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The emptying of product from process plant is a significant multiphase flow problem in food and personal care indus-
tries, controlling both product recovery, and cleaning time. Product and operational losses can be significant, especially
with viscous products. It is necessary to maximize product recovery while minimizing cleaning time and effluent volume.
The removal of a range of products from fully filled pipework using water has been characterized and monitored by
weighing pipes at intervals and by inline turbidity probe. Data is presented for a range of products (toothpaste, hand
cream, apple sauce, yoghurt, and shower gel) that have been cleaned from two pipe systems. The data can be fitted by
a linear relationship between a dimensionless cleaning time, and the ratio of the product yield stress to the surface
shear stress. The effect of pipe fittings is to reduce cleaning times, reflecting increased shear/energy dissipation in the
pipe. © 2018 The Authors AIChE Journal published by Wiley Periodicals, Inc. on behalf of American Institute of

Chemical Engineers AIChE J, 64: 1517-1527, 2018

Keywords: cleaning, product recovery, food and personal care, yield stress

Introduction
Cleaning problems in industry

Fouling of processing equipment is a severe industrial prob-
lem. Cleaning is necessary to ensure process efficiency and
equipment hygiene, and at plant changeover to remove one
product before processing of another starts. Generally, the fast-
moving consumer goods (FMCG) industry (including pharma-
ceutical, food, and personal products) operates cleaning-in-
place (CIP) processes; these are automated systems that rinse
and recirculate cleaning fluids through the equipment.’ In these
industries frequent cleaning is needed, so the economic impact
of cleaning can be major in terms of energy used and produc-
tion time lost. There is a need to minimize waste and energy
during cleaning, reflecting the requirement to minimize the
environmental impact of processes; this will require efficient
ways of quantifying and controlling cleaning.2 For plants in
which multiple products are made, significant losses can result
at changeover; product that fills tanks and pipework has to be
removed, and little can be reused as product.

Fryer and Asteriadou® categorized cleaning problems in a
matrix where fouling materials can be characterized and iden-
tified according to cleaning type. Three classes of problem
were highlighted;
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e Type 1 soil: residue of very viscous or viscoplastic fluids
that can be removed by the action of water alone; this is
essentially a physical cleaning process.

e Type 2 soil: biological films which require biocides to kill
adhered organisms as well as fluid action for surface
removal;

e Type 3 soil: deposits which require hot cleaning chemical
to effect removal, and thus involve both physical and chemi-
cal cleaning effects.

This classification allows different experiments to be com-
pared, hopefully leading to greater understanding of the prob-
lem.* A number of studies have looked at mm-scale deposits.
Product changeover can involve Type 1 removal of product that
forms centimeter-thick product layers on tank surfaces and
completely fills pipework. Examples include, ready meals, and
starch-based sauces (tomato paste, mustard®) confectionary flu-
ids (milk chocolate, creams, glucose, custards, caramels, and
etc.), yoghurt,6 and personal care products; shampoos,” and
toothpastes.> Removal here is fluid mechanically driven, and
the aim of research is to obtain ways in which cleaning time can
be predicted from the product rheology and process geometry.

Removal of Type 1 material from process equipment
involves two stages;

e product recovery—prior to cleaning, in which water is
used to push product out from the plant. Thus, this stage is
one of liquid-liquid displacement; ensuring that equipment
be emptied as effectively as possible with water.

e cleaning—removal of the remaining product by rinsing
with water that is then discarded. It is possible that a further
disinfection stage might be needed using chemical to ensure
sterility—in this article, “clean” refers to visual cleanliness,
with no deposit visible on the surface.
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Significant losses can occur when changing between prod-
ucts on a multiuse process line. Most plants use water,
although methods such as ice-pigging can reduce losses.'®
Identifying the break-through point where water is found at
the plant exit is critical. Wiklund et al.'" used ultrasound (rhe-
ometry) to identify the interface between fluids in laminar
pipe flow (syrups, oils, and dairy products—créme fraiche,
and yoghurt), while others®’ used electrical resistance tomog-
raphy (ERT) to identify the displacement of fluids (yoghurt
and shampoo, respectively) in turbulent flows.

Generally, attention in the literature has been given to either
product displacementlz*l4 to maximize product recovery, or
the removal (cleaning) of residual product.ls*zo The modeling
problem, predicting the flow behavior of a high-viscosity plug,
and the removal of a bound product layer, is very complex.
Here, we consider the case of removing highly viscous fluids
from a simple geometry, a pipe.

Emptying of tipes filled with type 1 deposit

The product recovery stage involves passage of water through
the system removing the product core (at the center line of the
pipe), typically leaving a thick annular layer on the pipe wall.®’
Palabiyik et al’ developed a method for monitoring emptying of
filled pipework by successive weighing and observing the pipe
at intervals, and found three stages of removal:

e A rapid core removal regime (duration comparable to the
residence time of water in the pipe), at the end of which
water is seen at the end of the pipe. Under the tested condi-
tion, about half of the material was removed as a plug that
could be recovered and reused. Further rinsing completely
removed the annular film by two regimes:

e Product film thinning: the continuous annular layer of
toothpaste on the pipe wall is eroded (until ca. 1000 s); fol-
lowing exponential behavior, first order in deposit mass.

e Patch removal: (here > 1000 s) the continuous toothpaste
film was broken and patches were observed on the inner
pipe surface that gradually erode away with further rinsing.

