ABSTRACT
STOFOROS GEORGENIKOLAOS. Enhancement of continuous flow cooling of viscous
foods using surface modified heat exchang@dsder the direction obr. Josip Simunovic
and Dr. K.P. Sandeép

Enhancement of continuous flow cooling of viscous products was examined
numerically and experimentally, using computer simulation modeling and studies of surface
modified heat exchangers, respectively.

Computer simulation studiesere conducted usinilultiphysicssoftware system
Comsol 5.2in order to study cooling of applesauce and sweet potato puree. Simulation studies
were used to compare the efficiency of cooling under two different flow regimes within the
same tube in tubeclat exchanger, with the food materials: i) flowing within the inner tube of
the heat exchanger and ii) flowing within the annulus. The simulation results indicate that
under an identical set of operating conditions, potential improvements in the cofitiremey
resulting from the movement of process material flow from the internal tube into the external
annulus could be up to 14% and 23%, for applesauce and sweet potato puree, respectively.

Using the heat exchanger design selected based on resuttssohthation studies, a
preliminary study was conducted to examine the effects of surface treatment on coeling (97
57 °C) and thermal mixing via vibration of sweet potato puree, banana puree, and cheese sauce.
Cooling performance and temperature uniformitgre compared between two identical
horizontal stainless steel tube in tube heat exchangers, one untreated and one with the food
contact surfaces chemically treated with a commercially available hydrophobic solution. A
lower average product outlet tempteiras ranging from 4 to 6 °C were observed for banana
puree and cheese sauce with the treated heat exchanger, compared to the untreated case.
However, for sweet potato puree cooling was slightly better {6y @) using the untreated

heat exchanger, compmal to the treated case. Application of vibration at the resonance



frequency (20 Hz) of the mixing unit resulted in a more uniform cross sectional temperature
distribution, which was observed for sweet potato puree and banana puree. However,
application ofvibration had no significant influence on cross sectional temperature distribution
within cheese sauce.

In continuation of the previous studies, effects of different surface characteristics
(wettability, roughness) on the adhesive behavior of sweet potaée, banana puree, and
cheese sauce, and the flow behavior of Carboxymethyl Cellulose (CMC) solution (conc. 1.5%)
were examined for potential applications in cooling and mixing. Different engineered food
contact materials, including untreated and chaftyic treated stainless steel,
polytetrafluoroethylendPTFE), silicone sheets as well as treated and untreated knitted and
woven polyester fabrics, were studigihesive behavior of the tested foods and repellent
behavior of the engineered surfaces wes@n@ned by comparing the residual product mass,
during the standard methods of product depletion and the centrifuge adhesion tests. These tests
were performed under two different temperature conditions; at ambient and at cooling
processing temperature catmahs. Results from the product depletion test showed that the
hydrophobic surfaces with smooth characteristics (chemically treated stainless steel samples,
PTFE, and treated knitted fabrics) retained the lowest amount of the foods, with the residual
amouwnts of 3545% at room temperature, and-85% at cooling conditions. In order to
examine the cooling efficiency under cooling conditiotet e mper at ur e di ffer
between the initial and final highest product temperature was compared betweemtine@xa
surfaces. The treated and untreated stainles
values, for all the foods tested. For the centrifugal adhesion test, the superhydrophobic knitted

fabrics exhibited the best repellent behavior with ladl foods tested, reducing the residual



product to 610% and 2010% levels, under room and cooling temperature conditions,
respectively.

Pressure drop and velocity profile of 1.5% CMC solution, flowing within the annulus
of a tubular heat exchanger, werged to compare the effects of the examined surfaces on
adhesive and flow behavior, respectively. Highly rough, hydrophobic surfaces (silicone sheets
and untreated woven textiles), exhibited the highest pressure drop across the system with a
value of 75842 Pa. While, the lowest pressure drop, at 482631%8.1 Pa, was observed
with the smooth surfaces (chemically treated stainless steel) and with the superhydrophobic
samples (treated knitted and woven textile samples). The velocity profile of 1.5% CMC was
also examined, using patrticle tracking velocimetry (PTV) as the testing method. The PTV
results for the velocity profile of 1.5% CMC, showed a parabolic velocity profile for all the
examined cases, with the fastest flowing particle located close tatiee cethe annulus flow.

