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Fouling of tube surfaces from flowing solutions or suspensions is examined. A
new approach to the removal aspects of this process is presented linking removal
to the morphological and mechanical characteristics of deposit microstructure. A
simplified description of deposit microstructure is employed, involving a collection
of geometrically similar roughness elements. A dynamic situation is envisioned
whereby these elements grow due to deposition and suffer breakage under the action
of hydrodynamic forces. A mathematical model for the macroscopic fouling behavior
based on the techniques of population balances is obtained and numerically analyzed.
The behavior found is in agreement with experimental evidence.

Introduction

The development of deposits on surfaces exposed to flowing
solutions or suspensions is usually a serious problem in industry
and an important problem in general. From a macroscopic
point of view, two processes can be identified which compete
to determine the temporal evolution of the deposit character-
istics. The first process is the deposition, which combines the
transport of fouling species from the bulk of the fluid to the
surface and their incorporation to the growing deposit. The
second process is the removal of the deposited material in the
form of particles or particle clusters or deposit fragments by
the action of hydrodynamic forces or thermal stresses. The
competition between these two processes can result in a variety
of behaviors as far as the macroscopic characteristics of the
deposit are concerned. Further elaboration on the steps in-
volved in fouling and the various regimes can be found in the
reviews by Epstein (1983, 1988). In this article special attention
is paid to fouling of tube surfaces, and the related resistance
to heat transfer.

Of the two processes mentioned above, deposition has re-
ceived relatively more attention. Thus, although the subject is
far from closed, deposition models exist for particulate (cf.
Papavergos and Hedley, 1984) and crystallization fouling
(Hasson et al., 1978). In certain cases these models are in
reasonable accord with the experimental data obtained during
the early stages of deposit development where removal is still
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unimportant (Watkinson, 1983). On the other hand, little has
been said about the removal process. It is accepted that the
main factors causing deposit removal are the hydrodynamic
forces exerted by the flowing fluid and the thermal stresses
developed when temperature gradients exist. However, it is
not yet clear when the above factors are sufficient to cause
removal to a significant extent (Suitor et al., 1977), or what
are the mechanisms by which they act. Needless to say, the
empirical relations that are used to describe their effect have
little predictive value.

The only theoretical approach that has been proposed to
explain the action of hydrodynamic forces is the turbulent burst
model by Cleaver and Yates (1973). The deposit here is viewed
as a collection of particles adhering on the substrate, and the
lift forces exerted on them by the turbulent bursts are consid-
ered responsible for their dislodging and subsequent removal.
Turbulent bursts are idealized as viscous stagnation-point flows
distributed periodically over the substrate, and information
about their frequency and spatial distribution is used to obtain
expressions for the removal rates. However, it may be observed
that there exist lift forces due to inertial effects, which act
continuously as opposed to the intermittent turbulent bursts.
The former are considered unimportant by Cleaver and Yates,
while in fact, they are comparable in magnitude for a wide
range of particle sizes. They are usually confused with the
Saffman lift force (Saffman, 1965) but the correct form is
given by Leighton and Acrivos (1985). Moreover, the drag
forces on attached particles (O’Neill, 1968), which also act
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continuously, are much larger in magnitude than the lift forces,
and they are effective in detaching particles. This is verified
by hydrodynamic and detachment experiments (Visser, 1976;
Van den Tempel, 1972; Sharma et al., 1992) where drag and
centrifugal forces are found to be of comparable magnitude.
These observations, together with the experimental evidence
supplied by Yung et al. (1989), where particle detachment was
found to be initiated by rolling rather than lift-up, cast doubt
on the significance of the Cleaver and Yates model.

Given an expression for the deposition rate, J,, a balance
for the deposit mass per unit area of substrate can be written
in the form:

dm
Tt'=JD—JR (1)

The most widely used expression for the removal rate, Jp, is
that proposed by Kern and Seaton (1959); see also Taborek et
al. (1972), where it is taken to be proportional to the deposited
mass and the mean shear stress exerted by the flowing fluid.
This is expressed as:

Jr=kr,m,/{ )

where m, is the deposit mass, y is the so-called deposit strength,
and k is a proportionality constant. When this expression is
introduced into the deposit mass balance it predicts that the
deposit mass approaches an asymptotic value exponentially,
provided that the deposition rate is constant. In many instances
experimental data have been fitted reasonably well with that
expression (Taborek et al., 1972; Morse and Knudsen, 1977).

However, many objections can be raised against such an
approach. First and most important, no obvious method pre-
sents itself for predicting what the deposit strength is, other
than fitting to experimental data. Furthermore, it is not clear
what is the precise physical meaning of ‘‘deposit strength’’
and how it can be measured. The same comments can also be
made about the proportionality constant k. Secondly, there is
no evidence that under conditions of no deposition the deposit
mass will decline exponentially as suggested by Egs. 1 and 2.
In fact, it is more reasonable to assume that a deposit suddenly
exposed to a high velocity surge (of a nonfouling fluid to which
it is insoluble) will exhibit very fast removal of some fraction
that is amenable to removal and little change thereafter. The
accompanying change conforms better to a step change than
to a smooth kinetic event. Finally, it is emphasized that the
above approach is purely empirical, and a closer look at the
removal process warrants consideration. Such a closer look
must necessarily focus on the structure and properties of the
deposit and their complex interaction with the growth process
and the hydrodynamic field. In this way a physically sound
description of the removal process will emerge and will provide
the basis for successful modeling and prediction.

