized
plants must be established to compensate for the impact of

Ž .the fouling higher capital costs ; this makes the energy de-
mand higher because the pressure drop becomes higher. Of-

Ž .ten expensive maintenance cleaning is necessary, and inter-
ruption of plant operation leads to losses of production.
Fouling costs money.

If one reviews up-to-date studies, one will find a lot of in-
Žvestigations on fouling in heat exchangers e.g., Bott, 1995;

Crittenden et al., 1992; Epstein, 1983; Taborek et al.,
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.1972a,b , but there are very few investigations on fouling in
absorption columns with packings, as already mentioned in

Ž .Heberle et al. 2001 . In most articles, the negative impacts of
fouling in columns are described or advice is given on how to

Ž .reduce fouling e.g., Bravo, 1993; Martin, 1988 . In Chen et
Ž .al. 1995 investigations were made on fouling on sieve trays.

There, a first semiempirical model for sieve trays has been
presented to outline the pressure drop as a function of time.

Ž .First, Heberle et al. 2001 performed closer investigations
on fouling in an absorption column with packings. The pres-
sure drop � p measured in the packing column was chosen as
an indicator for fouling effects. Among several other differ-
ent ways to reflect fouling, such as measuring the weight of
the packing or the thickness of the deposit on the packing
surface, pressure drop seems to be the easiest method.

Three fouling mechanisms can be identified in the absorp-
tion process: crystallization fouling, precipitation fouling, and
particulate fouling. Crystallization fouling can be defined as
the formation of deposits by the removal of a solvent
Ž .evaporation . The difference between precipitation and crys-
tallization is often not very clear. According to Sohnel and¨

Ž .Garside 1992 , precipitation is the rapid crystallization of
slightly soluble substances, and it generally involves the si-
multaneous and rapid occurrence of nucleation and growth,
as well as the presence of secondary processes, such as aging
and agglomeration. Chemical-reaction fouling, corrosion
fouling, and biological fouling, which can occur as well, are
not part of these investigations. It should be mentioned that
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Figure 1. Experimental set used for fouling experiments
( )Heberle et al., 2001 .

sedimentation might occur in superposition with the two other
mentioned mechanisms, but it is not a significant factor. The
most dominant mechanism is precipitation fouling.

The research work presented deals with the modeling of
the pressure drop caused by fouling in an absorption packed
column. It was possible to describe the fouling mechanism
based upon the Darcy�Weisbach law and upon the channel
model. The resulting equation contains three parameters that
are fitted to experimental data by a simple algorithm.

Experimental Set
In order to carry out the experiments, a plant was used

that consisted of an absorption column and a humidifying
Ž .column Heberle et al., 2001 . The absorption column has a

diameter of 0.15 m and a packing height of about 1.06 m.
The scrubber solution is circulated. An IR photometer can
be used to measure the temperatures of the inlet and outlet
gas, of the scrubber solution, and the pH-value, as well as the
inlet and outlet carbon dioxide concentration.

Loss of water by evaporation can be compensated for by
external water feeding. The pressure drop, � p, is measured
by a differential pressure manometer. The humidifying col-
umn can be used for the saturation of the inlet air. When
particulate fouling andror crystallization fouling were
checked, the humidifying column was switched on. The ex-
periments were performed at environmental conditions, with
an average gas inlet temperature of about 20�C.

A selection of the experimental results is presented here.
The liquid load uL has been adjusted in the range from 11.32

3 Ž 2 . Gto 39.61 mr m �h , the gas velocity w from 0.5 to 1.3 mrs,
and the CO -inlet concentration from about 500 to 2,000 ppm.2

ŽPackings of the Hiflow 15-7 PP type Rauschert Company,
.Germany were used for fouling investigations. To simulate

Ž .precipitation fouling, a 3.5 Mass-% Ca OH suspension has2
Ž .been used. The reaction of CO and Ca OH yields CaCO .2 2 3

All experiments were performed as a semibatch operation,
Ž .that is, a continuous gas stream air and carbon dioxide was

introduced to a circulated scrubber solution of a constant vol-
Ž 3.ume 0.025 m . All experiments took 10 h.

