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Using precoated whey protein concentrate gel films as a model milk protein fouling
material, the removal kinetics from the inner surface of a stainless steel tube were
determined continuously and noninvasively by a rapid UV spectrophotometric method.
The influences of temperature, flow velocity, and the amount of fouling on the cleaning
behavior were evaluated. For the first time, a cleaning model combining polymer disso-
lution and boundary layer mass transfer has been used to describe the cleaning process.
It is suggested that the disengagement of protein molecules from the swollen gel-solution
interface and the transfer of these disengaged protein molecules into the bulk cleaning
solution are the rate-limiting steps in the range of conditions examined. The experimental
results agree with the predictions of the cleaning model. The application of the current
cleaning model to milk protein and whey protein fouling systems reported by various
researchers is also discussed. © 2004 American Institute of Chemical Engineers AIChE J, 50:
1961-1973, 2004
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Introduction

Milk fouling on heat transfer surfaces is a serious problem in
dairy processing plants, where frequent cleaning is required to
meet the strict hygiene standards and to maintain normal pro-
duction capability. Because of the high heat transfer resistance
and difficulty of removal, proteinaceous fouling is a major
concern for cleaning processes. In dairy processing plants,
sodium hydroxide (NaOH)-based alkaline solutions are usu-
ally used to clean the proteinaceous fouling. Although the
removal of milk protein fouling from stainless steel surfaces
has been studied extensively (Fryer and Bird, 1994; Jeurnink
and Brinkman, 1994; Lalande and Rene, 1988), the mecha-
nisms of cleaning are still not fully understood. The under-
standing of the cleaning mechanisms and the development of a
mathematical model are required to optimize the cleaning
processes.
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Cleaning is a multistage process constituting various steps
that may be controlled by mechanical action, chemical reac-
tions, and mass transfer. The cleaning process may be de-
scribed as a three-stage process based on the cleaning rate
periods: a swelling stage, a uniform stage, and a decay stage
(Gillham et al., 1998). Studies have shown that the dissolution
of deposits in the cleaning solution is an important factor
controlling cleaning processes, especially in the uniform or
plateau stage (Bird and Fryer, 1991; Gillham et al., 1999; Xin
et al., 2002a,b). A chemical dissolution—based mass-transfer
controlled cleaning mechanism has already been suggested by
several researchers. Schlussler (1970) developed an empirical
model based on the transportation of reaction products through
a boundary layer to describe the removal of porous deposits
from a heat transfer surface. In the study of the cleaning
procedure of milk fouling, Gallot-Lavallée and Lalande (1985)
found that the measured cleaning rate was proportional to the
concentration gradient of the intermediate reaction products
and the mass-transfer coefficient of the reaction products at the
interface.

In a recent study, Xin et al. (2002 a,b) illustrated the simi-
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Figure 1. WPC gel film dissolution process.

larity of both the dissolution and mechanical properties be-
tween whey protein concentrate (WPC) gel and WPC fouling
deposits. In this study, using a WPC gel as a model fouling
material, the removal kinetics of precoated WPC gel films from
the inner surface of a stainless steel tube were determined. A
mathematical cleaning model, based on the polymer dissolu-
tion theory and the mass-transfer theory, was developed and
compared with the experimental data. A discussion on the
effects of experimental conditions on the validity of the clean-
ing model is also reported.

Mechanisms and Mathematical Models
Polymer dissolution—based cleaning mechanisms

The basic structure of milk protein deposits consists of
aggregated milk protein molecules and voids. Milk protein
molecules have long molecular chains, which have been de-
fined as polymers of amino acids (Biddle, 1986). The swelling
of the protein deposit and the final removal of this swollen
layer are analogous to the dissolution process of polymers
when they are treated with suitable solvents (Xin et al., 2002a).
Therefore, the polymer dissolution concept can be applied to
reveal the cleaning mechanism of the protein deposits.

In general, polymer dissolution behavior differs from that of
a nonpolymeric material in two aspects. Polymers require an
induction time before starting to dissolve, whereas nonpoly-
meric materials dissolve instantaneously. Polymer dissolution
involves both the disentanglement of the polymer chains and
the diffusion of the chains through the boundary layer adjacent
to the solvent—polymer interface. The dissolution of the non-
polymeric material is generally controlled by the mass-transfer
step (Narasimhan, 2001). The important parameters affecting
the polymer dissolution process include the diffusion coeffi-
cient of solvent, the molecular weight (or the molecular size) of
the polymer, the structure and the shape of the polymer chains,
the thermodynamic compatibility of the solvent, agitation, and
temperature (Devotta et al., 1993).

By adoption of the polymer dissolution concept, the essential
physical features of the cleaning of milk protein deposit are
depicted in Figure 1. First, the cleaning agent is transported
from bulk solution to the surface of the deposit through a fluid
boundary layer. Contact of the cleaning solution with the
deposit will trigger a series of reactions, generating some
intermediate reaction products (certain modified protein mole-

1962 August 2004

cules and peptide chains). Further penetration of the cleaning
solution into the deposit will build up a “reaction zone” and
form a swollen gel layer. A disengagement process is needed
before the intermediate reaction products can be transferred
across the boundary layer into the bulk cleaning solution.

The disengagement process of the protein molecules from
the gel—solution interface is complicated. In the swollen region,
the cleaning agent concentration is high and the protein mol-
ecules have a high mobility, and the movement of the protein
molecules essentially starts from this region. After a short
reptation time, the protein molecular chains on the gel side of
the gel-solution interface tend to disengage from the interface
and move into the solution. The long and mutually entangled
protein chains are inhibited from entering the liquid phase as a
result of the friction between themselves. The disengagement
rate of protein molecules is one of the factors controlling the
dissolution process.