The following discussion aspires to be a first step in this
direction by introducing a simple view of the deposit as a
collection of roughness elements. The formations that are pro-
posed to be identified with the roughness elements may be
colloidal particle aggregates or polycrystalline agglomerates.
In the following section the proposed model and the key as-
sumptions are exposed, followed by the introduction of the
main parameters at the single roughness element level and the
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mathematical description of the collective behavior by the tech-
niques of population balances. Subsequently, the predicted
evolution and the long-term characteristics of the deposit are
discussed for simple external conditions (i.¢., constant hydro-
dynamic conditions and deposition rate). Finally, the predic-
tions of the model are tested against experimental evidence. It
is noted that experimental studies carried out in this laboratory
on scaling due to supersaturated solutions of heavy metal sul-
fides (Andritsos and Karabelas, 1991a,b) and of calcium car-
bonate (Andritsos and Karabelas, 1992) have provided
information helpful in shaping some aspects of the proposed
model.

Development of Population Balance-Type of Model
General description and key assumptions

In these introductory considerations a simple view of the
deposit is adopted by idealizing it as a collection of noninter-
acting roughness elements distributed on the substrate. Each
one of them is growing in size as a result of the deposition
process, while at the same time, it is amenable to breakage
and partial or complete removal under the action of the forces
exerted by the flowing fluid. Thus, it is proposed that removal
does not necessarily proceed particle by particle exclusively,
as assumed in the model by Cleaver and Yates (1973), but also
by breakage of larger formations, such as particle clusters,
branches, dendrites, and so on, which are subject to an in-
creasing hydrodynamic load as they grow. The roughness ele-
ments are assumed to behave in a random manner, as if isolated
from each other, but it is also assumed that their population
is large enough so that statistical rules for their behavior exist.
A measure of their size, such as mass, volume, or a linear
dimension is taken to be the characteristic statistical parameter.
The total mass of the deposit is considered to be equal to the
sum of roughness element masses. Finally, it is assumed that
the number of roughness elements per unit area is fixed.

In order to obtain a complete picture that can be put in
mathematical form, it is first necessary to concentrate on the
roughness element level and the problem of growth and break-
age. Regarding the growth rate various assumptions can be
made. For example, an isolated roughness element in contact
with the flowing solution or suspension can be considered and
the growth rate expressed in terms of the mass-transfer char-
acteristics of such a system, provided that mass transfer is
controlling the growth. Otherwise the surface incorporation
problem can be considered from the same point of view. Sta-
tistical rules can be also prescribed for the growth, since it
appears reasonable to argue that no two roughness elements,
equal in size at some instance in time, will have the same fate
even in the absence of removal. However, since the focus here
is on the removal aspects of the fouling problem, a simpler
view of the growth phase will be adopted. The roughness ele-
ments will be assumed to have the same mass growth rate,
independently of their size, so that this growth rate multiplied
by their number per unit area equals the macroscopic depo-
sition rate.

The other key issue is roughness element breakage and re-
moval. As a first step it is considered pertinent to assume that
breakage occurs when the intrinsic stress induced by the flowing
fluid exceeds a critical value. The loading history as well as
the dynamic nature of the loading will be ignored at this point.
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Two questions arise immediately. First, how to find the stress
field in a roughness element, as well as the critical value that
it can withstand, and secondly how to obtain a kinetic expres-
sion for the macroscopic removal process out of this apparently
static picture which is proposed as the basic ingredient of
deposit removal.

The problem of the intrinsic stress field is certainly com-
plicated. At this point, however, some reasonable order-of-
magnitude estimates based on assumptions about the shape of
the roughness elements and a simple external loading condition
would suffice. Regarding the macroscopic kinetic behavior,
the following view is proposed. A population of roughness
elements of a given size exhibits a distribution of resistances
to breakage which depend on their size and therefore evolve
as the size changes due to growth. If that change favors break-
age it will be possible for removal to occur and the rate of this
process will be directly related to the rate of growth or the
deposition rate. In other words changes are not possible under
conditions of no deposition unless the hydrodynamic condi-
tions change. Of course, one may argue that removal could
be possible under prolonged exposure to a force field due to
deposit fatigue or similar phenomena but such considerations
are beyond the scope of this article.

Some comments are now in order about the spatial distri-
bution of the roughness elements. As already stated, they are
considered to be isolated from each other and their number
to remain fixed. It would perhaps be more realistic to assume
that the sum of the masses of the roughness elements is not
equal to the total deposit mass but just a fraction of it, since
they might develop on a more or less inactive part of a tenacious
deposit. However, such a view is not implemented here. The
assumption of a constant roughness element number density
is also not well founded. Yet, it may be argued that during
the later stages of fouling there is no particular reason for a
systematic variation in the number of the roughness elements,
and these stages are probably described more closely by the
proposed model. The same argument may also be used to
justify the proposition that the mean distance between rough-
ness elements is of the same order of magnitude as some char-
acteristic linear dimension. In this way an estimate of the
number density can be obtained.