Theory
For a better comparison of the increase in the pressure

drops, it is recommended that a fouling factor, R , be de-F

Ž .fined. This factor is a quotient of pressure drop � p t at time
tG0, and pressure drop � p at time ts0, when no fouling0
has occurred in a clean packing:

� p tŽ .
R s . 1Ž .F � p0

ŽAccording to other publications for example, Bott, 1995;
.Crittenden et al., 1992; Epstein, 1983 , the net fouling rate

used to describe fouling in heat exchangers,

dRF ˙ ˙s� y� , 2Ž .d rdt

can be used to describe fouling in absorption columns as well.
˙Equation 2 contains a deposition term � and a removal termd

�̇ .r
In order to calculate a pressure drop, � p, per height, H, it

is common to apply the fundamental Darcy�Weisbach law

2 2G G G� p w �� FŽ . Ž .eff effs�� s�� . 3Ž .
H 2 � d 2 � dh h

This law is based upon the one-phase flow through a chan-
nel. Here, d represents the hydraulic diameter, � G is theh
gas density, and � is the drag coefficient. The effective gas
velocity, wG , and an effective F-factor, F G , respectively, in-eff eff
clude the porosity � , and can be expressed as

wG F G
G Gw s and F s . 4Ž .eff eff� �

ŽWith the introduction of a wall factor K Brauer and
.Mewes, 1972 and the dry geometrical specific surface, a ,geo

the hydraulic diameter, d , and the hydraulic radius, r , re-h h
spectively, can be obtained as

� � K 2 �
d s2 � r s4 � s � � d � K . 5Ž .h h Pa 3 1y�geo

Together with Eqs. 4 and 5, Eq. 3 can be transformed into a
general pressure-drop equation for a one-phase flow

2 2G G� p 3 �� 1y� F � FŽ . Ž .
s � � s � . 6Ž .3 2H 4 d � K 3� r ��P h

In Eqs. 5 and 6 d is a particle diameter that has the sameP
value as the diameter of a channel. The drag coefficient, � ,
for a one-phase flow in Eq. 6 is an abbreviation for 3�r4, and
is a function of the Reynolds number ReG of a gas flow.

A lot of correlations have been suggested for laminar and
Žturbulent flow e.g., Brauer and Mewes, 1972; Billet and

.Schultes, 1999; Mackowiak, 1991b . Here we have used only
Ž .the correlations according to Mackowiak 1991b . Taking the

Ž .pressure drop equation of Mackowiak 1991a,b for irrigated
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packings with a gas flow, that is, two-phase flow,

�2 2G G L G� p r 1y� F � FŽ . Ž . Ž .Ž .�h 0G Ls � � � s �Ž . 3 2H d � K 3� r ��P0 h 0

7aŽ .

with

y3L Lh h�G L G L� s� � 1q � 1y , 7bŽ .Ž .
1y� �0 0

which is based on Eq. 6 and contains the liquid holdup, hL.
The liquid holdup, hL, is defined as the ratio of the total
liquid volume in a packing, V L, and the total volume of the
packing, V . Equation 7a takes into account that the thick-tot
ness of a liquid film, 	 , changes the hydraulic radius, r ,h,0
and thereby the porosity, � , of a clean and dry packing. Here,0
� GL is a gas-side drag coefficient for a two-phase flow.

Ž . GLMackowiak 1991a,b also called � a ‘‘pseudo drag coeffi-
cient.’’ In addition, � GL is a function of liquid-side Reynolds

L Ž .number Re and of the packing type. Mackowiak 1991b
gives several correlation equations for � GL.

If fouling occurs, the parameters � , r , and hL change andh
become time-dependent, thus � prH increases with time t.

When fouling occurs on packings, the dry geometric spe-
cific surface, a , the void fraction � , and thus the hydraulict r

Ž .radius r see Figure 2 are reduced by the increasing foulingh
deposit. It is expressed by the thickness x . The total volumeF
of the packings does not change at tG0. However, the vol-
ume of the fouling deposit increases with time. Now a uni-
form distribution of deposits over the column height, H, is

Ž .assumed, that is, the hydraulic radius r � r H . That as-h h
sumption is needed because there is no information about
the deposit distribution throughout the packings.

Figure 2. Geometry of a surface when fouling occurs at
t �0.

Based on the definition of the void fraction, � , in the chan-
Žnel model for packings the following new equations Eqs. 8

. Ž . Ž .and 9 for calculating � t and a t in a nonirrigated pack-geo
ing with one-phase flow and fouling can be derived:

2rh2 2V sN �
 � r � HsN �
 � r � H �Ch Ch h Ch h ,0 ž /rh ,0

2 2r rh hsV � ´�s� � s� t 8Ž . Ž .Ch,0 0ž / ž /r rh ,0 h ,0

rh
A sN �2 �
 � r � HsN �2 �
 � r � H �geo Ch h Ch h ,0 ž /rh ,0

r rh hs A � ´a sa � sa t . 9Ž . Ž .geo,0 geo geo,0 geož / ž /r rh ,0 h ,0

In Eq. 8 V is the volume of a channel, and N is the totalCh Ch
channel number. In Eq. 9 a represents the dry geometricgeo
surface. The porosity � and the dry geometric specific sur-0
face a are values at the time ts0, and can be taken fromgeo,0
suppliers’ data. Then calculation of the hydraulic radius, r ,h,0
at time ts0, Eq. 5, is possible.

