UNIVERSITYOF
BIRMINGHAM

Research at Birmingham

Cleaning of thick films using liquid jets
Tuck, Jessica P.; Alberini, Federico; Ward, Dick; Gore, Bill; Fryer, Peter J.

DOI:
10.1016/j.egypro.2019.02.062

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Tuck, JP, Alberini, F, Ward, D, Gore, B & Fryer, PJ 2019, 'Cleaning of thick films using liquid jets' Energy
Procedia, vol. 161, pp. 93-99. https://doi.org/10.1016/j.egypro.2019.02.062

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Checked for eligibility: 17/05/2019
https://doi.org/10.1016/j.egypro.2019.02.062

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

» Users may freely distribute the URL that is used to identify this publication.

» Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

» User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
» Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 29. May. 2019


https://doi.org/10.1016/j.egypro.2019.02.062
https://research.birmingham.ac.uk/portal/en/publications/cleaning-of-thick-films-using-liquid-jets(156f722d-9597-4045-bc8c-1febca6c8708).html

Available online at www.sciencedirect.com
/ \ Energy

b, ScienceDirect Proced i(]

Energy Procedia 161 (2019) 93-99

www.elsevier.com/locate/procedia
2nd International Conference on Sustainable Energy and Resource Use in Food Chains, ICSEF

2018, 17-19 October 2019, Paphos, Cyprus

Cleaning of thick films using liquid jets

Jessica P Tuck?, Federico Alberini?, Dick Ward®, Bill Gore®, Peter J Fryer®*

“School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, United Kingdom
bProcter and Gamble Corporate Engineering Technical Labs, West Chester, Ohio, USA

Abstract

Cleaning of process plants is important to ensure product purity and safety. Cleaning is however expensive with respect to energy,
waste and time. It is important to be able to minimise losses from cleaning, by maximising product recovery and reducing waste.
Viscous food and personal care products can form thick layers on process surfaces. Cleaning of a surface by a water jet has been
studied here. Two modes of cleaning are identified experimentally; for thin films, cleaning is by formation of a crater that expands
with time, whilst for thick films a ‘blister’ forms in which water spreads underneath the deposit. The blister eventually cleans, but
over a much longer timescale than for the thinner film. The cleaned area after 10 seconds is comparable in size to the blister area
after less than half a second of cleaning. This behaviour has implications for the cleaning of real systems.
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1. Introduction.

Cleaning process equipment to remove fouled material from the surface of a process plant is essential in any food
business. Ineffective cleaning can lead to reduced product quality, cross contamination of products, and even growth
of microorganisms in the system. Cleaning-in-place (CIP), is used ubiquitously to clean the process equipment without
the requirement to dismantle it [1]. CIP is an automated cleaning process designed to deliver consistent cleaning
conditions, after each cleaning cycle. To ensure cleaning adheres to hygienic standards, CIP protocols are often over
engineered, with longer cycles, higher temperature cleaning fluids, and higher flow rates than necessary. This wastes
water, energy and time; which increases both the economic and environmental impact of production [2]. Often in
multiuse plants the major water and product losses necessitated by cleaning and changeover are the major process
losses; food and home and personal care (HPC) products are often fluids of complex rheology that are difficult to
remove without a lot of water. Many foods are starch based, and form solid layers with significant yield stress on
cooling. Increasing energy efficiency and minimising waste requires better understanding of cleaning [3,4].

Process plants consist of a combination of pipework and process vessels. Previous work has investigated the
removal of complex fluids from pipework, and found that cleaning time is a function of the yield stress of the material
being removed [5,6]. Spray devices are commonly used to clean industrial product mixing, or holding vessels. These
range from simple stationary spray balls, to complex rotating spray devices [7]. The devices act as an impinging jet,
where both the pressure force and shear stress of the jet fluid facilitates cleaning. The wetting and drainage of the
cleaning fluid also removes deposit through separate mechanisms. Studying cleaning by impinging jets gives insight
to the most suitable spray device, and its optimal operating conditions.