Population balance

The view proposed here can be described mathematically by
the techniques of population balances which have been applied
to various similar problems such as particle agglomeration,
crystal growth, droplet breakage, and so on. For a compre-
hensive review see Ramkrishna (1985). Let therefore P(y, ¢)
represent the probability density of the size distribution of a
sufficiently large sample of roughness elements. Here y may
represent any characteristic quantity related to the size of the
roughness elements such as mass, volume, or a linear dimen-
sion. The dependence on ¢ reflects the fact that the size dis-
tribution evolves in time. Let also the rate at which roughness
elements of size y break into smaller pieces be represented by
F. Let P, (x) represent the probability density of the fragment
size distribution where x is the fraction of a roughness element
that remains intact after breakage. Then, the equation gov-
erning the evolution of the size distribution is given by:
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Fri 3 =—PF+S P(y YFP.(y/y )dy /y 3)

v

Here G is the growth rate of a roughness element which may
be a function of its size only. If y represents mass then G is
constant as discussed before. The LHS of Eq. 3 expresses the
change of the population due to growth. The first term on the
RHS is the rate at which roughness elements of size y break
into smaller pieces. The last term represents the rate at which
roughness elements, larger than y, break into pieces such that
the remaining fragment is of size y. With the help of Eq. 3
one can find the evolution of the mean mass of the roughness
elements which is directly related to the total deposited mass.
If the mass of a single roughness element is denoted by m, one

dimy d S‘” S“’ oPm 0PGm
e T e P = —_—
7 ) 'mdy , <6t + P )dy

= —dy-\ P
SO y o T dy , Fmdy

+ S mdy S PFP.dm “tm’
0

¥
and after some manipulation:

aim) b
——=(G) - S PmF{l—x,)dm. @)
dt 0

Here (G,,) is the mean growth rate and
1
(I=x,)= S P.(1-x)dx
0

is the mean detached mass fraction of the roughness elements
suffering breakage. Multiplying by the number of roughness
elements per unit area, N,, we obtain an expression for the
total deposited mass:

%=N0<Gm)—No 5 PmF{1~x,)dm. 5)
0

The term Ny{G,,) represents the macroscopic deposition rate,
Jp, as has been stated already, while the second term in Eq.
5 corresponds to deposit removal. It can be observed that the
assumption, made in other models (that is, Kern and Seaton,
1959), of a removal rate that is proportional to the deposit
mass is not strictly supported by the above formulation unless
the mean removed fraction, {1-x,,), and the breakage rate,
F, are independent of the size of the roughness elements.

Intrinsic stress field and breakage rate

As has been stated already, a roughness element suffers
breakage when the intrinsic stress imposed by the flow field
exceeds a critical value which is taken to be time-independent
and spatially random inside each roughness element. Some
geometrical considerations are now in order. It is assumed that
the roughness elements grow in such a manner that they main-
tain a self-similar shape which can be characterized by a single
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parameter, that is, their height, 4. The shape is taken to be a
pyramid with square cross-section and side that decreases with
distance from the base. Then the volume is given by:

h 1
’ r’ ’ 7’ l
V=S S(z )dz =a§hg (1-z )Ydz =§a§h, 6)
0 ]

where, for simplicity, we have taken S(z) = a3(l — z)° so
that the side of the cross-section decreases linearly. Here z is
a dimensionless distance from the roughness element base. The
side of the base, az, may also depend on the height in some
prescribed manner.

As has already been stated, the rate of change of the mass
of each roughness element due to deposition is assumed in-
dependent of size. Then, the same will be true for the volume.
It is further assumed that the base side is related to height by:

ag=vh"? Q)

where « is a constant. Then since dV/dt is constant and equal
to the mass growth rate divided by deposit density, using Egs.
6 and 7 one obtains:

dhn+l

dt =3JD/JONO’Y2 3

This can be used to obtain an expression for the growth rate,
G(h), in the population balance, if the height, 4, is chosen as
the size variable. It is noted here that for n<2 the height
increases faster than the base side, that is, if n=1 then
ht'?, agoct', and in general Aot "™ ggoc™/@n+d),

We now turn to the problem of estimating the nominal
intrinsic stress of a roughness element by considering a segment
cut by a plane parallel to the base. The force exerted on such
a segment by the flowing fluid is estimated as the product of
the hydrodynamic wall shear stress multiplied by the area of
that segment that is exposed to the flow. This approximation
is considered appropriate for roughness elements immersed in
the viscous sublayer of the turbulent flow. It is noted paren-
thetically here that such an estimate gives reasonable agreement
when applied to the case of a sphere resting on a plane and
exposed to a slow linear shear flow, where an analytical result
is available (O’Neill, 1968). The force, calculated in this way,
is now equated to the product of the cross-sectional area, which
is the base of the segment, times the nominal intrinsic stress,
Tin, at the same position. The cross-sectional area is S$(z) =
ak(1-z)> and the area exposed to the flow is
S.(z) =2(h*+ a%/4)"*ag(1 — 2)*. Therefore:

2
Tn=T,2(h7 + a3/ ag=1, ;(hz'" +yY/4)? )

and it can be observed that the nominal intrinsic stress, found
according to the above arguments, is independent of position,
which simplifies the calculations. It must be also noted that
for 0=<n< 2 the intrinsic stress increases as the roughness ele-
ment height increases. Then removal is possible, while forn =2,
where all linear dimensions grow at the same rate, this is not
possible since the intrinsic stress does not change.

Finally, the kinetic aspects of the removal process can be
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considered. It is assumed that for each roughness element there
exists a strength limiting plane whose position is random. Then,
the fraction of a population of roughness elements of a certain
size that suffers breakage at a certain level of external loading
is:

f= jl dz S:N P(r)dr= S:N P(7)dr (10

0

Here P(7) is the critical stress probability density which is
assumed independent of position, roughness element size, and
previous history. Now, as the size of the roughness elements
increases so do the intrinsic stress and the fraction that suffers
breakage. Then, if at a certain instance in time, ¢, (1 - f) rough-
ness elements exist out of an initial population, at time ¢+ Af
their size will increase by Ay and the broken fraction by Af.
Therefore the fraction of those existing at time ¢ that is broken
within At is Af/(1 —f), and the rate of removal is [(df/dy)/
(1-N) (dy/dD) or

_df/dy dy_
F= 1=/ dt—g(y)G(y) (11)
where
_df/dy
g =1~ s (12)

Before concluding this section an important point is em-
phasized. As has been mentioned already, according to the
model proposed here it is not possible to have any changes in
the absence of deposition. This can be seen in Eq. 11 where
the breakage rate, F, is proportional to the growth rate.