If an irrigated packing with deposits is considered, Eqs. 8
and 9 change into

V yV yV t yV L tŽ . Ž .tot packing F
� seff Vtot

V yV yV t LV tŽ . Ž .tot packing Fs y
V Vtot tot^ ` _ ^`_

Ls� t sh tŽ . Ž .
2rh L´� t s� � yh t 10Ž . Ž . Ž .eff 0 ž /rh ,0

a t sa � f hL,� 11aŽ . Ž .Ž .eff g eo eff

rh L L Lsa � � f h ,� , h sh t 11bŽ . Ž .Ž .geo,0 effž /rh ,0

Equation 10 contains the total volume of the packing, V ,tot
the packing without any voidage, V , and the time-de-packing

Ž .pendent volume of the fouling deposit, V t , and of the liq-F
LŽ .uid holdup, V t , which have to be subtracted there. Ac-

Ž . LŽ .cording to Mackowiak 1991a,b , the liquid holdup is h t �
Ž L.mB with a fitting parameter, m. The nondimensional liq-

L Ž .uid load B is also a function of the porosity � t .eff
Ž L .Equation 11a contains a correction factor, f h ,� , re-eff

Ž .ferred to in Mackowiak 1991b , and considers the decrease
in the hydraulic radius, r , by a liquid film of the thickness 	 ,h
see Figure 2. Extending Eq. 11a with Eq. 9 yields Eq. 11b.

Ž .Moreover, in Mackowiak 1991a,b a relation can be found
GL Ž GL.� Ž .between � and � see Eq. 11c , with the already

Ž L .mentioned correction function f h ,� :eff

f hL,�Ž .� effG L G L� s � � . 11cŽ .Ž . L1qh r 1y�Ž .eff

If Eqs. 5, 10, 11b, and 11c are put into a modified equation
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based on Eq. 7a,

�2G G L� p r 1y� F �Ž . Ž . Ž .�h effG Ls � � � sŽ . 3H d � K 3� P ,effeff

2GFŽ .
� , 12aŽ .2r ��h ,eff eff

the pressure drop in irrigated packings with fouling becomes

2G L G� p r � t F KŽ . Ž . Ž .h 0s � � � r tŽ .h2 2H 3 K t� � r Ž .0 h ,0

y32L Lh t r t h tŽ . Ž . Ž .h
� 1q � y . 12bŽ .ž /1y� r �0 h ,0 0

In Eq. 12a both the effective particle diameter, d , andP,eff
the hydraulic radius, r , consider the hydraulic radius, r ,h,eff h
including the deposit thickness, x , and the liquid film thick-F

Žness, 	 , caused by irrigation, that is, r s r y	 see Fig-h,eff h
.ure 2 .

Ž L .The correction function, f h ,� , disappears after Eq.eff
Ž .12a is rearranged. The wall factors K and K t are men-0

tioned in Eq. 12b. The expression can be simplified by assum-
Ž . Ž . Ž . Ž . Ž . Žing K r fK r i.e., 	 � r and K r fK r i.e.,h,eff h h h 0
Ž .. Ž .K � K t . Thus K rK t f1.0

When the fluid dynamic characteristic nondimensional
numbers, such as ReG, Re L, Fr L, We LrFr L, and B L, are

LŽ .known, the liquid holdup, h t , and the two-phase drag co-
efficient, � GL, can be calculated by using the correlations of

Ž . Ž . Ž .Mackowiak 1991b . As �s� t , a sa t , and d sgeo geo p
Ž .d t , the nondimensional numbers are time-dependent, asp

well.
Ž .The hydraulic radius, r t , in Eq. 13 can be calculated withh

the aid of a mass balance around the fouling deposit

dr t m tŽ . Ž .˙h Fsy 13Ž .
dt � � A tŽ .P geo

with

m sm ym . 14Ž .˙ ˙ ˙F d r

If the decisive fouling mechanism is known, expressions can
be found to define the net fouling mass rate, m . In Eq. 14˙ F
the net fouling rate, m is obtained by subtracting the re-˙ F
moval mass rate, m , from the deposition mass rate, m . The˙ ˙r d
removal of the deposit is caused by abrasion, erosion, and
dissolution.

Ž .According to Heberle et al. 2001 , fouling caused by pre-
cipitation is the most prevalent mechanism in the investiga-
tions cited.