In addition to the disengagement, a mass-transfer resistance
also exists at the gel-solution interface. If the disengagement
rate is relatively small, the mass-transfer resistance through the
external boundary layer may be ignored. However, if the mag-
nitude of disengagement rate and mass-transfer rate are similar,
then the dissolution process can be both disengagement and
diffusion limited (Ranade and Mashelkar, 1995). With increas-
ing cleaning time, the disengaged polymer chains will begin to
accumulate on the gel-solution interface until a maximum
volume fraction is reached. Then, the rate of disengagement
from the interface would be constrained by the rate of mass
transfer to the bulk solution. The concentration gradient be-
tween the interface of the swollen gel and the bulk cleaning
solution provides a driving force for the movement of the
disengaged protein molecules. The dissolution rate then
reaches its highest value.

Mathematical model of cleaning

The dissolution of solid polymers in solvents is very impor-
tant in microlithography photoresist development, controlled
release systems, and polymerization processes. The study of
the mechanism of polymer dissolution process has been a very
active research area, and some mathematical models, involving
some complicated moving boundary layer problems, have been
published recently (Devotta and Mashelkar, 1996; Parker et al.,
2000; Peppas and Wu, 1994; Ranade and Mashelkar, 1995).
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Although these models have given the points for the develop-
ment of a cleaning model, they are generally complex and need
a numerical integration method to calculate the results.

In this study, we have attempted to capture the key mecha-
nisms by using a simple mathematical model. In fouling and
cleaning studies, it is the first time that a polymer dissolution
concept was used to describe the complicated protein foulant
cleaning process and predict the cleaning results. The approach
used herein to model the dissolution process is different from
approaches used in the polymer community, such as in micro-
lithography photoresist development or the controlled release
systems. First, the complicated moving boundary layer prob-
lem is not considered in this model. It makes this model
straightforward and does not need a numerical integration
method to predict the results, which is common in previous
polymer dissolution models. Second, this cleaning model in-
cludes two stages, the swelling—uniform stage and the decay
stage, which is different from other dissolution models. Finally,
the most important parameter used in current model, R,,, has
not been identified in previous polymer dissolution models.

For the cleaning process, we assumed that the disengage-
ment of protein molecules from the swollen gel-solution inter-
face and the transfer of these disengaged protein molecules into
the bulk cleaning solution are the rate-limiting steps. Diffusion
of cleaning solution and the chemical reactions take place very
rapidly. During the swelling and uniform stage, the cleaning
rate may be calculated in terms of the mass-transfer coefficient
and the concentration gradient of the disengaged protein mol-
ecules in the boundary layer. In the decay stage, an effective
surface area may be used to correlate the cleaning rate. For
simplicity, the accumulation of the disengaged protein molec-
ular chains in the boundary layer is neglected. The moving
boundary layer problem and the difference protein volume
fractions within the swollen gel are not considered.

Swelling and Uniform Stage. Based on the conventional
concept of mass transfer, the cleaning rate (or mass flux) of the
WPC gel molecules from the gel-solution interface may be
written as

1 dm

-R :ZE:kd’((b_ ¢y) )

where m is the mass removed, R is the cleaning rate (taken as
the absolute value), ky, is the mass-transfer coefficient based on
volume fraction changes of materials, A is the surface area, ¢
is the volume fraction of the disengaged protein molecules at
gel-solution interface, and ¢, is the volume fraction of the
disengaged protein molecules in the bulk cleaning solution.
Because the cleaning solution is not recirculated in this study,
the concentration of the disengaged protein molecules outside
the boundary layer ¢, is negligible and can be taken as zero,
and thus Eq. 1 becomes

_1dm_ "
R= g = ket

@)

The change of the volume fraction of disengaged protein
molecular chains accumulated at the gel-solution interface at
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any time has been assumed to change according to a first-order
reaction mechanism

d¢

o = at 3)

where k, is the disengagement rate constant. The physics of the
disengagement process has been elaborated by Devotta et al
(1993). The disengagement is recognized to be directly related
to the mobility of polymer molecules, whereas the mobility of
the polymer molecules will depend on their volume fraction. It
has been assumed that the variation of the mobility of polymer
chains is a product of a kinetic constant and the extent of the
departure from the maximum mobility (Devotta et al., 1995).
Based on this assumption, in the current study, it is assumed
that the disengagement rate constant of the molecule chains
(k,) decreases with increasing ¢, and approaches zero when the
maximum value (¢,,) is reached. As a first estimation, k, takes

the following form
)
k=&l 1 ———
SGARES

where £ is a kinetic constant and ¢,, is the maximum volume
fraction taken up by the disengaged protein molecules. The
change of the volume fraction of the disengaged protein mol-
ecules at the gel-solution interface is then expressed by the

following equation
dé ¢
-y

Given that a polymer chain requires a finite induction time to
disengage from the gel-solution interface, the disengagement
rate is initially zero. This minimum induction time required for
the “first few” chains to disengage is equivalent to the reptation
time (¢,). Thus, it is assumed that the following initial condition
exists at the gel-solution interface

“)

(&)

do

=0 i< (©6)

After the reptation process, from ¢ = ¢, to t > t,, the volume
fraction of the disengaged protein molecules at the gel-solution
interface can be calculated by integrating Eq. 5

d) eg(rfn)
m

1 + &

(b N ¢)7l (7)

b0

where ¢, is the volume fraction of the tangling protein chains
at the solution side of the gel-solution interface at the time ¢t =
t, (¢, # 0). The above equations represent a self-limiting
process when the concentration of the protein molecules be-
come high (Murray, 2002).