Wilson et al [8] developed a model describing the change in the cleaning radius with time for a thin film (from
microns to ca. 2 mm) of material product removed by adhesive failure between deposit and surface. The model
assumes a uniform deposit thickness, and the rheological properties of the deposit are unchanged during the cleaning
process. Growth of the cleaned radius, r., is shown as function of time, t. The time at which cleaning front is first
seen, is defined as t, and c is a constant determined by liquid properties (¢ = 10pp/3). In this model a kinetic
parameter, k’, was described, but not investigated. The variation in cleaned radius with time is a function of the mass
flow, m, in the jet:
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Glover et al. [9] developed the model of [7] investigating K as a function of deposit thickness and deposit type.
The cleaning of thin films from surfaces has thus been well studied. There is less work reported on the behaviour of
thick films. The aims of this work are (i) to study the removal of relatively thick films from surfaces, mimicking the
common industrial problem of such films being left over at the end of a tank drainage step, and (ii) to identify
similarities and differences between those films and the thin layers that have been modelled.

Nomenclature

c: constant determined by liquid properties t: time

k’: kinetic parameter ti: time at which the cleaning front is first seen
K: lumped parameter CIP: Cleaning-in-place

m: mass flow HPC: home and personal care

r.: cleaned radius

2. Experimental method.

A series of experiments have been carried out to study cleaning of thick films of viscous fluid / soft solid materials.
Water was supplied through a nozzle at a controlled flowrate onto a flat stainless-steel plate angled at 15 - 30° to the
horizontal (to allow water to drain from the surface). The jet length of 40 - 60 mm ensured a coherent jet impacted the
material, as defined by Middleman [10]. The flat plate was covered with a uniform layer of material — a number of
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t=0.045s t=0.065s

Fig. 1. Jet cleaning of a 2 mm thick deposit on a 10 cm wide plate, showing (i) in the first 0.1 s, displacement of material to form a crater, (ii)
after ca. 0.125 s, a clear circular region of clean surface that then increases in diameter as a function of time.

Fig. 2. Jet cleaning of a 8 mm thick deposit on a 10 cm wide plate, showing (i) in the first 0.1 s, displacement of material to form a blister
containing the water flow, (ii) up until 2.5 s, the area recorded as clean is very small, as the blistered area breaks slightly to allow water to escape
rather than becoming clean.
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fast moving consumer goods products were used, as well as transparent carbopol 940 (0.2 wt. %) in water solutions.
The yield stress of the materials of Figures 1 — 4 was measured as 48 N/m? and of the material of Figure 5 was 4 N/m?.
The data was analysed by (i) filming the process with a variety of high-speed cameras, and (ii) recording the cleaned
area as a function of time, by using image analysis where possible and manually from the images if not. Details of the
experimental methods are given in [11].

3. Effect of deposit thickness.

A large number of experiments have been carried out to quantify the cleaning process. Here we report only on the
effect of the thickness of the deposit being removed. Figures 1 and 2 shows two series of runs, for films of 2 mm
thickness and 8 mm thickness respectively, for the same jet flowrate of 1590 ml/min, a mass flowrate of 0.0266 kg/s.
The data shows two significantly different mechanisms:

e  Atthe lower deposit thickness, the flow follows the type of behaviour described by [7]; a cleaned area forms
under the jet and spreads out; cleaning is largely by adhesive failure of the deposit at the metal surface.

e At the highest thickness, however, a completely different pattern is identified; water is absorbed into the
deposit, creating a ‘blister’ under which water is stored for a period of time. This blister eventually ruptures,
but this process takes a considerable length of time.

Figure 3 illustrates this as it shows a close up of the test area for an 8§ mm thick layer; the ‘clean’ area is very small
(highlighted in Figure 3(i)) whilst the disturbed layer (under which water has penetrated) is much larger, as shown by
Figure 3(ii). The deposit has been separated from the surface, but it is still adhering to the rest of the deposit. Eventually
the blister fails by cohesive failure of deposit-deposit bonds, leaving a cleaned region; in Figure 3(iii), the area cleaned
after a minute is seen.

Fig. 3. Jet cleaning of a 8 mm thick deposit on a 10 cm wide plate, showing (i) in the left hand image, the ‘clean’ area — i.e. the region where the
metal plate surface can be seen, (ii) in the center image, the approximate area where the surface of the deposit has been disturbed by water
flowing beneath it, (iii) the final cleaned area after one minute of cleaning.