Ž .In case of precipitation fouling subscript PF , a chemical
Ž .reaction of the general type R1 can occur

z A g q z B s ™ z P s , R1Ž . Ž . Ž . Ž .A B P

where z , z , and z are stoichiometric coefficients of theA B P
components A, B, and P. In the investigation cited, A stands

Ž .for CO , B for Ca OH , and P for CaCO .2 2 3
Equation 13 becomes the ordinary first-order differential

equation

ṁF
r � dr sy dt , 15Ž .h h 2 �
 � H � N ��Ch P

with

zP abs˙m sm sM � � N . 16Ž .˙ ˙F F , PF P AzA

˙absIn Eq. 16 M is the molar mass of the product P, and NP A
is the absorption rate of gas A. The net fouling mass rate,
m sm , refers to precipitation fouling. Integration of Eq.˙ ˙F F, PF

Ž .15 with the initial condition, r ts0 s r , leads toh h,0

zP abs˙M � � NP AzA2)r t s r y � t , 17Ž . Ž .h h ,0 
 � H � N ��Ch P

and, respectively, to the nondimensional form

r r t t tŽ .h hs s 1y s 1y 18Ž .(� �(r r t � N th ,0 h ,0 Ch

with N s1 andCh


 � H �� � r 2
P h ,0�t s . 19Ž .zP abs˙M � � NP AzA

It is important to assume that N s1 for all calculations.Ch
If a calculated channel number, N , of a certain packingCh
was used at a given column diameter and a given t�, it would
lead to a higher channel number and to a higher ratio, r rr ,h h,0
at packings of smaller sizes, that is, from the calculation point
of view, less fouling would occur on small-size packings than
on large-size packings. However, the experiment shows the
opposite result.

The parameter t� can be seen as a characteristic time pa-
rameter. At ts t�, the pressure drop becomes infinite. Thus,
t� is a maximum value. Moreover, the higher the absorption
rate is, the faster the fouling formation occurs and the lower
the value of t� is.

In reality, a part of the formed product, P, given by the
product mass rate, m , will be removed and does not con-˙ P
tribute to the deposit on the packings. Thus, a correction is
needed that yields an empirical fitting parameter, � , defined
in Eq. 20 as the removal efficiency

m ym˙ ˙P F , PF
� s . 20Ž .

ṁP
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The removal efficiency, � , represents a new and a very im-
portant approach. Equation 16 can be extended with the re-
moval efficiency, � , to

zP abs˙m sM � � N � 1y� . 21Ž . Ž .˙ F , PF P AzA

Ž .The general relation of r t rr in Eq. 18 is still valid, buth h,0
Eq. 19 has changed into


 � H �� � r 2
P h ,0�t s . 22Ž .zP abs˙M � � N � 1y�Ž .P AzA

� must be fitted to the experimental results. A general corre-
lation for all experimental results should be found. Based
upon considerations made by Crittenden and Kolaczkowski
Ž . Ž .1979 and Taborek et al. 1972a,b , the removal efficiency is
influenced by the wall stress, � , a structure parameter, � � ,w Str
and, in addition, by the absorption rate, which has been found
to be a major cause of fouling. We now suggest a possible
correlation to combine the main influences. In Eq. 23, a mean
shear stress, � , is used, because the change in shear stressW
within one single experiment performed under constant oper-

Ž .ation conditions is not significant less than 1% , therefore
Ž .� t f�W W

ba abs˙� NW A
� s 1y . 23Ž .� absž / ˙ž /� NStr A ,max

Equation 23 is constructed in two parts. The first part re-
flects the influence of the forces that act on and in the solid
deposit. The second part reflects the increasing deposit with
increasing mass transfer.

˙absIn Eq. 23, N is the maximum absorption rate at theA,max
experimental operation conditions presented. It is used to
transform the second part into a nondimensional term. At an
absorption efficiency � s1, gas velocity wGs1.0 mrs, andabs
Ž .y CO f2,000 ppm, a maximum absorption rate of 0.001452 in

molrs is calculated. The structure parameter � � describesStr
Žthe resistance of the fouling deposit against removal shear-

. Ž .ing strength and adhesiveness . According to Hirsch 1997 ,
however, � � should be seen as a hypothetical parameter,Str
because exact physical correlations are still unknown: a, b,
and � � are adjustable parameters.Str

By using the new Eq. 23 suggested, and depending on the
operation conditions, the general relation between the ob-
served experimental results is described as: � is decreased
with decreasing wall stress, increasing absorption rates, and
increasing shearing strength and adhesiveness. If the value of
the structure parameter is much larger than the value of the
wall stress, there will be no significant removal. Then, the
deposit has its highest adhesiveness and shearing strength.