Conditions in the core removal stage can impact the profile
of the film which remains (smooth or comparatively wavy
films)” inducing patches of different sizes in the later cleaning
stages. Removal of these patches dictates the cleaning time,
perhaps due to increased friction (and energy loss) in the pres-
ence of a wavy residual film. Similar behavior was seen in
removal of oil from tubes.?!

Correlations and models for removal

Predicting cleaning times is difficult, because of the complex-
ity of the flows in real equipment. Empirical rules of thumb are
widespread (such as the statement that a cleaning flow of at least
1.5 m/s is needed for efficient cleaning). Various studies have
used Reynolds number and wall shear stress (t,,) as correlating
parameters to describe cleaning times with fairly good relation-
ship. Mickaily and Middleman®* used surface shear as the basis
for a simple model that predicted cleaning of oil films; shear
stress has been used to correlate biofilm removal,”>** and CFD
has been used to predict shear forces on wall-bound bacteria.”
Wilson et al'® have shown elegant solutions for the cleaning of
thin layers in tanks, we seek similar approaches for pipe flows.

For pipes, data for the cleaning of toothpaste from 2" pipe-
work using 20°C water has been presented,® and the overall
cleaning time (7.) correlates with both Reynolds number and
wall shear stress
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Huo et al’ studied the removal of shampoo (using cold water)
from 1.5” geometries (1) a 0.5D down stand (dead leg), (2) an
expansion (2.5”; 22 mm L), (3) 90° bend, (4) butterfly valve
by visual observation and using ERT. Apart from the dead leg,
they found cleaning time for the various geometries correlated
with wall shear stress:

f.= 189.56¢, 0834 2)

The dead leg was comparatively hard to clean, as also
observed® for cleaning of mustard from a variable depth dead
leg. Areas which were exposed to very low velocities were
always last to clean. Increasing flow velocity revealed only
small increases in the local velocity values of these last to
clean areas. Hou et al.,” also observed repeatable location of
the last to clean area irrespective of the CIP water flow rate.

Studies of more complicated geometries including valves,
reveal t,, is not the sole parameter to affect cleaning, but
rather 7, and the nature and magnitude of recirculation zones
in a given geometry. Efficient rinsing could be achieved when
the critical wall shear stress for cleaning was not exceeded.”®
In fact, valves have been observed to clean more quickly than
straight pipes, expansions and 90° bends.”***’ This is likely to
be due to different geometries imposing greater turbulence
and energy loss in the flow than straight pipes.

The aim of this work is to study the effect of shear stress
systematically on a range of real process fluids, using the
method presented by Palabiyik et al.” The experiments have
used six different fluids and two length scales spanning lab to
pilot scale. The relationship between cleaning time, Reynolds
number, and shear stress has been studied in detail.

Materials and Methods
Experimental apparatus

Before any cleaning experiment, the test pipe was manually
filled (vertically) with the study material. Products used were
largely nonperishable so the order of investigation could be
completely randomized. Between individual cleaning runs a
blank pipe could be substituted and the system completely
rinsed. Two cleaning configurations were used:

Lab Scale. A schematic of the lab scale experimental rig
is shown in Figure la. The details and the operation of the rig
were given in Palabiyik et al.” The rig comprises a water tank,
a flow transmitter (PD 340, Process Data, Denmark), a con-
ductivity and temperature transmitter (LMITO8, Ecolab, Ger-
many) at the return and a centrifugal pump (Alfa Laval,
Denmark) to supply water to the pipework system (capable of
transferring up to 3.8 m® h™"). The pipe section investigated
was a 1 m length section of 23.9 mm ID pipe rinsed in hori-
zontal position. Flow velocities and temperatures used were in
the range of 0.5-2.6 m s~ ' and 20 to 70°C, respectively, (Re:
10360-58720; ty: 0.8-17.9 Pa).

Pilot Scale. This has been described previously.7’28 The
plant comprises a series of water tanks, a centrifugal pump
(capable of transferring up to 20 m® h™!) (Alfa Laval, Den-
mark), a routing valve assembly, plate heat exchanger (GEA,
Germany), and various transmitters including flow rate (Pro-
mag 51P, Endress-Hauser, Germany), conductivity, tempera-
ture (LMIT 08, Ecolab, Germany) and turbidity (Kemtrak
TCO007, Optek TF16). The pipe sections investigated were
0.5 m length (or 0.3 m length used in conjunction with fittings;
see Figure 7 of 47.7 mm ID rinsed in horizontal position. Flow
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Figure 1. Schematic representation of (a) the laboratory scale cleaning rig and (b) the pilot scale cleaning system

(ID: internal diameter).

velocities and temperatures were in the range 1-2.5m s~ ' and
20-70°C, respectively (Re: 44970-102800; t,: 2.8-12.0 Pa).