The final study investigated the effects of two different foodtact materials;
untreated stainless steel and engineered-fivade PTFE textile on cooling of sweet potato
puree, banana puree, and cheese sauce. The PTFEwasitiesigned based on the surface
characteristics observed in the previous studies. Using PTFE for its stability, the engineered
surface was fabricated with hydrophobic properties, smooth characteristics, and knitted
structure. Cooling experiments for hatxamined surfaces were conducted under steady state,
identical operating conditions, with tested foods flowing within the annulus of a tubular heat
exchanger. The outside surface of the inner tube of the heat exchanger was used as the tested
food-contactsurface by the application ofhe knitted PTFE textile. Finally, results for all the
tested foods showed a total improvement betweeB5% of cooling efficiency when using

the inner tube of the heat exchanger covered with the PTFE textile.
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CHAPTER 1:
Introduction

Advanced thermal technologies such as continuous flow microwave systems, ohmic
and radio frequency heating have enabled food processors to provide uniform rapid volumetric
heating resulting in reduction of come up time, reductiénfonling deposition, and
minimization of product quality losses, during continuous thermal processing of viscous and
multiphase food products. These include typical dairy products, fruit and vegetable purees and
soups (Coronel et al., 2005; Steed et20Q8; Cullen et al., 2012). However, due to the lack
of advanced technologies, cooling of viscous products is still implemented using inefficient
conventional cooling methods. During conventional cooling of viscous food products, laminar
flow and low thermal conductivity, characteristic for these materials, lead to aundorm,
slow cooling process, an increase of operation cost and degradation of final food quality
(Stoforos et al., 2016).

Unfortunately, often predicted and anticipated development®lametric cooling
technologies, such as magnetic field cooling (Sarlah et al., 2006; Kawanami et al., 2011) have
been slow and expensive in their progress to {aogdée commercial industrial applications.
Additionally, food processors, in an effort to a@nlkse the cooling rate of continuous flow
thermal processing, utilize coolant mediums (like ethylene glycol based coolants) at a very
low-temperature range, but without any significant improvement in cooling of viscous foods.
Using this cooling approach, aadditional problem has appeared, ethylene glycol and
cold/chilled water piping can sweat or be covered with ice, resulting in dripping water, with a
negative impact on sanitation conditions of the food production plant (Moerman, 2016).

Moreover, thermal ixing, temperature equalization within the product, has been proposed as



an efficient method to enhance heat transfer and the overall continuous flow cooling process
of highly viscous food products (Metcalfe and Lester, 2009; Stoforos et al., 2016). Howeve
the efficiency of thermal mixing and cooling processing of viscous food products, such as fruit
and vegetable purees, was affected by the formation andujuid fouling product layers on
the surfaces of processing equipment (heat exchangers, mnitajy(&toforos et al., 2016).

During continuous flow thermal processing of foods and biomaterials, deposition and

accumulation of unwanted food materials, such as proteins, minerals, carbohydrates and fats,

in the form of fouling, on surfaces of procesgy equi pment , has been a
food and dairy industries (Swartzel, 1983; S
20009; Kananeh et al ., 2010; M®r i an and Godd

2013; Barish and Goddard, 201Formation of fouling layers on processing equipment
reduces the operating efficiency by increasing the resistance to heat transfer and thermal
mixing and by creating fluctuation of pressure drop across the heat exchanger (Swartzel, 1983;
Balasubramanian drPuri, 2009; Awad, 2011). Moreover, fouling increases the likelihood of
biofilm formation, resulting in additional operating expenses, corresponding to frequent food
processing plant shutdowns for cleaning and extensive use of chemical detergents and
sant i zers (Sandu and Singh, 1991; Kananeh et
and Goddard, 2014).