We now define a dimensionless parameter s as
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Combining Eqgs. 2 and 7, the cleaning rate can be rewritten as
follows

1 dm R,
CAdt et

(€)]

where R,, (the constant cleaning rate during the uniform clean-
ing stage) is defined as

_Rm = _kd)d)m (10)

The amount of mass removed (under a certain constant
cleaning condition with a known temperature, velocity, and
concentration of cleaning solution, etc.) from the deposit as a
function of time can then be calculated by integrating Eq. 9
from time =t to t = 1, (¢, is the total cleaning time during
the swelling and uniform stages)

AR,, < (i + ef‘”'>)
m £ n R (11)

Decay Stage. At the end of the uniform stage, the contin-
uous film of WPC deposit is broken up and only the patches of
the deposit film are left on the stainless steel surface. When the
experiments were stopped during the decay stage, such residual
patches can be observed. Because the film is no longer contin-
uous and uniform, it is expected that the cleaning rate will
depend on the amount of the gel film remaining on the surface,
whereas the cleaning rate will still be controlled by dissolution
and mass-transfer processes. In the study of the removal of
organic films in the decay stage, the change of the surface area
of the remaining film has been modeled as a first-order process
(Beaudoin et al., 1995), and adopting this approach, the protein
gel removal in the decay stage is given as

dA,

ar T R

12)

where A, is the surface area covered by the protein film in the
decay stage and k, is the first-order rate constant for the surface
area reduction. This rate constant is expected to be dependent
on temperature, mechanical properties of deposit, cleaning
solution concentration, and flow velocity. The initial condition
for Eq. 12 is

A=A when r =t

su
where A,  is the total surface area covered by the protein film.

Integrating Eq. 12 from t = 7, to t = ¢, (the total cleaning time)
yields

13)
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Assuming that the cleaning rate during the decay stage depends
on the remaining protein film area A,, the cleaning rate during
this stage can be expressed as

R=R, (14)
oo AL,()
Combining Eqgs. 13 and 14 gives
R = R, el )] (15)

To calculate ¢, and the total cleaning time ¢, a critical protein
mass remaining (m,) at the start of the decay stage is defined as
me = mgy— Mg, (16)
where m,, is the original mass of the deposit and m,, is the total
mass removed during the swelling and uniform stages. m,, can
be calculated from Eq. 11 with the boundary condition at t =
Lo
Combining Egs. 11 and 16, the mass removed during the
decay stage can be determined as

AR, [+ ef ]
In

3 W+ 1)

me = mg — )
Rearranging Eq. 17, t,, is given by the following equation
1
= gl + DE T =yl by (1)

The mass loss of the deposit during the decay stage can also be
expressed as

I dm dm _ 19
A, di ~ AdRig — R (19)
Integration with the boundary conditions
m=0 and A=A, when r =t¢,, (192)
m=m, and A =0 whenr=1¢  (19b)
Then m,. can be expressed as

R,
m, = A {1 _ e[*kfx(rﬁrw)]} (20)

ka

By rearranging the above equation, ¢, is given by the following
equation:

21
By combining Eqgs. 18 and 21, then the total cleaning time ¢,
can be determined as
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(22)

Experimental Procedures

The cleaning system designed to determine the cleaning
kinetics of WPC gel deposits from a stainless steel tube is
illustrated schematically in Figure 2. The stainless steel tube
(AISI 316, ID = 16 mm and length = 150 mm) was precoated
with a WPC gel film using a rotation device (Xin et al., 2002b).
A cleaning solution reservoir containing heating coils and an
agitator was used to prepare the alkaline cleaning solutions
with a given concentration and temperature. The flow velocity
of the cleaning solution is controlled by a rotary flow meter. In
the once-through cleaning loop, the cleaning solution, contain-
ing the removed deposits, was continuously transported to the
UV spectrophotometer (HP 8312 model) by a sample pump.
The UV absorption data (248 and 256 nm) were recorded at
10-s intervals to monitor the whole cleaning process. The
protein concentration in the cleaning solutions is estimated by
the following equation (Xin et al., 2002b)

WPC concentration (g/L) = 1.0368(A,,5 — A,s6) + 0.0005
(23)

where A,,s and A,s¢ are the values of UV absorbance at the
wavelengths of 248 and 256 nm, respectively. Because the
WPC gel prepared for the cleaning study contain only 25 wt. %
WPC solid, the cleaning rate is expressed as four times the
whey protein removal rate in all the following calculations.

Results and Discussion

The cleaning experiments were carried out under various
experimental conditions with flow velocities ranging from 0.07
m/s (Re = 2400) to 0.62 m/s (Re = 21,000) and temperatures
ranging from 35 to 85°C using 0.5 wt. % NaOH cleaning
solutions. The amount of WPC gel layer on the stainless steel
surface ranges from 205 to 732 g/m? with gel film thickness of

Sampling pump

Computer UV spectrophotometer

. Test section
agitator

Flowmeter
NaOH solution
reservoir

NaOH solution pump

Figure 2. Cleaning apparatus.
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Figure 3. A typical cleaning rate against cleaning time
curve.

Conditions: 65°C, 0.25 m/s, and 0.5 wt % NaOH.

0.2 to 0.7 mm. A typical cleaning rate against time curve with
the descriptions for the three cleaning stages, the reptation time
(t,), the cleaning time during the swelling and the uniform stage
(t,,), the constant cleaning rate (R,,), and the critical mass
remaining (m,_) are shown in Figure 3. The slight decrease of
the cleaning rate in the uniform stage might be atributable to
the faster removing of the inlet region of the gel layer caused
by the hydrodynamic disturbance. The swell of the WPC gel
film during the cleaning process could also have some effects
on the calculation of cleaning rate. A repeatability study of the
experiments was conducted and no significant differences were
observed between the cleaning rate curves.