In all geometries, experiments were carried out to confirm
that the inlet length before the test section was long enough to
avoid flow disturbances. Surface shear stresses (t,,) in the
clean system were estimated by the Blasius equation, for tur-
bulent flows:

1
rw:cf.szZ 3)
Where
¢;=0.079Re 0% 4)
UD
Re =" 5)
u

where D is the clean pipe internal diameter (ID) and p, U, and
w are the density, velocity, and viscosity, respectively, of the
cleaning water. These stresses are obviously at the lower
bound in a partly filled pipe, but the surface shear will
approach clean pipe values at the end of cleaning.

Rheology

Various Type 1 materials with a range of rheologies were
investigated:
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1. Toothpaste supplied by GSK (UK).

2. Toothpaste diluted with water was used to generate dif-
ferent soils with different yield stress values. This was done
by mixing a prescribed amount of water and toothpaste for
at least 5 min. Foamed samples were left for at least 24 h
before use in any experiment to decrease any error caused
by the air bubbles. Hand cream was also tested at 70°C to
give a material with a reduced yield stress.

3. Hand cream supplied by GSK (UK).

4. Shampoo and shower gel supplied by Unilever (UK).

5. Glucose syrup supplied by Cadbury (UK). Containing:
19% glucose, 14% maltose, 11% maltotriose, and 56%
higher molecular mass carbohydrates.

6. Apple sauce (Bramwells) and yoghurt (Broklea, low fat
Greek Style) purchased from the local market (UK).

Table 1 summarizes the rheological type, yield stress val-
ues, and viscosity (at 15 s~ 1) of all materials studied. The rhe-
ological behavior of each material was first determined using
an AR1000 rheometer (TA Instruments, UK), using 40 mm
diameter, stainless steel plate geometry with 250 um gap
between the stage and the plate. Figures 2a, b shows the rheo-
logical behavior (shear rate vs. shear stress and viscosity,
respectively) of each material at 20°C. Hand cream tested at
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Table 1. Rheology Type, Viscosity, Yield Stress, and Cleaning Time of Materials Tested at 20°C. Values for hand cream tested
at 70°C are also shown

1

Material Material Type Yield Stress (Pa) Viscosity (Pa s) at 15 s~ Cleaning Time (s)
Shower gel Herschel-Bulkley 23+ 1 3+0.1 80+ 10
Glucose Newtonian 0 702 25*5
Hand cream Herschel-Bulkley 165 4 12=*1 1200 = 150
Yoghurt Herschel-Bulkley 145*0.5 1.7%0.1 14=*5
Apple sauce Herschel-Bulkley 12+0.5 8+0.5 125
Shampoo Shear thinning 0 6.2+0.5 20*5
100% toothpaste Herschel-Bulkley 203 =5 241 1000 = 100
90% toothpaste Herschel-Bulkley 126 =4 161 650 = 50
80% toothpaste Herschel-Bulkley 732 6+0.1 430 += 40
70% toothpaste Herschel-Bulkley 52*2 5.8+0.1 220 *+ 25
60% toothpaste Herschel-Bulkley 35+1 4+0.1 130 £ 15
50% toothpaste Herschel-Bulkley 13*£0.5 2+0.1 25*5
Hand cream at 70°C Herschel-Bulkley 26+ 1 0.8*0.1 100 £ 15

70°C is also shown. Most of the materials are shear-thinning,
and show a rapid decrease of shear stress at near zero shear
rate suggesting Herschel-Bulkley-type behavior. Only glucose
syrup shows Newtonian behavior, while the shampoo shear
thins with the applied shear and it has no yield stress.

To quantify the material yield stress, oscillatory stress
sweeps were performed at an angular frequency of 6.283 rad
s 1 (1 Hz) and the stage held at 20°C (also the predominant
water temperature used in rinsing experiments). Figure 2c
shows an example of yield stress determined for 80% diluted
toothpaste at 20°C and hand cream at 70°C. If the elastic mod-
ulus (G') is higher than the viscous modulus (G”) the material
is predominantly elastic, but if G” > G’, the material shows
predominantly viscous behavior. The crossover points of these
parameters (G’ = G”) (the ‘“characteristic modulus”) is an
approximate measure of the yield stress value. Methods for
measuring yield stress are reviewed by Dinkgreve et al.,”” who
conclude that the G'/G” crossover is an effective measure.

Monitoring methods

Weight analysis of the pipe and a turbidity meter were used
to monitor the cleaning process:

Weight Analysis. A simple lab scale experimental method
was developed9 to monitor removal. At intervals during clean-
ing, the flow was by-passed and the pipe removed and
weighed, so the weight of material in the pipe could be
known—the reproducibility and accuracy (*0.5 g) of the
method is detailed.” The use of a balance that could account
for the pipe weight meant that the error could not be reduced.
So, the error measured as a portion of the remaining product
mass increases towards the end of cleaning (as the amount of
material remaining decreases)—this is reflected in high error
bars in weight near the end point. The “end-point” was defined
by a remaining mass fraction of 0.002, which gives an error of
ca. 60 s in the determination of total cleaning time. The errors
in time measurement are on the order = 1 s (the lag between
seeing the stopwatch and closing the valve). At pilot scale the
same procedure was applied, but it was unsafe to use the by-
pass loop while the pump was running, so pipes were viewed
at 30 s intervals during the later stages of cleaning. Therefore,
the maximum error in cleaning time at pilot scale was = 30 s.