Up to now, only precipitation fouling has been considered.
Ž .In the case of crystallization fouling subscript CF , the solu-

bility, S , of a solid j and the evaporation rate m must be˙j e®
taken for the mass balance; see Eqs. 13 and 14. The net foul-
ing rate for crystallization fouling, m sm , becomes˙ ˙F F,CF

dmF ,CF , j
m sm s s m � S 24aŽ .˙ ˙ ˙Ý ÝF F ,CF e® jdtj j

dm dmP B
m sK � qK � s K � S qK � S � m .Ž .˙ ˙F ,CF P B P P B B e®dt dt

24bŽ .

The evaporation rate m is assumed to be constant. In Eq.˙ e®
24b, K and K are fitting parameters and can be inter-P B
preted as adhesion efficiencies, S and S are the solubilitiesP B

Ž .of components P and B from reaction R1 . It is assumed
that if the evaporation rate, m , is kept constant, Eq. 18 can˙ e®
be applied again, but the characteristic time parameter, t�,
changes into


 � H �� � r 2
F h ,0�t s . 25Ž .

K � S qK � S � mŽ . ˙P P B B e®

The density of the fouling deposit, � , is a mixture of theF
Ž .density of the components P and B. Chen et al. 1995 did

not include a removal term in their investigation. Conse-
quently, there is no removal efficiency in Eq. 24b.

The superposition of precipitation fouling and crystalliza-
tion fouling provides

m sm qm˙ ˙ ˙F F , PF F ,CF

zP abs˙sM � � N � 1y� q K � S qK � S � m . 26Ž . Ž .Ž . ˙P A P P B B e®zA

Table 1. Characteristic Time Constants: Overview
2
 � H �� � rP h,0�Ž .Case I : precipitation fouling without removal � s0, with removal 0�� �1 t s zP abs˙ Ž .M � � N � 1y�P AzA

2
 � H �� � rF h,0�Ž .Case II : crystallization fouling without removal t s
Ž .K � S qK � S � ṁP P B B ev

2
 � H �� � rF h,0�Ž . Ž . Ž .Case III : superposition of I and II t s zP ˙ Ž . Ž .M � � N � 1y� q K � S qK � S � ṁP A ,abs P P B B evzA

December 2002 Vol. 48, No. 12 AIChE Journal2726



Equation 27 yields a modified characteristic time parameter


 � H �� � r 2
F h ,0�t s . 27Ž .zP abs˙M � � N � 1y� q K � S qK � S � mŽ . Ž . ˙P A P P B B e®zA

All in all, a set of different characteristic time constants, t�,
can be determined, as illustrated in Table 1.

An expression for the fouling factor R can be derivedF
Ž .from the basic equation Eq. 12

� GL r K 1y� qhLŽ .h 0
R s � � �F GL Lž / ž /ž / r K� 1y� qhŽ .h ,0 00 0 0^`_^ ` _

f1f1 3

L� yh0 0
� . 28Ž .2rh L� yh0 ž /rh ,0

Liquid flows at Re LG12.3 have been examined. So, in the
Ž .view of Mackowiak 1991a,b , the two-phase pseudodrag co-

efficient � GL is not a function of the Reynolds number, Re L,
and is therefore time-independent. Re L is not a function of
the packing type. Moreover, we still assume that KfK .0
Consequently, rearranging Eq. 28 together with Eq. 10 yields
the simple fouling equation

L 3r t 1y� qh t �Ž . Ž .Ž .h 0 eff ,0
R s � � 29Ž .F Lr � t1y� qh Ž .Ž .h ,0 eff0 0 ^ ` _^ ` _^ ` _

sCsBs A
Equation 29 consists of three terms, A, B, and C. If the foul-
ing deposit increases, term A decreases. Term B increases
when the flow resistance and liquid holdup increased. The
third term, C, also increases with time, and the porosity, � ,
decreases due to the increasing fouling deposit. Term C is
limited to the characteristic time parameter, t�, and C has a
pole at � ™0. The liquid holdup increases with time, whileeff
the values for the hydraulic radius decrease. If t™ t�, then

Ž . L� t ™0. A new liquid holdup, h , can be defined from Eq.eff 


10. It becomes

2 2r rh hL L0s� � yh ´h s� � . 30Ž .0 
 
 0ž / ž /r rh ,0 h ,0

Calculation of the mean shear stress, � , in Eq. 23, whichW
is caused by the downstreaming liquid without taking the gas
stream into account, is reflected in the Newton approach

dw L
filmL� sy� � , 31Ž .W ž /dy

where � L is the dynamic viscosity and w L is the liquid filmfilm
velocity. For the calculation of the film velocity, an average

Lvalue, w , is taken by considering the Nusselt water skinfilm
theory while neglecting the gas stream:

Table 2. Calculated Mean Shear Stress at Different Gas
( )Velocities and Liquid Loads, Constant y CO f2,000 ppm2 in

Mean Shear Stress � rPaW
G 3 2 3 2 3 2Ž . Ž . Ž . Ž .w mrs 16.98 mrm �h 28.29 mrm �h 39.61 mrm �h

0.5 4.3519 4.7750 5.0737
1.0 4.4025 4.8794 5.2297

Ž . Ž .1.3 4.4545 no exp. no exp.