The accuracy of the cleaning experiments is dependent on
the agreement between the total dissolved mass of the WPC gel
calculated using the UV absorbance data (m,,,) and the original
mass of the WPC gel coated on the inside of the tubes (m,). A
ratio between 0.92 and 1.04 was achieved when the Reynolds
number (Re) was below 15,000. If the WPC gel layer is
completely dissolved by the cleaning solution, the value should
be equal to 1. The possible reason for the deviations from this
value might be (1) air bubbles and some impurities in the
cleaning solution affected the UV absorbance measurements;
(2) the WPC gel layer might not have completely dissolved in
the cleaning solution, and some small amount of the WPC gel
layer may be removed as lumps when the gel layer was broken.
In particular, when the Reynolds number was high, the effect of
the shear force would be very significant. Thus the ratio of m,,,
to m, was found to be only 0.75 for Re > 20,000. In this case,
the polymer dissolution—based cleaning model may no longer
be applicable.

Identification of model parameters

A cleaning model combining the polymer dissolution con-
cept and the boundary layer mass-transfer theory has been used
to describe the cleaning process. During the swelling and
uniform stage, the cleaning rate is given by Eq. 9. Four param-
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eters (R
process.

The constant cleaning rate R, is the most important param-
eter. Because the removal of the film was not very uniform
along the tube length, selecting the highest value to be R, is
misleading. Therefore, an average cleaning rate value was
determined from the experimental results using the following
equation

& t., and ¥) are used to characterize the cleaning

m>

R, =— (24)

where m,, and ¢, are the mass removed and the cleaning time
during the uniform stage, respectively.

During the swelling stage, after the cleaning solution con-
tacts with the deposit, a certain delay time, referred to as the
“reptation time,” exists before a finite amount of dissolved
WPC protein becomes measurable in the cleaning solution.
With an accurate on-line measurement of the cleaning kinetics,
Gallot-Lavallée et al. (1982) showed that the initial cleaning
rate is zero. In the study of whey protein deposits cleaning, a
delay before the start of the cleaning process was also observed
(Bird and Fryer, 1991). The theoretical basis of the reptation
time as a function of flow velocity and temperature is not
available. However, at low temperature and low flow velocity,
the reptation time can be roughly observed directly from the
experimental results (as shown in Figure 4). The intercept
values of the lines from the swelling curves with the x-axis may
be recognized as the reptation times.

For a given polymer—solution pair and polymer molecular
weight, it is reasonable to assume a unique value of interfacial
polymer volume fraction at the gel-solution interface (Papanu
and Soane, 1989; Tu and Ouano, 1977). A recent study showed
that the interfacial polymer concentration did not vary signif-
icantly with time during the dissolution process (Devotta et al.,
1995). The product of the molecular weight and the maximum
volume fraction has an approximately constant value and it has
been reported to be about 27,000 daltons for the polystyrene—
MEK system (Graessley, 1974). Using these data as a guide-
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Figure 4. Estimation of reptation time at various temper-
atures from cleaning rate against time plots.
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Figure 5. A typical plot of In[{sR/(R,,, — R)] against time
used to identify the values of £ and t, from the
experimental results.

line, Tu and Ouano (1977) successfully modeled the polysty-
rene dissolution kinetics. During the fouling and cleaning
process, the molecular weight of the disengaged protein is
difficult to estimate. For simplicity, it is assumed that the
dimensionless value ¥ is a constant. By rearranging Eq. 9, a
relationship between s and the reptation time can be expressed
by the following equation

ln< R":M_e R> =&t —1) (25)

Using the measured reptation times at various low temper-
atures (see Figure 4), a simple regression method was used to
identify the value of . For example, using the cleaning rate
data at 45°C, as shown in Figure 4, a plot of In[{)R/(R,, — R)]
against time should give a nearly straight line passing through
the point where ¢ = ¢, when In[{)R/(R,, — R)], providing that an
appropriate value for s was selected (see Figure 5). The min-
imized sum of the square deviations was obtained when an
average i value of 25 = 5 was chosen. The value of s is
independent of &, and subsequently is used in all the other
calculations. After obtaining the value of i, it is also possible
to determine ¢ and ¢, from the same plot, especially when ¢, is
too small to be directly observed from the experimental results
(see Figure 5).

The time at which the decay stage commences is given by
Eq. 18 and the cleaning rate during this stage is given by Eq.
15. The other two parameters m, and k, were used to model the
cleaning progress during the decay cleaning stage. The mass of
the gel layer left at the start of the decay stage is referred to as
the critical mass (m,), and can be used to determine the swell-
ing—uniform cleaning time ¢,,. The critical mass value can be
calculated by the area integration of the cleaning rate curve in
the decay stage, as shown in Figure 3. k, is the rate constant for
the surface area reduction in the decay stage. By rearranging
Eq. 15, the following equation is obtained

AIChE Journal
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Figure 6. Comparison of the experimental and predicted
cleaning results at different temperatures at a
constant Reynolds number (Re = 6080) using
the 0.5 wt % NaOH.

R
IH(F> = kA(t - t:u) (26)

m

The value of k, can be determined from the slope of the plot of
In(R/R,,) against (¢ — t,,).