Turbidity. The turbidity meter (Optek) detects light scat-
tered from particles (trace suspended solids, undissolved liquids,
or gas bubbles) in the liquid. It gives a ppm response during
cleaning. Although insensitive in the initial stages of cleaning, it
gives a measure of the end of cleaning without disturbing the
experiment.® Unless stated, a numerical reading of 4 ppm was
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chosen to compare cleaning effectiveness of the experiments. It
is at the low end of the scale for this measurement, outside the
area where electrical noise affects the signal (-2 to +2 ppm).
When pipes were inspected, this value on the turbidity meter
corresponded to ca. 0.2% of starting weight remaining.

Results and Discussion
The effect of deposit rheology on cleaning behavior

The effect of deposit rheology on the cleaning behavior of
deposits has been compared for three materials with three dif-
ferent rheologies: shampoo (shear thinning), glucose syrup
(Newtonian), and 70% diluted toothpaste (Herschel-Bulkley).
Glucose and shampoo are predominantly viscous, while up to a
shear stress of 50 Pa, toothpaste is predominantly elastic
(G' > G”). Figure 3 shows the mass fraction left on the pipe sur-
face as a function of time, around 90% of the total amount of
shampoo and glucose syrup in the pipe is removed in the prod-
uct recovery stage. The amount of toothpaste removed from the
pipe wall after the product recovery is less than this (ca. 80%).
Of the three materials shown in Figure 3, 70% diluted tooth-
paste has the longest cleaning time due to the existence of a
very slow patch removal stage observed between cleaning at
280-600 s. The shear thinning deposit (shampoo) cleans faster
than the Newtonian deposit (glucose syrup). This may be due to
the decreasing viscosity of the shampoo with increased shear.

The effect of deposit rheology on cleaning time

To identify effects of viscosity and yield stress, the cleaning of
thirteen different materials from a pilot scale straight pipe was
investigated at 1.5 m/s~', 20°C. Material rheology, parameters,
and obtained cleaning times are shown in Table 1. As shown in
Table 1 (and Figure 2), the materials show different rheologies:
Newtonian, Herschel-Bulkley and shear thinning behavior.
Toothpaste is diluted with water to give different weight-percent
soils with different rheologies. To relate their cleaning time with
their rheologies, cleaning times of materials are plotted both
against their viscosity and yield stress values in Figures 3b, c.
The inline turbidity probe was used here to find cleaning times.
Observation of the process shows that zero-yield stress deposits
simply flow out of the pipe, thus their removal is more rapid than
systems that show a yield stress. The patch removal stage is not
observed in the cleaning of these materials. However, materials
that show a yield stress are removed by fracturing and finally
slow erosion. This removal mode of yield stress deposits shows
similarities with that of more complex soils such as whey pro-
tein, milk, mineral deposits, and biofilms.*
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Figure 3b shows the cleaning time of each material vs. its
viscosity. A shear rate of 15 s~ was chosen to rank the mate-
rials in the order of their viscosity values—rheological data
(not shown) shows that in the shear rate range of 10-100 s !
the viscosities of all materials are in the same order. Cleaning
times as a function of material viscosity reveals a scatter of
data points, which do not show any clear relationship. For

AIChE Journal May 2018 Vol. 64, No. 5

Published on behalf of the AIChE

example, in Figure 3b, although glucose syrup has the highest
viscosity of the studied materials (70 Pa s), its removal time
from the pipe is only 25 £ 5 s. This rapid cleaning time is not
due to dissolution; glucose took more than 300 s to dissolve in
water at 20°C by rigorous manual mixing. Hand cream has a
moderate viscosity value of 12 Pa s but has the highest clean-
ing time of 1200 = 150 s. In contrast, plotting cleaning times
with respect to material yield stress shown in Figure 3¢ shows
a relatively good linear relationship. This suggests that the
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Figure 3. (a) Mass fraction of material left on the pipe
vs. rinsing time studied in 1 m, 0.024 m ID
pipe at 0.55 m/s~'; 20°C; (b) Cleaning time
vs. viscosities of deposits at a shear rate of
15 s~ ', (data from Table 1); (c) Cleaning time
vs. yield stress of deposits, (data from Table
1); (b),(c) Cleaning was done at 1.5 m/s™ 7,
20°C from 0.0477 m diameter pipe (pilot
scale). Yield stress and viscosity values were
obtained at 20°C. The exception is hand
cream cleaned at 70°C, for which viscosity
and yield stress values found at 70°C.
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yield stress of a material rather than its viscosity affect the
cleaning time.