2 g �	 2
L Lw s � w s . 32Ž .film film,max L3 3 ��

Ž .According to Bornhutter and Mersmann 1993 , the thick-¨
ness of the liquid film 	 can be predicted by the cylinder
model.

Table 2 provides an overview of the calculated mean shear
stress at different operation conditions.

Numerical Algorithm
As already mentioned, only precipitation fouling has been

considered in the investigations presented. Thus, for model-

Figure 3. Procedure for obtaining the total removal effi-
ciency factor � from experimental data.
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Ž .ing, case I from Table 1 is dropped. As shown in Figure 3,
the necessary total removal efficiency factor, � , is obtained
from fitting the experimental data.

exp Ž .The experimental fouling factor, R t , and the absorp-F, i j
˙abstion rate, N , can be calculated from all measured pres-CO ,i2 exp Ž .sure drops, j, of one experiment i, � p t , at constant op-F, i j

Ž G Lerations conditions constant gas velocity w , liquid load u
out .and CO concentration y . The total amount of all mea-2 CO ,i2

sured data of one experiment at constant operation condi-
tions is Z . The total number of all experiments is Z . TheD E

˙absmaximum absorption rate, N , is obtained by taking theCO ,max2

highest measured absorption efficiency and the highest gas
velocity at which the mentioned absorption efficiency was
measured. Then an arbitrary value of the single removal effi-

Žciency � it refers to one single experiment at constant oper-i
.ation conditions between 0 and 1 has to be taken and put

Ž .into the appropriate equations Eqs. 18, 22 and 29 . This yields
cal Ž .the value of the calculated fouling factor, R t . One mustF, i j

change � until the difference between the experimental foul-i
exp Ž . cal Ž .ing factor, R t , and the calculated fouling factor, R t ,F, i j F , i j

becomes a minimum. The essential mean wall shear stress,
� , is to be calculated for every experiment i at constantW, i
operation conditions that correspond to the approaches al-
ready provided, that is, Eqs. 31 and 32. Finally, all results

Ž .obtained as shown in Figure 3 have to be put into Eq. 23,
which should combine all experiments at different operation
conditions. In this way, a total removal efficiency � is ob-
tained. This is valid for one packing type.

By using an approximation, it is possible to find several
different sets of values, a, b, and � � , that might lead toStr
similar results with few differences between experimental and
calculated values.

Results and Discussion
Using the developed model, it has been possible to find

Žsingle removal efficiencies, � , for single experiments Figuresi
.4�6 as well as the total removal efficiency, � , for all experi-

ments. In Figure 7, the total removal efficiency, � , is plotted

Figure 4. Fouling factor R and single removal effi-F
ciency � as a function of uL at constant w G

i
( )s0.5 mrrrrrs, y CO f2,000 ppm.2 in

Figure 5. Fouling factor R and single removal effi-F
ciency � as a function of w G at constant uG

i
3 ( 2 ) ( )s16.98 m rrrrr m �h , y CO f2,000 ppm.2 in

against the single removal efficiency, � . All appropriate mea-i
sured data are provided in Tables 3 to 5.

Figure 4 shows, on the one hand, that the higher the liquid
load, the lower the fouling factor when the liquid load, uL, is

3 Ž 2 . 3 Ž 2 .increased from 28.29 mr m �h to 39.61 mr m �h . This is
caused by a higher liquid shear stress. On the other hand, the
fouling factor increases a little when the liquid load is in-

3 Ž 2 . 3 Ž 2 .creased from 16.98 mr m �h to 28.29 mr m �h . Here de-
posit formation occurs faster because of the higher absorp-
tion rate due to the higher liquid load. Thus, adhesion is as-
sumed to be more dominant than removal. The deposit
formed might have a higher adhesiveness and shearing
strength.