Effects of temperature and velocity on cleaning

The effect of temperature on the cleaning rate has been
studied at a constant Reynolds number (Re = 6080) at tem-
peratures ranging from 35 to 75°C. The experimental results
are illustrated in Figure 6. The effect of flow velocity (0.09—
0.46 m/s) on the cleaning rate at 65°C is shown in Figure 7. The
model parameters obtained from the analysis of experimental
results are summarized in Tables 1 and 2. The reptation time
(t,) was calculated using the method described in Figure 5. In

25

at 65°C, m,= 621 g/m’

0.09 m/s
0.18 m/s
0.25 m/s
0.37 m/s
0.46 m/s
model prediction

2

Cleaning Rate (g/m’s)
¢ » 0 49 0

1400

600
Cleaning Time (sec)

800 1000 1200

Figure 7. Comparison of the experimental and predicted
cleaning results at different flow velocities at
65°C using the 0.5 wt % NaOH.
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Table 1. Model Parameters Obtained from the Analyses of
Experimental Results Given in Figure 6

Temperature (°C) 35 45 55 65 75
Velocity (m/s) 0.29 0.24 0.21 0.18 0.16
t, (s) 100 40 14 7 2
£ 0.05 0.07 0.11 0.17 0.20
ky(s™h 0.003 0.005 0.007  0.009  0.020
R,, (g/m’s) 0.33 0.48 0.84 1.12 2.07

the analysis of the model parameters, it was found that the
critical mass (m,) was only slightly dependent on temperature
and flow velocity; as a result, the critical mass (m,) may be
taken as a characteristic parameter for a given fouling and
cleaning system. An average critical mass value of 100 g/m>
was determined from the experimental data for the WPC gel
deposits used in this study.

Figures 6 and 7 show that with increasing of the flow
velocity and temperature of the cleaning solution, the cleaning
rate during the swelling and uniform stages was increased and
the cleaning time in the decay stage was reduced. As a result,
the whole cleaning time is reduced. These observations are
consistent with previous cleaning studies (Gillham et al.,
1999).

The relationship between temperature and ¢, (reptation time)
can be expressed as (Peppas and Wu, 1994)

t, o (nlkyT) M$'? @7

where kj is the Boltzmann constant, ¢ is the polymer volume
fraction, 7 is viscosity, and M is the polymer molecular weight
of polymer. Equation 27 suggests that the reptation time gets
shorter with increasing temperature. As can be seen from Table
2, the ¢, values decreased with increasing velocities, which
could be related with the influence of the velocity on the
detachment of the disengaged protein chains from the gel
surface at the gel-solution interface.

It is expected that the values of ¢ increase with increasing
temperature because the protein chains have higher mobility
and larger disengagement rates at higher temperatures. Both
the increased maximum volume fraction of disengaged protein
molecules and mass-transfer coefficient should contribute to a
larger R,, at higher temperatures. The changes of k, with
temperature are possibly attributable to the changes in the
microstructure and the mechanical properties of the fouling
layer with temperature.

The influence of the flow velocity on the cleaning process
was previously noted (Plett, 1985), and the current results
confirm the same trend. If the shear force does not cause the
detachment of the WPC film, the enhancement of the cleaning
with increasing flow velocity would be mainly attributed to the
increase of mass-transfer coefficient in the boundary layer. As
a result, the transport of the disengaged protein molecules back

Table 2. Model Parameters Obtained from the Analyses of
Experimental Results Given in Figure 7

Velocity (m/s) 0.09 0.18 0.25 0.37 0.46

7, (s) 25 7 24 0 0
£ 0.08 0.15 0.16 0.20 0.26
ky s7H 0004 0009 0012 0020 0023
R,, (g/m3s) 0.88 1.21 1.39 1.85 2.07
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Figure 8. Arrhenius plots [In & In R,,, In k,, and In(1/t))
against 1/T] for the WPC gel films treated with
the 0.5 wt % NaOH.

into the bulk cleaning solution would be more efficient at
higher flow velocities, thus giving higher values of R,, and k.

The disengagement rate would be influenced by the action of
the hydrodynamic forces on the polymer chains dangling into
the liquid, so it is expected that & increases with increasing flow
velocity as well. Faster disengagement of polymer chains could
contribute a shorter reptation time.

To evaluate the role of temperature in each cleaning stage,
the temperature-dependent cleaning model parameters [R,,, &,
k4, and (1/t,)] are described using the Arrhenius relationship.
Using the experimental data provided in Table 1, In & In R, In
k4, and In(1/¢,) against 1/T curves were plotted in Figure 8. The
slope of the curves was then used to calculate the apparent
activation energies for the various cleaning stages. The results
are presented in Table 3. In this study, we have assumed the
same controlling mechanism for both uniform and decay stage
cleaning, and that the similar value of apparent activation
energy for both stages is in agreement with our model assump-
tion. The significant larger activation energy value for reptation
time than other parameters indicates a different control mech-
anism.