Predicted Behavior
Steady-state distribution

The fragment size probability density, P,, is uniform when
expressed in terms of the roughness element height because
the nominal intrinsic stress is spatially uniform. Therefore, it
is convenient to use the roughness element height as the key
size variable. Then the population balance becomes:

oP 0OPG ® P
a7 + T PgG+ S;, PgGdh /h (13)
We now turn to the behavior that can be predicted by the
picture set in the previous section, by first exploring the ex-
istence of a steady state that may be established after an infinite
time. Setting the time derivative equal to zero in Eq. 13 and
differentiating once with respect to /4 one can eliminate the
integral term to obtain:

2
d£120+dP;}<lgG+Pm};gG___0 14)

This can be readily integrated to give:
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ch k , ,

Po=—exp | —\ g(h )dh (15)
G 0

Furthermore, since g= —d[log (1 - f))/dh, as can be seen from

Eq. 12, the above expression becomes:

ch
Pw=5(l =) (16)

Here ¢ is a normalizing constant given by:

@« h -1
c=|:§0 E(I—f)dh] . 17

The integral above must be finite and this provides a condition
on f for the existence of steady state.

In order to proceed further the critical stress probability
distribution must be known, although some of the conclusions
drawn are independent of the particular form of the distri-
bution. Obviously, such a matter is not trivial. However, sig-
nificant information on the possible forms of the critical stress
distribution can be found in the related fracture mechanics
literature (cf. Herrmann, 1990). A log-normal distribution is
tentatively used here. This is characterized by two parameters,
namely the mean stress, 7, and a standard deviation, In o,

P(r)= (18)

In(1/7) 1
2In¢

1
— expl -
V2rlne p[

Then, from Eq. 10 the fraction suffering breakage at a certain
external stress is:

1 In(7/7y)
f~2{1+erf[——\/5 o UH 19)

This can be recast in terms of the roughness element height,
h, by use of Eq. 9. Assuming, now, that the mean intrinsic
strength of the roughness elements is much larger than the
hydrodynamic wall shear stress one can simplify Eq. 9 to:

2
TIN=Ty -’; he 72 20)

This suggests a way to nondimensionalize the height, 4, by
defining:

ho=(y70/271,)Y* ™ and k= h/h, @1

Then, Eq. 19 can be written as:

f=% [1+erf(8 In A)] 22)
where
_1-(n/2)
b= \/5 Ineo @)
1808
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Finally, since the growth rate, G, is proportional to 2~", the
steady-state distribution can be rewritten:

T+l A
Po= R erfe(BIn h) ' 24)

§ h**'erfe (B In h)dh

0

The mean height can now be found from:
(hy= S hP.dh,
0
and performing the integration one finds:

Fynt2 :
<h>_n+3 exp[(2n +5)/487]. (25

As has been mentioned before, this holds provided 0<n<2.
Similarly, the mean base side of the roughness elements can
be found as:

n+2
In+4

(ag) =2vhy? exp[(8n?+ 5n)/1687] (26)

and the mean mass of the roughness elements:

n+2
2n+3

(m) =§ oy hg*m expl(3n*+8n+5)/481 (27)

Finally, as discussed before, we introduce the assumption
that the mean distance between roughness elements exhibits
the same behavior as their base side. In this way we are able
to obtain an expression for the total deposited mass per unit
area. We have N,=1/{a;)>?, and hence:

1 (3n+4y?

= I i 2 2 2
B phy an+ Hnt2) exp[(7n®+24n+20)/165°}] (28)

m,=

Two observations can be made on the basis of the above
result. The first is that the asymptotic value of the deposited
mass exhibits a dependence on the hydrodynamic wall shear
stress of the form:

mocr Y@ 29)

as can be found by substituting the definition (Eq. 21) for A,
into Eq. 28. Thus, in qualitative agreement with experimental
data the deposit mass decreases as the hydrodynamic wall shear
stress increases. On the other hand the existing models pos-
tulate an exponent between —1/2 and — 1 (Kern and Seaton,
1959; Taborek et al., 1972; Muller-Steinhagen et al., 1988).
The second observation is that the deposition rate does not
affect the asymptotic value of the deposited mass. The dep-
osition rate affects only the time-scale by accelerating or de-
celerating the same sequence of events. Of course, one cannot
preclude effects of the deposition rate on the structural char-
acteristics and the strength of the roughness elements. How-
ever, such considerations are beyond the scope of this article.
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Temporal evolution
The time-dependent problem can be put in dimensionless

form by writing:
_ 28 exp[-In A—B*(In h)Y
E=—= =
NE erfc (8 In i)

(cf. Egs. 12 and 19), replacing G by 2", and defining the
time-scale as:

, (30)

oy g

te=="737

@3n

When mass transfer controls the deposition process then Jpo
7). as can be deduced from the well-known expressions such
as the Linton-Sherwood correlation (cf. Hasson et al., 1978).
It is pointed out that in typical cases of crystallization fouling
(Andritsos and Karabelas, 1991a,b, 1992) convective diffusion
to the deposit surface is found to be the controlling step and
this correlation is appropriate. It is also appropriate for col-
loidal particle deposition (cf. Papavergos and Hedley, 1984).
Using this result and N, o« {ap) %, one obtains:

tc“T;13/2+"/(2_")l. (32)

On the other hand, if the deposition rate is not controlled by
mass transfer and J, is independent of 7, then:

tcmT;[l+n/(2—n)] (33)

Again, in qualitative agreement with experimental evidence
the proposed model predicts that the time-scale decreases as
the hydrodynamic wall shear stress increases although the de-
pendence is stronger than assumed by existing models (cf. Eq.
2). We note here, however, that if one adopts a phenome-
nological approach of the form of Egs. 1 and 2, given that m,
o 7, (as is often the case) and J,ocrl/2, the time constant has
to exhibit a 73> dependence for consistency. This is what Egs.
29 and 32 predict for n=0.