To assess the individual effects of yield stress of a material
and temperature of rinsing water on the cleaning process, the
rinsing of undiluted toothpaste at different temperatures was
compared with the rinsing of diluted toothpaste using the
weight measurement method. Different temperatures (15, 20,
30, 50°C) were used to match deposit viscosities. Rheology
tests were performed to identify the yield stress of the tested
toothpaste samples, which are;

e (undiluted) toothpaste at 15°C; yield stress 203 = 5 Pa.
e 60% diluted toothpaste at 20°C; yield stress 35 = 1 Pa.
e (undiluted) toothpaste at 30°C; yield stress 146 * 4 Pa.
e 90% diluted toothpaste at 20°C; yield stress 126 = 4 Pa.
e (undiluted) toothpaste at 50°C; yield stress 75 * 2 Pa.

e 80% diluted toothpaste at 20°C; yield stress 73 = 2 Pa.

Cleaning was performed at the corresponding temperatures
at which yield stresses are determined, at the same water flow
velocity of 0.55 m/s ™' throughout product recovery and clean-
ing. Figure 4a shows the mass of deposits left on the pipe wall
during cleaning. The data shows that yield stresses and
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Figure 4. (a) Mass left on pipe wall vs. time graph of
deposits studied in 0.0239 m diameter pipe
at 0.55 m s~ '. Product recovery is done at
the same conditions in all experiments
(0.55 m s~ and 20°C); (b) Cleaning profiles of
undiluted toothpaste at 50°C and 80% diluted
toothpaste at 20°C (both 0.55 m s~ ') plotted
in linear and logarithmic scale. Each data
point is averaged from at least two experi-
ments and the maximum and minimum val-
ues are plotted as error bars.
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cleaning profiles match well: the higher the yield stress of a
deposit, the slower the cleaning rate and the longer the clean-
ing time. The difference between the fastest and slowest clean-
ing times is between 300 and 2200 seconds, a ratio of 7.3
compared to a ratio of yield stresses of 5.8. Similar trends are
observed for materials with similar yield stresses; for example,
(1) 90% diluted toothpaste cleaned at 20°C and undiluted
toothpaste cleaned at 30°C, (cleaning times of ca. 1400 s) and
(2) 80% diluted toothpaste cleaned at 20°C and undiluted
toothpaste cleaned at 50°C (cleaning times of ca. 700 s).

To analyze how cleaning of these deposits happens in the fully
filled pipes, cleaning profiles of 80% diluted toothpaste cleaned at
20°C and undiluted toothpaste cleaned at 50°C are plotted on both
log and linear scale in Figure 4b, which shows that substantially
less material is left (125 g, i.e., 22 wt % of the initial amount) for
80% diluted toothpaste compared to the undiluted toothpaste after
the product recovery stage, probably as a result of the higher tem-
perature. However, the amount of deposit left after the product
recovery stage does not affect the cleaning time. The cleaning of
fully filled pipes is controlled by the cleaning of patches that com-
prise ca. 2% (ca. 10 g) of the total mass in the pipe (ca. 450 g).

This again suggests that yield stress is a predictor of the
cleaning time.

Cleaning at different length scales

The Effect of Flow Velocity. To investigate the effect of
flow velocity on cleaning, experiments have been done to
study similar ranges of water flow velocity at lab and pilot
scale pipes. Figure 5a shows cleaning time of hand cream plot-
ted against the water velocity during cleaning for both scales.
The data clearly illustrates that cleaning at an increased flow
velocity decreases the cleaning time, and that cleaning hap-
pens substantially faster at the lab scale; decreasing the diame-
ter of the pipe causes more rapid cleaning. For instance, at the
same velocity of 1 m s~!, the lab scale pipe is cleaned at
800 = 20 s, while pilot scale pipe is cleaned at 3420 = 240 s.

The Effect of Reynolds Number. Figure 5b shows cleaning
time plotted against Reynolds number for both length scales.
The small-scale pipe again cleans significantly faster than the
pilot scale pipe at the same Reynolds number. For instance, at
Re =42000, the lab scale pipe is cleaned at 120 = 20 s, while
the pilot scale pipe is cleaned at 3420 = 240 s.

The Effect of Wall Shear Stress. Figure 5c shows the rela-
tion between cleaning time and wall shear stress which is con-
sidered the most relevant variable to cleaning. It shows that
cleaning times are shorter in the lab scale pipe, for instance,
cleaning times are 375 = 60 s and 730 = 90 s for lab and pilot
scale pipes, respectively, at the same wall shear stress, 5.8 Pa.
But although the differences in cleaning times for both scales
are smaller than those for Reynolds Number and velocity, still
it takes double the time to clean the larger diameter pipe than
the smaller diameter pipe at the same wall shear stress.

For all three parameters, cleaning rate in the lab scale pipe
is faster than that in the pilot scale pipe. The effects shown
here demonstrate the difficulty in giving advice on “optimal”
cleaning conditions. For example, it is commonly quoted that
a flow velocity of at least 1.5 m s~ ! is required for satisfactory
cleaning. It is clear that velocity alone cannot define cleaning.
For chemical cleaning, it has been suggested that increasing
the Reynolds number increased the cleaning rate by decreasing
the boundary layer thickness. Here, however, cleaning hap-
pens much faster in the lab scale experiments despite having
much lower Reynolds numbers.
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Figure 5. Cleaning time of hand cream at different
length scales (pilot scale pipe—0.5 m [ID
0.0477 m], lab scale pipe—1 m [ID
0.0239 m]); (a) cleaning time as a function of
velocity, (b) cleaning time as a function of
cleaning fluid Reynolds number, (a) cleaning
time as a function of wall shear stress.