Controlling product deposition and fouling formation on the processing equipment
surface depends on several different parameters such as opevatiryc t i ons (t emper
flow rate), food properties (viscosity and f
surface wettability and topography) (Santos

2012). Food composition and concentratadrfood components such as proteins, minerals,



lipids, and carbohydrates, and total solids concentration, are critical factors regarding fouling

of foods to heating surfaces (heat exchange
Bansal and Chen, 26pWallhaulier et al., 2012). Fouling and deposition of unwanted material

can occur in many different types, based on different physical, and chemical processes
involved. Fouling in food processing is formed from the precipitation of partially soluble salts
(scaling, TypeB milk fouling), from the physicochemical reactions of proteins (FApmilk

fouling) and carbohydrates, precipitation of suspended particles (colloids), crystallization and
solidification of fat components (during freezing and coolingpfdaling and corrosion
reactions (Bansal and Chen, 2006; Wall h2uCe:i
and Hogan, 2013).

Moreover, this problem mainly has been observed during conventional thermal
processing (heating, cooling, and thermal ng¥iof highly viscous and multiphase food
products, such as typical dairy products, fruit and vegetable purees and soups (Stoforos et al.,
2016). Unfortunatelytheadhesive behavior of highly viscous foods is more prone to occur on
stainless steel, the most commonly used material for food processing equipment, such as heat
exchangers and mixing units (Goode et al., 2013; Barish and Goddard, 2013; Stoforos et al.,
2016). Stainless steel is an inert material, relatively resistant to corrosion, stable with
temperature, and highly thermally conductive, ideal for foodtact surface material for
thermal processing equipment units (Goode et al., 2013; Barish and G&fd8d However,
stainless steel has surface characteristics, such as partial wetting properties and high surface
energy, that are prone to fouling and adhesive behavior of viscous food materials (Goode et

al., 2013; Barish and Goddard, 2013; Stoforos.eRall6).



Recently, several studies have examined surface modification techniques, to adjust

stainless steel properties (wettability, roughness, and chemistry) and reduce or completely

prevent fouling or biofouling of the food and dairy processing equipitBeufe t al . |, 200
Santos et al ., 20014; Rosmaninho et al ., 2007
Pur i, 20009; Kananeh et al ., 2010; M®r i an

Balasubramanian, 2013; Barish and Goddard, 2013). Surface matdifistudies have been

focusing on mimicking the properties of natural datiling and seHcleaning materials, such

as lotus leafNlelumbo nucifeara The superhydrophobic behavior, in combination it

roughness of the nanostructure of the lotu§ isaassociated with unique seleaning and

waterrepelling properties, known as the lotus effect (Latthe et al., 2014). Novel surface

modification techniques, such as polymer and nanoparticle coatings (silica or fluorocarbon

compositions), physicochenal surface modification, plasmegmhanced chemical vapor

deposition, electrehemical and ion implantations have enabled researchers to successfully

lower the free surface energy of the food contact surfaces by altering wettability (hydrophobic

and hydrophic) and roughness characteristics. Another method to fabricate an antifouling

surface is by modifying the chemistry of the surface, for example by using a hydrophilic (poly

(ethylene glycol)) coating to stop hydrophobic interactions between whey pgoteth st ai nl e

steel (Premathilaka et al., 2006; M®r i an and
Antifouling materials, and surface modification techniques, with low surface free

energy and smooth surface characteristics, have successfully been used in food research,

improving t he operation and cleaning efficiency

al ., 200 3; Santos et al ., 2004; Premathi |

Bal asubramanian and Puri, 20009; Kanammh et a



Goddard, 2013; Goddard et al., 2Q18lowever, antifouling surface modification techniques
have not extensively been used for commercial applications in food processing. The cost of
fabrication and in some cases, incompatibility with food grade m&em addition to the
reported shorterm stability of antifouling properties of modified surfaces still need to be
improved to enable potential applications in advanced thermal processing of food products
(Barish and Goddard, 2013).