In view of the above observation the parameter n is set equal
to zero in the subsequent discussion. Then, the population
balance takes the form:

ap+ap_ P+SmP dh'/n’ 34
arTan BT T G4

where bars have been dropped for convenience. The above
equation was solved numerically using finite-difference ap-
proximations for the spatial and temporal derivatives and the
trapezoidal rule for the calculation of the integral term in the
RHS. Numerical diffusion errors were eliminated by use of
equal space and time increments. A delta function was used
as an initial condition, which implies that all the roughness
elements start with zero size.

In Figure 1 the height distribution is shown for several char-
acteristic times. As expected, the peak which represents intact
roughness elements decreases in size to become zero eventually,
leaving behind a tail of smaller fragments which have the same
fate until a steady state is reached. In Figure 2 the distribution
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(b)
Figure 1. Evolution of the roughness element size dis-
tribution.
(a) The peak representing intact roughness elements shown for
characteristic times; (b) detail of the tail left behind which rep-
resents roughness elements that suffered breakage; (n=0, 8=1).
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Figure 2. The steady-state roughness element size dis-
tribution.
-1 numerical result at r=20 for n=0, f=1; - - -: analytical

result (cf. Eq. 24).
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Figure 3. The mean height of the roughness elements
vs, time for n=0, 8=1.

The asymptotic value is 2.32; note that {A4) is also proportional
to the deposit mass.

at relatively large times is shown and it compares favorably
with the steady-state distribution given analytically by Eq. 24.
Of more interest from a practical standpoint is the first moment
which is the mean height and is also proportional to the mean
mass of the roughness elements and to the total deposited mass
per unit area. This is shown in Figure 3 where after an initial
period of almost linear growth, which corresponds to negligible
removal, the growth rate slows down and eventually the steady
state is reached. The shape of the curve is qualitatively similar
to experimental data exhibiting asymptotic fouling. This is also
shown in Figure 4 for various values of 8 which is the only
parameter that appears explicitly in the formulation and rep-
resents the spread in breakage strengths. Apart from the strong
influence on the steady-state value this parameter has also a
strong effect on the time-scale of the problem. Now, if the
curves shown in Figure 4 could be described by the simple
model of Egs. 1 and 2 then a plot of ((h);/¢)log(l— (h)/
{h>p) vs. t would be a constant. As can be seen from Figure
5, the model proposed here exhibits a different trend, especially
during the initial stages of the evolution process. However, all
the curves approach the same value, from which it is concluded

12.00
] B=06
8.00
) B=07
<h>
] B=038
4.00 B=09
0.00 At
0 10 20 30 40 50

t

Figure 4. The mean height of the roughness elements
for n=0 and characteristic values of 8 which
represent the spread in breakage strengths.
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Figure 5. The data of Figure 4 plotted in a different form.

If the evolution of (A) could be described by a simple exponential
these data would fall on straight horizontal lines. —, 8=0.6;
--=,B=07, —--,3=0.8; ---+, 3=0.9.

that the time-scale exhibits the same dependence on g as the
asymptotic mass or:

t. o exp(5/48%) =exp(5 In%0/2). T (35)

Comparison with Experimental Evidence

At this point it is considered premature to perform detailed
comparisons of the proposed model with experimental data.
The main scope of the preceding discussion is to propose a
rational mechanism that, at least partially, accounts for the
removal aspects of fouling. However, some key features of
the model need to be emphasized in order to demonstrate that
predictions are not unreasonable. .

The main emphasis of the analysis has been on the effect
of the hydrodynamic parameters on the asymptotic value of
the deposit mass and on the time-scale of the fouling process.
As has been stated already, the predicted trends are in agree-
ment with experimental evidence suggesting that an increase
in velocity results in a smaller asymptotic mass or fouling
resistance which is reached more rapidly (cf. Epstein, 1983).

Unfortunately, appropriate experimental data sets where ve-
locity is systematically varied while other parameters, condi-
tions and deposit characteristics remain constant have not been
identified in the literature. Knudsen and coworkers have per-
formed extensive experimental studies of heat exchanger foul-
ing but most data sets have been obtained in a limited velocity
range. Lee and Knudsen (1979) report a fourfold increase in
fouling resistance by a 50% velocity reduction, which is in
accord with Eq. 29. More detailed studies of the effect of
velocity in heat exchanger crystallization fouling with CaCO,
can be found in Watkinson and Martinez (1975) and also in
Hasson (1962). However, their data have been obtained under
constant wall temperature conditions, which implies that de-
posit buildup resulted in reduction of the temperature at the
deposit/fluid interface and a consequent reduction of the dep-
osition rate. Yet, there are several reasons suggesting that this
reduction cannot fully account for the falling character of the
fouling curves and that removal is present and important. In
Hasson’s run B, where sufficient details about the deposit
surface temperature are available, calculations of the depo-
sition rate based on the model by Hasson et al. (1978) show
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Figure 6. Comparison of experimental data on CaCO,
fouling by Watkinson and Martinez (1975) with
the present model.