Dimensional Analysis: A Master Curve for
Cleaning

Correlation of data

The data has shown the effect of a series of flow parameters
on the cleaning of a range of Type 1 materials. It is clear that
deposit yield stress is a better descriptor of the cleaning pro-
cess than material viscosity, and that neither flow velocity or
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Reynolds number can correlate data effectively on their own.
Dimensional analysis suggests that if the six variables:

=1(p,U,p, L, D, 1) ©)

in which

t. = cleaning time

p = cleaning fluid density

u= cleaning fluid viscosity

L, D = tube length and diameter

1., = deposit yield stress
are used, then three dimensionless groups result. The first is
the Reynolds number for the cleaning fluid as in Eq. 5. Yield
stress can be made dimensionless using density and velocity

_pU?
Ty

¢ !
The cleaning time is known not to be a function of the tube
length,9 but is clearly a function of the diameter, so

U
0=t.— 8
D (3)
is a possible way to make the cleaning time dimensionless.
This can be considered also as
LU tL
O=t7 +=-= ©
D L D
where tg = L/U is the mean residence time of the cleaning
fluid in the pipe, and (L/D) is the aspect ratio of the pipe.
Equation 7 is analogous to the friction factor equation
already used to estimate the surface shear stress (in Eqs. 4 and
5), and so the dimensionless group can also be written as

Ty = 2 (10)
Ty

in which the wall shear stress is determined from Eq. 4; Eq. 10
thus includes the Reynolds number.

Figure 6a shows the data for cleaning times of toothpaste
and hand cream at the two length scales for the ratio Ty, show-
ing that this dimensional group alone does not lead to correla-
tion. Data for the two scales lies on different lines. Figure 6b
shows dimensionless cleaning time data for cleaning times of
toothpaste and hand cream at the two length scales for the ratio
Ty, showing that the data collapses onto a straight line save at
very low Ty.

Finally, in Figure 6c all the data of Tables 1 and 2 is plotted
in terms of 0 vs. Ty. The data now falls on the same straight
line

0=636Ty+2630 an

Over the range 500 < 0 < 10000, 2 < Ty < 100, the data fol-
lows a good straight line with regression coefficient R* = 0.94
for the best fit (in the least-squares sense). The best fit has been
found by minimizing a weighted sum of the squared errors (bis-
quare function, Matlab) to reduce the effect of outlier values at
very high 0. The data spans two orders of magnitude in both
dimensionless cleaning time and shear stress ratio. The data is
constructed of the different experimental groups, shown in
Tables 1 and 2. There is one outlier at very low flow rate and
high 0. The individual datasets for toothpaste and hand cream
are shown in Figure 6b, fitting a straight line

0=591Ty+4309(R* = 0.94) (12)

DOI 10.1002/aic 1523



(o Hand cream lab scale

1[ © Hand cream pilot scale

|| * Toothpaste lab scale ]
e [l = Toothpaste pilot scale i
@ |
- 3
0]

3
£ 103} i id
[@)] ! [} I §
£ [ . ‘i ]
c |
g | : s i
o | ¢ i
: e
107 43
i ‘ . .
20 40 60 80 100
TIT
y w

Hand cream lab scale | |
Hand cream pilot scale
Toothpaste lab scale
Toothpaste pilot scale

="
m & o O

20 40 60 80 100

T |
y w
(C) x10*

6.

b

4

= |

3..

2,

1_

0_. 1 1 1 L _

0 20 40 60 80 100

Tfr
y w

Figure 6. (a). Cleaning time vs. Ty (dimensionless yield
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0.0239 m)]).
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This result suggests that the ratio of yield to wall stress is suffi-
cient to correlate cleaning behavior, and that the relationship
between cleaning time and shear stress can be a relatively sim-
ple one. It is however interesting that the numerical value of
Ty > 1; the yield stress is always greater than the shear stress.

The effect of flow geometry

Equation 11 was developed using conditions of developed
pipe flow, that is, where the flow is stable. In real plant, this is
rarely the case, owing to the presence of bends, pipe fittings,
pumps, and valves. Some exploratory experiments were done to
investigate the effect of different pipe conditions. In simple
plant design, the effect of pipe bends and fitting on pressure
drop is generally expressed by the following empirical equation

2
AP =K % (13)
where K is the resistance coefficient and depends on the type
of the fitting and U (m s~ 1) is the mean flow velocity in the
test section, that is, the section upstream of the test section.
Therefore, additional turbulence occurs inside or just after fit-
tings which may affect cleaning.