Although the effects of Reynolds number (or flow velocity)
on the model parameters could be very complex, it was possi-
ble to describe the influence of Reynolds number on the model
parameters with a simple equation using the data provided in
Table 2 because the effects of Reynolds number on the appar-
ent activation energies of the cleaning rate during the whole
cleaning stage are not significant (Gillham et al., 1999; Tu-

Table 3. Model Parameters Used in the Model Predictions
for the Removal of WPC Gel Fouling Deposits

Cleaning Parameter E,
Stage (units) o B (kJ/mol)
Reptation 1/t, (s7") —2.7E+12 1.0E+09 85
Swelling IACED)! 6.5E+03 1.4E+00 33
Uniform R,, (g/m’s) 1.0E+06 1.8E+02 41
Decay ky (s7h —5.6E+02 1.2E+00 38

Note: The units of « and 3 are the same as the parameters of R, &, k,, and 1/¢,.
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Figure 9. Comparison of the experimental and predicted
cleaning results at various temperatures at a
flow velocity of 0.25 m/s.

ladhar et al., 2001). In this study, it is assumed that the apparent
activation energy is independent of Reynolds number. Thus,
the dependency of the model parameters on temperature and
Reynolds number can be defined using the following semiem-
pirical equation

E

a

Y =f(Re)exp<— R7> (28)

where Y represents the model parameters R,,,, & k,, and 1/1,; E,
is the apparent activation energy (J/mol); R, is the molar gas
constant, and it is assumed that this is a linear relationship
between the Reynolds number and Y within the Re number
range used in this study, which is independent of temperature
and defined as

f(Re) = a+ BRe (29)

where « and (3 are the constants.

The comparison between experimental results and model
predictions are provided in Figures 6 and 7. The parameters
used in the model predictions were given in Table 3. To
confirm the validity of the model presented here, a second set
of cleaning experiments were performed at different tempera-
tures ranging from 45 to 85°C, at a constant flow velocity of
0.25 m/s. Using the parameters in Table 3, the cleaning rates
are predicted and compared with the experimental results in
Figure 9. As can be seen from Figure 9, good agreement was
observed.

The constant cleaning rate during the uniform cleaning stage
is one of the most important parameters determining the overall
efficiency of a cleaning process. As shown in Eq. 10, the
constant cleaning rate has been defined as a product of mass-
transfer coefficient and maximum volume fraction. Because the
fluid flow during the whole cleaning process is carried out at a
well-defined condition, identification of the mass-transfer co-
efficient is possible. The maximum volume fraction of disen-
gaged protein molecules cannot be easily estimated because of

AIChE Journal



the lack of the information about the molecular weight of the
disengaged protein chains during the cleaning process. How-
ever, it is reasonable to assume that when the maximum vol-
ume fraction of polymer in the gel-solution interface is
reached, a saturation concentration is also obtained. Thus, the
maximum volume fraction of disengaged protein molecules
can be substituted by the saturation concentration of the WPC
gel in the dissolution-based model. In the case of turbulent flow
through a long, cylindrical pipe with a smooth wall, the con-
stant cleaning rate for a WPC gel was predicted accurately in
our previous cleaning study (Xin et al., 2002b)

pdbl 0.8 7 1/3 DCX
R, = 0.0263(7) <p7D) d

(30)

where D is the mass diffusivity of the disengaged protein
molecules in the boundary layer (m/s?), d is the diameter of the
tube (m), u is flow velocity (m/s), m is the viscosity of the
cleaning solution (Pa s~ '), p is the density of the cleaning
solution (kg/m?), and C, is the saturation concentration (g/m>).

In Figure 10, the experimental constant cleaning rates ob-
served from Figures 6, 7, and 9 were compared with that of the
mass-transfer predictions (Eq. 30) and semiempirical model
predictions (Eq. 28). The good agreement between experimen-
tal and predictive results further confirmed the validity of
cleaning model provided in this study.

Various investigators have reported the apparent activation
energy values ranging from 23 to 80 kJ/mol for the cleaning of
whey protein fouling deposits using alkaline solutions (Bird
and Bartlett, 1995; Gillham et al., 1999; Nagata et al., 1995). In
a recent study, apparent activation energies of 46—50 kJ/mol
for the swelling stage, 43—45 kJ/mol for the decay stage, and
41-42 kJ/mol for the overall cleaning rate have been reported
(Tuladhar, 2001). The agreement between the values of appar-
ent activation energy for the WPC gels and the actual fouling
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Figure 10. Comparison of the experimentally measured
constant cleaning rates with the predicted
ones calculated using the semiempirical
equation and the mass-transfer theory (Eq.
29).
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Figure 11. Comparison of the experimental and pre-
dicted cleaning results with various masses
at a flow velocity of 0.25 m/s and 65°C using
the 0.5 wt. % NaOH.

deposits indicates the similarity of the physical and chemical
properties, as well as the controlling cleaning mechanisms
between the thermally induced WPC gel and whey protein
fouling. In the polymer dissolution process, an activation en-
ergy of 25 kJ/mol has been reported for the dissolution of
poly(methyl methacrylate) films in mixed solvents (Cooper et
al., 1986). The similar activation energy observed in both
polymer dissolution and cleaning study has further confirmed
our cleaning model assumption that disengagement and mass
transfer control the cleaning process when a mechanical re-
moval is not significant.

Effects of the amount of initial deposits on cleaning

Gallot-Lavallée et al. (1982) suggested that the cleaning rate
is a zero-order reaction with respect to the initial mass of the
deposit. Gillham et al. (1999) also showed that during the
uniform stage, the cleaning rate is independent of the amount
of the deposit present as long as swelling of the deposit does
not cause significant duct reduction. Experimental results for
the WPC gel films with different masses (thickness) at a flow
velocity of 0.25 m/s and at 65°C are shown in Figure 11.

It is obvious that the cleaning time became longer with
increasing of the deposits amount. For the WPC gel with the
lowest mass (212 g/m?), the uniform stage does not appear in
the cleaning rate curve attributed to the early onset of the decay
stage. However, the cleaning profiles are almost unaffected by
the mass of the WPC gel films and follow the same trend. The
less-evident starting of the decay stage for 732 g/m* gel film
could be caused by the removal of a piece of gel at the end of
the uniform cleaning stage. Using the parameters in Table 3,
the cleaning rates are predicted and compared with the exper-
imental results in Figure 11. Reasonably good agreement was
obtained. The overprediction of the cleaning times are mainly
caused by use of a smaller value of constant cleaning rate in the
prediction.
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Table 4. Formation Conditions and Properties of the Proteinaceous Fouling Used in Different Cleaning Studies

Condition

Authors

Gillham et al.