The fouling resistance Ry is in 107* h fi °R/Btu; o, v=0.8 m/
s; s, v=1m/s; ¢,v=1.87m/s; a,v=2.79 m/s. The solid lines
are numerical results from the current model. The asymptotic
fouling resistance was adjusted for the lowest velocity and cal-
culated for the other cases.

that it can be reduced by a factor of about four during the
entire course of the run. This is not sufficient to account for
the observed total reduction factor which is more than 20.
Furthermore, if removal were totally absent runs at higher
velocities would correspond to higher deposition rates and
hence higher fouling resistance. For the same reason, no ve-
locity effect should be observed in Watkinson and Martinez
since surface reaction is claimed to control the deposition. Yet,
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Figure 7. Comparison of experimental data on CaCO,
fouling by Hasson (1962) with the present
model.

The overall heat-transfer resistance R is in 10~* h m?°K/kcal; &,
run A at final velocity v=39 cm/s and tube diameter d= 16 mm;
o, run B at =50 cm/s and d=16 mm; o, run C at v=42
cm/s and d=16 mm; o, run D at v=125 cm/s and d=8 mm.
The solid lines are numerical results from the present model. The
asymptotic fouling resistance was adjusted for the lowest velocity
and calculated for the other cases.
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Figure 8. Comparison of experimental data on particu-
late fouling from a sand-water slurry of Wat-
kinson and Epstein (1970) with the present
model.

The fouling resistance R, is in 107° h ft> °R/Btu; the asymptotic
fouling resistance was adjusted for the lowest velocity and cal-
culated for the other cases.

in both their experiments higher velocity corresponds to lower
fouling resistance.

Despite the above obvious shortcomings, a comparison of
data from those studies with the present model is considered
instructive and is presented in Figures 6 and 7. The asymptotic
fouling resistance, assumed proportional to deposit mass, was
adjusted for the lowest velocity and calculated for the other
cases by use of Eq. 29. A mean value for the deposition rate
was estimated from the available data and used to find the
time-scale by combining Eqs. 28 and 31. Thus, for =0, one
finds:

3
=3 exp(— 5/48%m,/J,, (36)

This obviates the need to specify values for the geometric and
material parameters of the model except for 3, which was taken
to bz unity. The same value for the deposition rate was em-
ployed for all cases in Figure 6 since surface reaction was
claimed to be the deposition rate controlling step in the ex-
periments of Watkinson and Martinez.

The same procedure was also applied with the experimental
data on particulate fouling by Watkinson and Epstein (1970).
Again, the asymptotic fouling resistance was adjusted for the
lowest velocity and used to calculate the value for the other
cases. The values for the deposition rates supplied in that paper
were used to find the time-scales. As can be seen from Figures
6, 7 and 8, the behavior of the present model can be considered
quite reasonable and encouraging. However, a more detailed
evaluation of the predictive capabilities of the model in quan-
titative terms would require comparisons with complete data
sets including accurate measurements of deposit properties.

Another important point that deserves to be discussed is
that, according to the present model, the deposition rate does
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not affect the sequence of fouling events and in particular the
final deposit mass, but merely controls the time-scale. In con-
trast, previous models predict a direct effect of the deposition
rate on the asymptotic mass, since deposition and removal are
presumed independent. Apart from the hydrodynamic con-
ditions, on which both deposition and removal depend, this
effect can be manifested through the concentration difference,
which is the driving force for deposition, and through tem-
perature which controls the coefficients multiplying this driving
force (cf. Taborek et al., 1972; Epstein, 1983). The prediction
of the current model may appear to be an oversimplification
and probably will not hold true if some kind of interaction
between roughness elements is allowed or a link between dep-
osition rate and deposit strength is proven to exist or if a
different mode of removal (independent of growth) is oper-
ative. On the other hand, it must be observed that such a direct
and dramatic effect of concentration has not been unambig-
uously and universally proven to exist either. Gudmundsson
(1981) reports an effect of concentration in some cases of
particulate fouling and none in other. A clear effect is evident
in the experiments of Blochl and Muller-Steinhagen (1990).
Muller-Steinhagen et al. (1986) also observe a linearity between
fouling particulate concentration and asymptotic fouling re-
sistance although there is considerable scatter in their data. In
a later study (Muller-Steinhagen et al., 1988), covering dif-
ferent velocity ranges, no significant effect is observed and
this is attributed to the velocity ranges being irregularly ex-
treme. The same uncertainty regarding concentration effects
applies also for crystallization fouling. In support of the
present model the following observation may be pointed out
from the experimental data of Morse and Knudsen (1977), (run
22), Hasson (1962), (run D) and Watkinson and Martinez
(1975) (run at v=1 m/s); in all these cases the deposit is dom-
inated by calcium carbonate, the hydrodynamic conditions are
similar, and the time-scales and hence the deposition rates are
vastly different, yet the asymptotic fouling resistances are re-
markably close to the same value of approximately 20 x 1073
h ft* °R/Btu.

Similarly, temperature affects the rate of deposition and an
Arrhenius type of behavior for the asymptotic fouling resist-
ance is proposed in the model by Taborek et al. (1972). This
is apparently verified by the experimental data presented by
Dungqi and Knudsen (1986), as discussed in Epstein (1987). It
may be observed, however, that the chemical composition of
the deposits was not the same in all cases considered, being
dominated by magnesium silicate in some and by calcium car-
bonate in other. What we argue here is not that a temperature
effect does not exist, but rather that the temperature effect on
the deposit strength and structural characteristics must be first
unambiguously elucidated and separated.