To study the effect of turbulence on removal, the straight
pipe test section was positioned after various fittings in pilot
plant scale and cleaned. Figure 7a shows the pipe configura-
tions used. The 0.3 m (6.25 D) straight pipe was used as the
test section here, and K-values for these configurations are
shown in Table 3.3' The protocol followed was;

e initial product recovery was done using configuration 7(d)
to get an even layer of material for each experiment, with a
water velocity of 2.45 m/s” ' at 20°C. All experiments used
pipes that had been cored out under these conditions, with
0.18 £0.01 wt fraction of toothpaste left on the wall. Striped
area represents the test section.

e The setup was then changed to study cleaning of the test
section (0.3 m pipe; 0.047 m D) in each configuration,
shown in Figure 7;

e Test section pipe (6.25D) positioned after a 90° bend with
radius = 2D.

e Test section positioned after three 90° bends (r = 2D) used
to create a 180° bend (r=4D) with an inverted 90° bend
(r =2D) in the same plane.

e Test section pipe positioned after a tee with branched flow
and dead leg (length 1.25D).

e Test section positioned after the 31.0D length of straight
pipe (r =0.5D).

e Test section positioned after the 20.8D length of straight
pipe (r =0.25D) connected to an expansion joint (2.5 D in
length with a trajectory of 13° from the center line on the
0.5 D pipe).

All cleaning used the same conditions, 1.5 m s ! at 20°C.
Experiments were done at least in duplicate. The weight analy-
sis method was used to detect cleaning end-point.

Figure 8 illustrates the effect of turbulence caused by flow
through fittings on cleaning, by showing weight fraction left in
the straight pipe placed after various fittings with time. The Fig-
ure shows that the addition of different flow configurations
affects the cleaning time. The data is plotted as a function of the
dimensionless group KUzp/2ry, that is, a measure of pressure
drop/shear induced by the fittings. U= 1.5 m s~ ' except save
for the case (e) where the velocity in the narrow pipe is used.
Cleaning time is plotted against the dimensionless ratio of pres-
sure loss due to fittings to yield stress of the deposit in Figure 8.
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Table 2. Cleaning of Toothpaste and Hand Cream at Different Velocities from Lab and Pilot Scale Pipes

Flow Velocity Cleaning Time (s) of Hand Flow Velocity Cleaning Time (s) of
Pipe ID (m) (msh Cream (1 = 165 Pa) (msh Toothpaste (7 =203 Pa)
0.0239 0.84 1200 £ 120 0.84 1590 = 120
0.91 1000 = 120 1.07 930 = 80
1.07 720 =90 1.28 540 = 60
1.29 450 =70 1.61 370 =40
1.39 375 = 60 1.67 320 =30
1.67 240 = 30 2.00 180 =20
1.99 120 =20 2.08 150 = 10
221 85+ 10 2.21 130 =10
242 60 £ 10 2.59 90 = 10
0.0477 0.99 3420 = 240 0.99 2280 = 180
1.53 730 =90 1.53 950 =90
1.84 460 =30 1.84 630 = 60
2.31 270 = 30 2.31 360 = 30
r=2D
@ [ ;Uzzzzzzzzzzzzzza
6.25D test section
31D
L
0 &I VI
(b) H
2.5D,
13° opening
20.8D
€) D 0.5D
C
( ) 1.25D

Figure 7. Schematic representation of the studied configurations. Striped area represents the test section. The
test section is fully filled with toothpaste. Product recovery is only done using configuration (d) to get an

even layer of material for each experiment (velocity of water was 2.45 m s

~1 at 20°C). For cleaning

experiments following “coring,” the set-up is changed to study each configuration.

A good linear relationship is observed between the dimension-
less number and the cleaning time. A linear fitting gives

Cleaning time = —59 AP, + 1062 (R*=0.94) (13)

The results suggest there is a strong relationship between
the cleaning time and the flow actions which are responsible
for the energy losses in a system. Complex fluid mechanical
actions are involved in the cleaning process. Nevertheless, the
effect of fluid mechanical action on cleaning can be quantified
by calculating the energy losses caused by the flow, either in
straight pipes, or in the fittings.

Discussion and Need for Further Work

The cleaning of yield stress fluids has been studied and a
series of dimensionless numbers (0, Ty) developed. The

Table 3. Resistance Coefficients—K Values*' and Velocity
Values Used in Pressure Loss Calculations

Fittings K Values U (ms™ ")
90° standard elbow 0.57 1.5
Tee (with flow through branch) 1.14 1.5

3 elbow (closed return bend and 90° elbow) 1.52 1.5
Gradual 13° expansion 0.12 6.14
No fitting - 1.5
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correlation identified works over two orders of magnitude of
both shear stress ratio (Ty) and dimensionless cleaning time
(0). Tt will require testing over a wider range of process

1100 1 T : . : - .

1000°
) 2
2 900 R®.=0.94 -
I )
® I
& 800
g 700
2 600+
= * pipe after expansion
8 500 | © pipe after bend and elbow
&) A pipe after tee

400 || © pipe after elbow N

© pipe only
300" : ‘ .
0 “ 4 6 8 10 12

2
Kvep/2 Ty

Figure 8. Cleaning time of toothpaste from straight
pipe placed after various fittings (see Figure
7) vs. the dimensionless ratio of pressure
loss (m) due to fittings to yield stress of the
material. Linear fit gives: Cleaning time =
—59 (Pioss/ty) + 1062 (R? = 0.94).
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conditions and fluids, but the yield stress range tested here
covers most of the fluids found problematic in foods and
home and personal care (HPC). The analysis has also
neglected interfacial or surface tension effects; it would be
valuable to repeat the experiments using pipes of different
materials.