Fryer and Bird

Gallot-Lavallée and Lalande

Fluid used for fouling
Formation conditions
Deposit mass

Water content of fouling
Composition of fouling
Monitoring method
Expression for cleaning rate
Cleaning tube

3.5 wt. % WPC
80-87°C at 4600 Re
70-170 g/m? (protein)
58-66 wt %

Mainly protein
Protein assay

Protein

Length 250 mm

ID 16 mm

3 wt % WPC ‘Whole milk
75-95°C at 6000 Re 85°C at 0.6 m/s
100 g/m> 0.05-1.2 kg/m?
30 wt % —

90% protein
Protein assay

60% protein, 30% fat, and 10% minerals
Turbidity measurement

Protein Total mass (protein + water)
Length 100 mm Length 100 mm
ID 6 mm ID 6 mm

Previous Cleaning Results

The cleaning model proposed here is obtained from the
investigation of a model system based on WPC gel films.
Comparing this model system with more realistic experimental
systems reported previously by other researchers would not
only confirm the validity of the cleaning model proposed in this
study, but also make it possible to apply this cleaning model to
realistic protein deposits.

Systematic studies on the cleaning kinetics of whole milk
fouling (Gallot-Lavallée and Lalande, 1985) and whey protein
fouling (Fryer and Bird, 1994; Gillham et al., 1999) have been
presented using the cleaning rate curves. The experimental
methods and properties of proteinaceous fouling in these stud-
ies are summarized in Table 4. Similar to the WPC gel re-
moval, all the cleaning results from previous studies have
shown a typical cleaning rate curve with three well-defined
stages. Using the current model, the data from these previous
studies were analyzed (see Table 5). From Table 5, it can be
seen that the influence of temperature and flow velocity on the
model parameters shows a similar trend as that of WPC gel,
confirming the cleaning mechanism developed to be valid in
more complex and realistic proteinaceous fouling and cleaning
systems.

Although the conditions of fouling and cleaning are quite
different between real milk protein fouling and WPC gel model
fouling, it was found that the apparent activation energies
obtained from this study are still valid for the protein deposits.
The effects of Reynolds number on model parameters were
then calculated according to the results obtained from the
analyses of the experimental curves using Eqgs. 28 and 29. An
average critical mass of 34 g/m?* was estimated for the exper-
imental results of Gillham et al. and Fryer and Bird; and an

average critical mass of 160 g/m* was estimated for the exper-
imental results of Gallot-Lavallée, respectively. Because of the
shortage of the data at the beginning period of cleaning pro-
cess, the reptation time was taken as zero for all the following
predictions. The literature experimental results and model pre-
dictions are compared in Figure 12 (Gallot-Lavallée and La-
lande, 1985), Figure 13 (Gillham et al., 1999), and Figure 14
(Fryer and Bird, 1994). The parameters used for the model
predictions are summarized in Table 6.

The same value of the critical mass identified from each real
fouling and cleaning system suggests that the critical mass may
be taken as a system constant. Because of the lack of reliable
data, especially at the swelling cleaning period, the prediction
could not be very accurate, which may explain the different
a-value obtained for a similar fouling and cleaning system
(Fryer and Bird, 1994; Gillham et al., 1999). The model pa-
rameters used here may be valid only within the experimental
conditions as a result of choosing a simple linear relationship.
More systematic and repeatable data are needed to establish a
more accurate relationship to evaluate the effect of Reynolds
number on model parameters within a wide range of experi-
mental conditions.

The comparison of the constant cleaning rate (R,,) between
cleaning results reported in the literature with that of WPC gels
performed under the same operation conditions could provide
valuable information about the cleaning properties of different
proteinaceous fouling (see Table 5). The similar trend of R,
values observed from the experimental results and the WPC gel
model predictions in all the tested conditions suggest that the
cleaning properties of whey protein fouling and whole milk
fouling formed in their experiments behaved similarly to the
WPC gel used in this study. The larger R,, values in Gillham

Table 5. Model Parameters Obtained from the Analyses of Experimental Results (Figures 12-14) and the Comparison of the
Constant Cleaning Rates

Authors
Parameter Gallot-Lavallée and Lalande Gillham et al. Fryer and Bird

Temperature (°C) 55 75 95 30 50 70 70 70 70
Velocity (m/s) 1.1 1.1 1.1 0.464 0.464 0.464 0.175 0.35 0.525
£ 0.20 0.40 4.00 0.02 0.10 0.17 0.15 0.20 0.30
ky (s7h 0.011 0.041 0.130 0.001 0.011 0.021 0.015 0.018 0.025
m, (g/m*) 160 160 160 34 34 34 34 34 34

mg (g/m?) 290 360 240 103 98 90 94 80 110

R,, (g/m’s)* 2.50 8.00 21.00 0.07 0.22 0.49 0.48 0.76 0.85
R,, (g/m’s)** 2.50 6.73 16.25 0.04 0.13 0.36 0.25 0.32 0.40

*The experimental values.
**Predicted results using the parameters obtained from the WPC gel system.
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Figure 12. Model predictions together with the experi-
mental results reported by Gallot-Lavallée
and Lalande (1985).

and Bird’s experiments indicate that the whey protein fouling
could be more easily removed than could WPC gel fouling
during the uniform cleaning stage. Certainly, in Gallot-La-
vallée’s experiment, using 2 wt % NaOH instead of 0.5 wt %
NaOH as cleaning solutions, and using the turbidity method
instead of the UV absorption method to monitor the cleaning
kinetics may have some effects on the accuracy of interpreting
the cleaning properties of the whole milk fouling deposits.