Concluding Remarks

A new approach to the problem of fouling has been presented
which is viewed as a preliminary step to understand the removal
process by focusing on the structure and properties of the
deposit layer. The deposit is modeled as a collection of rough-
ness elements, which may represent polycrystalline agglom-
erates or colloidal particle aggregates. The basic ingredient of
the removal process is taken to be failure of the roughness
elements when they reach a size that cannot withstand the
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hydrodynamic load. The macroscopic kinetic behavior is di-
rectly linked to the deposition and growth process and the
polydispersity of strengths. Mathematical complexity is kept
to a minimum by the introduction of simple assumptions about
the roughness element geometry, growth process, the flow
induced intrinsic stress field, and the breakage process. The
behavior predicted agrees qualitatively with experimental trends
in the evolution of macroscopic characteristics and the effects
of the flow field on the removal rate and the asymptotic value
of the deposit mass.

An interesting suggestion brought forth in this modeling
effort is that the intrinsic deposition rate affects only the time-
scale of the combined deposition/detachment process, but not
the asymptotic value of the deposited mass. To what extent
this statement is true is difficult to ascertain at present.

The present model may be refined in several ways. Rough-
ness element consolidation may be taken into account in order
to approach the physical picture of coherent deposits more
closely. Changes in the geometrical characteristics in coordi-
nation with deposit morphology studies can also be made. The
breakage behavior is another aspect of the model that can be
improved. Thus, different critical stress distributions, breakage
modes (that is, gross fragmentation vs. attrition) or criteria
can be used, and finally time effects due to the unsteady nature
of loading can be included within the presented formalism.
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Notation
ag = side of the base of a roughness element, m
{ag) = mean side of the base of the roughness elements, m
¢ = proportionality constant
f = fraction of roughness elements suffering breakage
F = roughness element breakage rate, s
g = function related to roughness element growth rate, kg™,
m'orm™}
G = roughness element growth rate, kg/s, m/s or m*/s
{G,> = mean mass growth rate of the roughness elements, kg/s
h = height of the roughness elements, m
(h) = mean height of the roughness elements, m
h' = dummy variable of integration
hy, = length scale for nondimensionalization of height, m
% = dimensionless height of roughness elements
(h); = mean roughness element height at steady state
J, = fouling species mass deposition rate, kg/m?’-s
Jr = fouling species mass removal rate, kg/m?.s
k = proportionality constant, s '
m = mass of a roughness element, kg
{m) = mean mass of roughness elements, kg
m’' = dummy variable of integration
m, = total mass of deposit per unit area, kg/m’
n = geometrical parameter related to the shape of the rough-
ness elements
N, = number of roughness elements per unit area, m~?
P(y, 1) = roughness element size probability density, kg™', m~'or
m
P, = roughness element size distribution at steady state
P, = fragment size probability density
P(r) = breakage stress probability density, m?>/N
S = cross-sectional area of a roughness element, m*
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Se = area of a roughness element exposed to flow, m?

f = time, s

t, = time-scale, s

V = volume of a roughness element, m*

x = fraction of a roughness element adhering after breakage
x, = mass fraction of a roughness element adhering after break-

age

y' = dummy variable of integration

y = roughness element size, kg, m or m*

z = dimensionless distance from base of a roughness element

Greek letters

8 = dimensionless parameter related to spread of breakage
strengths
v = geometrical parameter related to the size of the roughness
elements
p = roughness element density, kg/m?
7 = intrinsic stress of a roughness element, N/m?
Ty = mean breakage strength of a roughness element, N/m?
7. = hydrodynamic wall shear stress, N/m?
Y = deposit strength, N/m?

Literature Cited

Andritsos, N., and A. J. Karabelas, ‘‘Crystallization and Deposit
Formation of Lead Sulfide from Aqueous Solutions: I. Deposition
Rates,”” J. Colloid Interf. Sci., 145, 158 (1991).

Andritsos, N., and A. J. Karabelas, ‘‘Crystallization and Deposit
Formation of Lead Sulfide from Aqueous Solutions: I1. Morphology
of Deposits,”” J. Colloid Interf. Sci., 145, 170 (1991).

Andritsos, N., and A. J. Karabelas, ‘Crystallization Fouling: the
Effect of Flow Velocity on the Deposition Rate,’’ Proc. Eurotherm
Seminar No. 23, Grenoble, published by Editions Européennes
Thermique et Industrie, Paris, p. 29 (Apr. 8-9, 1992).

Blochl, R., and H. Muller-Steinhagen, ‘Influence of Particle Size and
Particle Fluid Combination on Particulate Fouling in Heat Ex-
changers,”’” Can. J. Chem. Eng., 68, 585 (1990).

Cleaver, J. W., and B. Yates, ‘‘Mechanism of Detachment of Colloidal
Particles from a Flat Substrate in Turbulent Flow,”’ J. Coll. Interf.
Sci., 44, 464 (1973).

Dunqi, X., and J. G. Knudsen, ‘‘Functional Correlation of Surface
Temperature and Flow Velocity on Fouling of Cooling Tower
Water,”” Heat Transf. Eng., 7, 63 (1986).

Epstein, N., ‘‘Fouling of Heat Exchangers,”’ Heat Exchangers—The-
ory and Practice, J. Taborek, G. F. Hewitt, and N. Afgan, eds.,
Hemisphere Publishing Corp., Washington, DC, p. 795 (1983).

Epstein, N., ““Effect of Surface Temperature on Fouling of Cooling-
Tower Water,”” Heat Transf. Eng., 8, 60 (1987).