Figure 4 shows the areas of cleaned and disturbed surface as a function of time, extracted from images similar to
Figure 3 — it can be seen in Figure 3 that these areas are difficult to define precisely, but it is clear that for a significant
time the cleaned area (essentially only the region where the jet enters the blister, through which the steel surface can
be seen) remains markedly constant and that the disturbed area increases over a period of about half a second. The
block on the far right of Figure 4 shows the cleaned area after 10 s of cleaning, after the blister has burst. The magnitude
of the cleaned area is similar to that of the disturbed region, suggesting that after ca. 0.5 s the effect of water is to
break and remove the disturbed area, under which water flows, rather than to remove more material from the surface.
This increases the water and energy required for cleaning.
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The net effect of this on the cleaned area can be seen in Figure 5, which compares three experiments for the removal
of 2 mm, 4 mm and 8 mm thick layers of material, cleaned by a common flow of 0.0266 kg/s. It can be seen that
although for the 2 mm thick product the cleaned area increases immediately the jet contacts the surface, for the 4 mm
and 8 mm thick deposits there is a significant lag of up to a second before there is visible area cleaned. Once the blister
has burst, the subsequent cleaning rates are similar for the three thicknesses.
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Fig. 4. Quantification of the cleaning of an 8 mm thick deposit, showing (i) the cleaned area, here defined as the amount of metal surface that can
be seen, (ii) the disturbed surface area forming the blister, under which water has spread, and (iii) the point with the square around it, which is the
cleaned area seen after 10 s of water flow. The cleaned area after 10 s is comparable to the area of the blister formed after 0.2 s.

4. Implications for cleaning and product recovery.

The aim of process cleaning is both product recovery and cleaning, i.e. first to remove as much product as possible
that can be reused, and then to remove the remaining product as quickly as possible. The possibility of removing thick
layers makes the process of cleaning more complex — removal will be difficult if thick layers form as water requires
considerable time to disrupt and then remove the material, which will be diluted by the large amount of water used in
the removal process. The products looked at here have a high yield stress, and thus represent the most difficult type
of material to remove, but suggest that recovery of product will be difficult in this case. The amount of water used to
remove the deposit is considerable; a cleaned area of 400 mm? is achieved after the flow of more than three times as
much water for the thick deposit than for the thin deposit in Figure 5.

The types of solid product studied here show a yield stress and are thus more difficult to remove than less viscous
products — they are however typical of difficult-to-remove materials such as starchy foods, and thicknesses that are
found in the bottom and lower sides of process vessels after draining or pumping product out. A thick layer of such a
material will be especially difficult to remove other than by large amounts of water. This suggests that jet cleaning
systems should consider product rheology in more detail, to identify yield stresses, for example. This work has also
only studied stationary jets, whilst in practice the jets are moving. The best jet speed for such films is not yet known
— and is the subject of future work. However it may be that rapidly moving jets are not the best way of removing
deposits where considerable water is needed to remove deposit of the type seen in Figure 2.
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Fig. 5. The cleaned area as a function of time for three thicknesses of deposit (2 mm, 4 mm, 8 mm) quantifying the effects seen in Figures 1-3.
For the 2 mm experiment, cleaning begins immediately, whilst for the 4 and 8 mm experiments, there is a lag phase during which there is no
deposit removed, corresponding to the formation of the blister seen in Figure 2.

5. Conclusions.

Cleaning is a necessary process in food and HPC processing that adds significantly to the energy losses and waste
generated by a process. The jet cleaning of surfaces has been studied for layers of yield stress fluids between 2 and 8
mm in thickness. At 2 mm the cleaning process is similar to that described in Wilson et al. [8]. At higher thicknesses,
however, the mechanism is significantly different; water forms a blister under the deposit, which takes several seconds
before it breaks open to give a clean surface. Such deposits are much more difficult to remove than thinner ones. Work
is ongoing to characterise this behaviour in more detail and define the process in terms of engineering variables.
Understanding cleaning better will lead to savings in both energy and waste from a process.
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