Cleanability prediction

The removal of Type 1 materials can be directly related to
surface shear, and thus to the pressure drop, and energy con-
sumption of the system. This is not surprising, given the
number of studies that have correlated data in terms of wall
shear stress, but the simplicity of the data fitting suggests that
it may be possible to predict cleaning times if shear stress
distributions and deposit rheology are known. The data of
Figure 8 does suggest that extending the approach to larger-
scale processes will not be straightforward; the need will be
to predict shear stresses locally, through CFD analysis, and
then look at the cleaning of extended pieces of plant (such as
valves’). It is not clear to what extent the data can be used as
a master curve—that is, whether the cleaning time can be
predicted from combination of the shear stress distribution
and Eq. 11. It is known that cleaning is most difficult in pla-
ces such as dead ends, where shear is low. The modeling
problem is difficult: 2-D simulations of the displacement of
non-Newtonian fluids have been made®* but a 3-D problem
has not been solved. The next steps should be (1) to test the
validity of the equation by widening both the number of flu-
ids and the range of process conditions studied, (2) to exam-
ine cleaning under different flow conditions where the wall
shear stress can be predicted using CFD. The long-term aim
is to incorporate cleanability into design too, with equipment
where the cleaning time can be predicted from product
rheology.

Pulsed flows also increase cleaning rates and pressure
losses in pulsed flows were 4 to 19 times larger than average
pressure loss during one directional flow. Therefore, pulsed
flow also causes high energy losses in flow and enhances
cleaning. Soils that require chemical treatment are more com-
plex; chemical action can either dissolve the deposit or convert
it into a form which can be removed by shear (such as the
swelling and dissolution of protein films in dairy fouling).

The findings suggest that energy dissipated in the system is
important. Energy loss depends on the friction factor (cp)
which is influenced by surface roughness. Therefore, rough
soil surfaces may increase cleaning rates, as observed previ-
ously.” Gordon et al,*” investigated the influence of soil rough-
ness on the cleaning of pregelatinized starch-based layers
from stainless steel substrates, and found rough layers were
cleaned more readily than those containing small inclusions.

In brief, the ratio of yield stress to either wall shear stress,
or pressure loss due to fittings have been found best to charac-
terize the flow effect on cleaning. Rules of thumb for cleaning
(e.g., a minimum flow velocity of 1.5 m s~ " or a threshold Re)
are not generally valid. For example, in some cases, 2 m s '
may not be enough to clean large diameter pipes in an accept-
able time, whereas 2 m s~ ! will be overdesigned and wasteful
for cleaning relatively small diameters of pipeline. For
instance, Eq. 11 predicts that cleaning toothpaste from 0.2 m
ID pipeline will take about 48 min at 2 m s~ ', while cleaning
in 0.025 m ID pipeline will only take 3 min at the same clean-
ing velocity.

24,3334
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Conclusion

Cleaning of toothpaste and hand cream from lab and pilot
scale straight pipes is studied at different flow velocities to
characterize the flow effect on cleaning. A straight pipe sec-
tion is also placed after various fittings to quantify the effect
of turbulence on cleaning. After the investigation of these two
scenarios in the groups of experiments, energy loss in flow is
found to have a good relationship with cleaning times of the
Type 1 materials studied.

Velocity, Reynolds number and wall shear stress solely are
proved to have insignificant effect on the cleaning process. A
dimensionless group (KU2p/21y), which is present in the
empirical head loss equation, is observed to be the best param-
eter to characterize the flow effect on cleaning. It is found that
straight pipes at different scales are cleaned at similar times
when this dimensionless number is the same at both scales.
Further development of the dimensionless number has enabled
a new expression (0 = 636Ty + 2630), enabling the collapse of
all cleaning data for different materials cleaned at different
scales to be plotted onto one line.

Additional turbulence occurs when water flows through fit-
tings, for example, a valve, a bend or a T-piece. Here, cleaning
rate of the straight pipe section is found to increase when
placed just after these types of fittings. Moreover, the magni-
tude of head loss caused by the fittings is also used to quantify
the turbulence effect on cleaning. A linear relationship is
found for increasing head loss and decreasing cleaning time.
Therefore, these findings suggest that determination of energy
loss in a hydrodynamical system might be valuable for scaling
up cleaning data or be used to predict and compare cleanabil-
ity of any given system where cleaning is governed by fluid
mechanical removal.
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Notation

¢¢ = Friction coefficient
cy = dimensionless yield stress
cleaning fluid density (kg m ™)
pipe diameter (m)
resistance coefficient
pipe length (m)
deposit viscosity (Pa s)
dimensionless cleaning time
cleaning fluid viscosity (Pa s)
pressure loss (energy loss in the system) (m)
Reynolds number
overall cleaning time (s)
mean residence time of the cleaning fluid in the pipe (= L/U)
1,, = wall shear stress (Pa)
1, = deposit yield stress (Pa)
Ty = dimensionless shear stress (ratio of 7,/1,)
U = flow velocity (m sThH
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