Epstein, N., ““‘General Thermal Fouling Models,”” in Fouling Science
and Technology, L. F. Melo, T. R. Bott, and C. A. Bernardo, eds.,
Kluwer Academic Publishers, Dordrecht (1988).

Gudmundsson, J. S., ““Particulate Fouling,”” Fouling of Heat Transfer
Equipment, E. F. C. Somerscales and J. G. Knudsen, eds., Hemi-
sphere Publishing Corp., Washington, DC, p. 357 (1981).

Hasson, D., ‘“‘Rate of Decrease of Heat Transfer Due to Scale Dep-
osition,”” Sonderdruck aus Dechema-Monographien Band, 47, 233
(1962).

Hasson, D., H. Sherman, and M. Biton, ‘‘Prediction of CaCO, Scaling
Rates,”’ Int. Symp. Fresh Water from the Sea, p. 193 (1978).

Herrmann, H. J., ““Introduction to Basic Notions and Facts,”’ Sta-

tistical Models for the Fracture of Disordered Media, H. J. Herr-
mann, and S. Roux, eds., North-Holland, Amsterdam, p. 1 (1990).

Hubbe, M. A., “Detachment of Colloidal Hydrous Oxide Spheres
from Flat Solids Exposed to Flow: 1. Experimental System,’* Coll.
Surf., 16, 227 (1985).

Hubbe, M. A., “Detachment of Colloidal Hydrous Oxide Spheres
from Flat Solids Exposed to Flow: 2. Mechanism of Release,”” Coll.
Surf., 16, 249 (1985).

Kern, D. Q., and R. E. Seaton, ‘‘A Theoretical Analysis of Thermal
Surface Fouling,”’ Brit. Chem. Eng., 4, 258 (1959).

Lee, S. H., and J. G. Knudsen, ‘‘Scaling Characteristics of Cooling
Tower Water,”” ASHRAE Trans., 85, Part I, 281 (1979).

Leighton, D., and A. Acrivos, ‘“The Lift on a Small Sphere Touching
a Plane in the Presence of a Simple Shear Flow,”’ ZAMP, 36, 174
(1985).

Morse, R. W., and J. G. Knudsen, ‘‘Effect of Alkalinity on the Scaling
of Simulated Cooling Tower Water,”” Can. J. Chem. Eng., 55, 272
(1977).

Muller-Steinhagen, H., F. Reif, N. Epstein, and A. P. Watkinson,
‘‘Particulate Fouling During Boiling and Non-Boiling Heat Trans-
fer,”” Proc. Int. Heat Transf. Conf., 5, Hemisphere, Washington,
DC, p. 2555 (1986).

Muller-Steinhagen, H., F. Reif, N. Epstein, and A. P. Watkinson,
“‘Influence of Operating Conditions on Particulate Fouling,”” Can.
J. Chem. Eng., 66, 42 (1988).

O’Neill, M. N., ““A Sphere in Contact with a Plane Wall in a Slow
Linear Shear Flow,”” Chem. Eng. Sci., 23, 1293 (1968).

Papavergos, P. G., and A. B. Hedley, ‘‘Particle Deposition Behavior
from Turbulent Flows,”’ Chem. Eng. Res. Dev., 62, 275 (1984).

Ramkrishna, D., “The Status of Population Balances,”’ Rev. in Chem.
Eng., 3(1), 49 (1985).

Saffman, P., *“The Lift on a Small Sphere in a Slow Linear Shear
Flow,”” J. Fluid Mech., 22, 385 (1965).

Sharma, M. M., H. Chamoun, D. S. H. Sita Rama Sarma, and R.
Schechter, “‘Factors Controlling the Hydrodynamic Detachment of
Particles from Surfaces,’” J. Coll. Interf. Sci., 149, 121 (1992).

Suitor, J. W., W. J. Marner, and R. B. Ritter, ‘“The History and Status
of Research in Fouling of Heat Exchangers in Cooling Water Serv-
ice,” Can. J. Chem. Eng., 55, 374 (1977).

Taborek, J., T. Aoki, R. B. Ritter, J. W. Palen, and J. G. Knudsen,
“‘Predictive Methods for Fouling Behavior,”” Chem. Eng. Prog.,
68(7), 69 (1972).

Van Den Tempel, M., “‘Interaction Forces Between Condensed Bodies
in Contact,” Adv. Coll. Interf. Sci., 3, 137 (1972).

Visser, J., ““Adhesion of Colloidal Particles,” Surface and Colloid
Science, Vol. 8, E. Matijevic, ed., Wiley, New York, p. 3 (1976).
Watkinson, A. P., and N. Epstein, ‘‘Particulate Fouling of Heat Ex-
changers,” Proc. Int. Heat Transf. Conf., 1, Paper HE1.6, Elsevier

(1970).

Watkinson, A. P., and O. Martinez, ‘Scaling of Heat Exchanger
Tubes by Calcium Carbonate,”” Trans. ASME, J. Heat Transf., 97,
504 (1975).

Watkinson, A. P., ‘“Water Quality Effects on Fouling from Hard
Waters,”” Heat Exchangers Theory and Practice, J. Taborek, G. F.
Hewitt, and N. Afgan, eds., Hemisphere, Washington, DC, p. 853
(1983).

Yung, B. P. K., H. Merry, and T. R. Bott, *“The Role of Turbulent
Bursts in Particle Re-entrainment in Aqueous Systems,’’ Chem. Eng.
Sci., 44, 873 (1989).

Manuscript received Dec. 17, 1992, and revision received Nov. 1, 1993.

AIChE Journal November 1994

Vol. 40, No. 11 1813