Conclusions

Understanding the chemical reaction, mass transfer, and
mechanical forces involved in the cleaning process is important
in optimizing a CIP system. Using the WPC gel as a model
material and a rapid continuous UV assay method, a compre-
hensive study of the cleaning of the WPC gel deposits by
NaOH cleaning solutions was conducted. The kinetics of clean-

054 0.5 wt.% NaOH
] A 70°C (m,=90, Re=6520)

7 ® 50 °C (m,=98, Re=4680)

E B30 °C(m,=103, Re=3300)
:'3 0.3 4 —— model prediction (mc=34g/m2)
2
[

T
(=2}

£ 024
c
[}

2
O o4

0.0 ; -

T T T
800 1200 1600

Cleaning time (sec)

T
0 400 2000

Figure 13. Model predictions together with the experi-
mental results reported by Gillham et al.
(1999).
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Figure 14. Model predictions together with the experi-
mental results reported by Fryer and Bird
(1994).

ing have been established and expressed in mathematical
terms. This research has provided insights into the removal
mechanism of milk protein deposits from the metal surface
under various experimental conditions.

Dissolution of the protein fouling deposits in alkaline solu-
tions plays the major role in the removal of WPC gel deposits.
The governing factor is the balance between the rate of gen-
erating the dissolvable protein molecules at the gel-solution
interface and the rate of removing these molecules from this
interface. This study suggests that the disengagement of protein
molecules from the swollen gel-solution interface and the
transfer of these disengaged protein molecules back into the
bulk cleaning solutions are the controlling cleaning mecha-
nisms. It has also introduced a useful model material and a
monitoring method for studying cleaning kinetics.

Based on polymer dissolution theory and the concept of
fundamental mass transfer, a cleaning model was developed for
estimating the cleaning rate and cleaning time for protein-
aceous fouling. Various processes, such as reptation, disen-
gagement, mass transfer through the boundary layer, and sur-
face area changes were taken into account in the modeling
process. The experimental results and model predictions sup-
port the modeling concepts used. The successful use of this
model in literature cleaning results shows that this new math-
ematical model can be applied in a real fouling and cleaning
process.

Several researchers have reported that both mechanical and
dissolution mechanisms are involved in the removal of con-
taminant films (Harriott and Hamilton, 1965; Jennings, 1965).
The current dissolution model does not account for the role of
shear in removing large aggregates. However, the model pro-
vides a good foundation for further studies on the cleaning
mechanisms of protein-based milk fouling.
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Table 6. Model Parameters Used in Prediction for the Literature Cleaning Results Provided in Figures 12, 13, and 14

Authors

Gallot-Lavallée and Lalande

Gillham et al. Fryer and Bird

Parameter o B o B a B
EG™H —1.5E+05 5.6 7.7E+02 23 6.3E+03 2.8
R, (¢

m’s) 1.0E+06 187 7.0E+05 34 4.8E+05 108
ky 571 —1.5E+04 0.88 6.5E+03 1.1 6.4E+03 14
Re range 32,000-58,000 3300-6520 2540-7600

Note: The same apparent activation energies as that of WPC gels have been used; the unit of « and 8 are the same as the parameters of R, &, k,, and 1/1,.

Notation

A = surface area of deposits, m?
A, = deposit surface area left in decay stage, m>
AL, = total surface area covered by the protein film, m2
C, = the saturation concentration, g/m3
d = diameter of a stainless steel tube, m
D = mass diffusivity of the disengaged protein molecules, m/s*
E, = the apparent activation energy, kJ/mol
f(Re) = linear function between Reynolds number and model parameters
(Eq. 28)
k = a reaction rate
k, = the first-order rate constant for the surface area reduction (Eq.
12), s7!
kg = Boltzmann constant
ky = disengagement rate constant (Eq. 3), s~
k4 = mass-transfer coefficient (Eq. 1), g/m?s
m = mass removed, g
m, = critical mass, g/m?
m, = original deposit mass, g/m*
m, = total mass removed during uniform stage, g/m*
mg, = total mass removed during swelling and uniform stage, g/m>
m,, = dissolved mass calculated using the UV absorbance data, g/m”
M = molecular weight, dalton
R = cleaning rate, g/m?s
R, = ideal gas constant, J/mol K
Re = Reynolds number
R,, = constant cleaning rate, g/m’s
T = absolute temperature, K
t, = cleaning time in decay stage, s
t. = reptation time, s
t,, = sum of cleaning times in swelling and uniform stage, s
t, = total cleaning time, s
t, = cleaning time in uniform stage, s
= flow velocity, m/s
symbol of model parameters (Eq. 28)

~ =
Il

Greek letters

= a constant (Eq. 29)
= a constant (Eq. 29)
density of the cleaning solution, kg/m?
= volume fraction of the disengaged protein molecules gel-solution
interface (Eq. 1)
¢, = volume fraction of the disengaged protein molecules in the bulk
cleaning solution (Eq. 1)
¢,, = maximum volume fraction of the disengaged protein molecules
(Eq. 4)
¢, = volume fraction of the tangling protein chains at the solution side
of gel-solution interface at the time ¢ = ¢, (Eq. 7)
1 = viscosity, Pa s~
& = kinetic constant (Eq. 4), s~
Y = dimensionless parameter (Eq. 8)

S o ™R
Il

1
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