Figure 5 shows the influence of the gas velocity on the
3 Ž 2 .fouling factor at a low liquid load of 16.98 mr m �h . The

differences among the measured data are small. The absorp-
Žtion rate which can be calculated from the gas velocity,

.CO -inlet concentration, and the absorption efficiency shows2

Figure 6. Fouling factor R and single removal effi-F
( ) Gciency � as a function of y CO at u si 2 in

3 ( 2 ) G28.29 m rrrrr m �h and w s0.5 mrrrrrs.
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Figure 7. Deviations of the total removal efficiency �
from the single removal efficiency � referredi
to the packing-type Rauschert Hiflow 15-7 PP.

Table 3. Measured Pressure Drops at Different CO -Inlet2
Concentrations, Constant wGs0.5 mrrrrrs and uLs28.29

3 ( 2 )m rrrrr m �h

Ž .Pressure Drop � p t rPa
Ž .Time h 500 ppm 1,200 ppm 2,000 ppm

0 0.67 0.90 0.85
1 0.73 0.98 1.00
2 0.73 1.02 1.07
3 0.73 1.05 1.16
4 0.74 1.10 1.28
5 0.75 1.14 1.41
6 0.76 1.21 1.55
7 0.76 1.27 1.81
8 0.77 1.32 2.00
9 0.78 1.36 2.16

10 0.78 1.44 2.40

almost no dependence on the gas velocity. Nevertheless, dif-
ferent values of � can be found in the range of 0.844 toi
0.887.

The influence of the carbon dioxide inlet concentration on
the fouling factor can be seen in Figure 6. It is clear that the

Table 4. Measured Pressure Drops at Different CO -Inlet2
( )Concentrations and at Constant w s0.5 mrrrrrs and y COG 2 in

f2,000 ppm

Ž .Pressure Drop � p t rPa
3 2 3 2 3 2Ž . Ž . Ž . Ž .Time h 16.98 mrm �h 28.29 mrm �h 39.61 mrm �h

0 0.71 0.88 1.05
1 0.76 1.01 1.14
2 0.82 1.08 1.24
3 0.90 1.18 1.30
4 0.99 1.31 1.36
5 1.08 1.45 1.44
6 1.22 1.58 1.52
7 1.34 1.83 1.64
8 1.51 2.04 1.77
9 1.69 2.33 1.93

10 1.91 2.54 2.15

Table 5. Measured Pressure Drops at Different Gas Veloci-
L 3 ( 2 ) ( )ties, Constant u s16.98 m rrrrr m �h and y CO f2,0002 in

ppm

Ž .Pressure drop � p t rPa
Ž .Time h 0.5 mrs 1.0 mrs 1.3 mrs

0 0.71 2.39 5.37
1 0.76 2.67 5.79
2 0.82 2.83 6.12
3 0.90 3.04 6.91
4 0.99 3.28 7.62
5 1.08 3.57 8.22
6 1.22 3.98 9.18
7 1.34 4.43 10.59
8 1.51 4.91 11.89
9 1.69 5.50 13.40

10 1.91 6.27 14.54

more CO there is in the inlet stream, the more limestone is2
formed per time, due to the chemical reaction just men-
tioned. At lower CO concentrations, the � value for the2 i
single experiment is constant, namely, 0.922. The single re-
moval efficiency � decreases at higher CO concentrations.i 2

Looking at the definition of the removal efficiency, it is
expected that lower values of � will be obtained with an in-
creasing fouling factor, R . But sometimes a different ten-F
dency is obtained at certain operation conditions. In Figure
4, the single removal efficiency, � , decreases with increasingi

L 3 Ž 2 .fouling factor, R , at liquid loads, u , from 16.98 mr m �hF
3 Ž 2 . Lto 28.29 mr m �h . However, at liquid loads u , from 28.29

3 Ž 2 . 3 Ž 2 .mr m �h to 39.61 mr m �h , the single removal efficiency
� decreases with a decreasing fouling factor, R .i F

Although � has a physical meaning, the empirical charac-i
Ž .ter of � and of � must be reiterated. The mean shear stressi

and the structure parameter represent hypothetical parame-
ters. At high liquid loads the shear stress forces that con-
tribute to the removal of the deposits dominate in opposition
to the absorption rate, which adds to the deposit formation.

The fitting of � yields an excellent result. All measuredi
data could be described very well. In Figure 7, the total re-
moval efficiency, � , for all of the experiments is plotted as a
function of the single removal efficiency, � . The plot is basedi
on data provided in Table 6. The value sets for a, b, and � �

Str
have been determined by approximation, namely as0.4123,
bs0.004258, and � � s6.001 Pa. The average mean devia-Str

Žtion from the measured data is lower than 2% as shown in
.Figure 7 , and the maximum deviation is lower than 4%.

Table 6. Fitted Single and Total Removal Efficiencies and
Measured vs. Calculated Fouling Factor at ts10 h for the

Packing-Type Rauschert Hiflow 15-7 PP

LG uw Ž .R �F ,cal3 2Ž . Ž .mrs mrm �h � � �100 %i ž /RF ,exp

0.5 16.98 0.844 0.876 0.79
1.0 16.98 0.877 0.880 1.58
1.3 16.98 0.887 0.884 1.85
0.5 28.29 0.887 0.916 2.80
1.0 28.29 0.910 0.918 1.17
0.5 39.61 0.935 0.933 0.45
1.0 39.61 0.945 0.944 2.17
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Conclusion
A new model has been developed to describe fouling in

Ž .packed columns. The model includes three steps: 1 an ap-
proach for pressure drops in packed columns due to the

Ž .Darcy�Weisbach law; 2 a kinetic approach for the growing
Ž .of fouling deposits; and 3 introduction of a removal effi-

ciency. The removal efficiency represents a new and a very
important approach. The model has been improved by corre-
lating the total removal efficiency, � , with the single removal
efficiencies, � , and mean shear stresses.i

Both in experiments and in the presented model, only a
part of the total amount of product generated, m rm , forms˙ ˙F P
a deposit on the packing. Removal effects were not consid-

Ž .ered in the previous investigations of Chen et al. 1995 .
The introduced shear stress and structure parameter

needed for describing the single removal efficiency and the
total removal efficiency are basically physical properties. Be-
cause of the great difficulty in describing and measuring the
interactions of the removal and adhesive forces between the
packing surface and the solid and between the solid particles,
those physical properties are seen as hypothetical parame-
ters.

The correlation equation suggested for the removal effi-
ciency includes only three adjustable parameters. The struc-
ture parameter was kept constant because we don’t know
enough about it.

The fitting has worked very well. The average mean devia-
tion from the measured data is less than 4%. A simple algo-
rithm was used for the fitting. So for the first time, a new and
easy approach for describing complex fouling phenomena in
packed columns has been provided.

The model is assumed to be transferable to other packings
and substances. In the future, it is essential to extend the
proposed modeling by more in-depth investigation of adhe-
sion mechanisms, adhesiveness and shearing strength of de-
posits, and precipitation interacting with nucleation and crys-
tal growth on surfaces.

Acknowledgment
Ž .Ms. Stephanie Cardin, Atlanta, GA USA is gratefully acknowl-

edged for her careful review of the manuscript.

Notation
a, bsadjustable parameters
a seffective specific packing surface, m2rm3

eff
A , a sdry geometrical packing surface, specific packing sur-geo geo

face, m2rm3

A scross-section area, m2
col

B Lsnondimensional liquid load
d sparticle diameter, mP
d shydraulic diameter, mh

F GsF-factor, gas loading factor, Pa0.5

Hspacking height, m
Kswall factor

N snumber of channelsCh˙absN sabsorption rate, molrsj
mscorrelation parameter for nondimensional liquid load

B L

m , m , m snet mass fouling rate, deposition rate, removal rate,˙ ˙ ˙F d r
kgrs

M smolar mass of component P, kgrmolP
� pspressure drop, Pa

r , r shydraulic radius, effective hydraulic diameter, mh h,eff

˙R , R sfouling factor, fouling rateF F
R , R sfouling factor from experiment, fouling factor fromF ,exp F ,cal

calculation
S smass specific saturation concentration, kg componentj

jrkg solvent
tstime, s

L 3 Ž 2 .u sliquid load, mrm �h
Vsvolume, m3

V stotal volume, m3
tot

V Lstotal volume of liquid holdup, m3

wGsgas velocity, mrs
x sthickness of deposit, mmF

Greek letters
� , � ssingle removal efficiency, total removal efficiencyi

	sliquid film thickness, m
� , � sporosity, effective porosityeff

� sabsorption efficiencyabs
�sdynamic viscosity, Pa � s
�sgeneral drag coefficient

�, �sdensity, mole density, kgrm3, molrm3˜
� , � sshear stress, mean shear stress, PaW W

� Lsliquid kinematic viscosity, m2rs
� sgeneral drag coefficient referred to a packing

Ž G L.� G L� , � sdrag coefficient for two-phase flow, ‘‘pseudo’’ drag co-
efficient for two-phase flow referred to a packing

� � sadjustable structure parameter, PaStr
˙ ˙� , � sgeneral removal and deposition term used for heatr d

exchangers

Superscripts and subscripts
abssabsorption

bottomsconcerns the storage and feed tank of the column at
the bottom

calscalculated
CFscrystallization fouling
Chschannel
effseffective

expsexperimental
Fsfouling

geosgeometrical
G, Lsgas, liquid phase

PFsprecipitation fouling
maxsmaximum

0sstart point
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