The main objectivef this research was to improve continuous flow cooling processes
of viscous and poorly conductive food products, minimizing the cooktaged quality losses
of the final products, and potentially improving the sanitation conditions, by using surface
modfied heat exchangers. It was anticipated that by detemmiine best flow configuration
design, use of surface modified heat exchangers, with the desired surface properties based on
the examined foods, would reduce product accumulation and fouling fomeatt processing
unit surfaces. Subsequently, it was expected that the reduction of fouling formation and build
up on the surfaces of heat exchangers would enhance cooling and cleaning processes of viscous

foods while maintaining good sanitation condigan the food processing plants.
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ABSTRACT

This paper presents a review of fouling mechasigiaring food pocessing,
additionally with the challengeand opportunities associated with the new antifouling
methodsFouling formation on the surface of processing equipment, during thermal processing
of foods, is a major problem in the industry, redugihe processg efficiencyand increasing
the operating cost®uring thermal processing of foods, fouling formation depends on physical
and chemical interactions between the flowing food and the contact surface. Fouling process
can be influenced byoperational condibns (fluid velocity and temperaturesurface
temperature), foodcomposition (proteins,minerals, fats, carbohydrates) armlirface
characteristics (surface megial, wettability, roughness}ood components such as proteins,
minerals fats, and carbohyded, arecritical factos regarding the fouling type formation on
the foodcontact surface. Fouling in food processing is formed by the precipitation of minerals
(Type-B milk fouling), from the physicochemical reactions of proteins (TAprilk fouling)
and carbohydrates, precigiion of suspended particles (colloids), crystallization and
solidification of fat components (during freezing and cooling), biofouling and corrosion
reactionsNovel antifouling surface modificatiomethods such as polymer and nanoparticle
coatings (silkca or fluorocarbon compositions), physicochemical surface modification, plasma
enhanced chemical vapor deposition, electrtemical and ion implantations have been applied
on the stainless steel surface of processing equipmentust #g surface characisticsand
produce antifoulin@nd ®If-cleaning materialsAntifouling materials, with characteristic low
surface free energy and smooth surface, have successfully been used in food and dairy research,
improving the operation and cleaning efficiency aeducing the bacterial adhesion.

Key words: Review of fouling process, effects of fouling, antifouling methods



2.1. Introduction

Advanced heating technologies, such as ohmic heating, continuous flow microwave,
and radio frequency thermal treatmegstems, have enabled food processors to maximize
product quality during continuous thermal processing of viscous and multiphase food products,
like typical dairy products, fruit and vegetable purees, and soups (Coronel et al., 2005; Steed
et al., 2008; Cllen et al., 2012). However, cooling processing of viscous and multiphase foods
is still implemented using inefficient conventional cooling methods. During conventional
cooling of viscous food products, laminar flow and low thermal conductchtyacterstic for
these materiallead to a wide temperature distribution within the product, resulting in-a non
uniform, very slow cooling process and reduction of final food quality (Stoforos et al., 2016).
Temperature equilibratiowithin the product, thermal ming, has been examined as an
efficient method to enhance heat transfer and the overall continuous flow cooling process of
highly viscous products (Metcalfe and Lester, 2009; Stoforos et al., 2016). However, the
efficiency of thermal mixing and cooling @fscous foods was affected by the formation and
accumulation of fouling product deposition on the surface of processing equipment (heat
exchangers, mixing units) (Stoforos et al., 2016).

Fouling and accumulation of unwanted material, such as proteimshesta and
minerals, on the surface of processing equipment, mainly observed during conventional
thermal processing of viscous products, is a major problem in the food industry, reducing the
processing efficiency and increasing the operating costs. Tination and builelp of fouling
layers on food processing equipment reduces the efficiency of heat transfer (Fig. 2.1), thermal
mixing and increases the pressure drop across the processing unit, resulting in degradation of

final food product quality and imeasing the overall processing and cleaning operation time



and cost (Balasubramanian and Puri, 2008; Balasubramanian and Puri, 2009; Barish and
Goddard, 2013; Barish and Goddard, 2014; Stoforos et al., 2016). Moreover, accumulation of
fouling layersonfod pr ocessing surface Iis prone to fo
of chemicals and sanitizers and frequent f o
cleaning (Sandu and Singh, 1991, Kananeh et
and Goddard, 2014).

This study aims to provide a better understanding of the mechanism of fouling and
product adhesion during food processing and address the recent developments in antifouling
materials. Furthermore, this paper reviews the challengesoppdrtunities of the new

antifouling developments, for potential applications in advanced thermal processing.

Stainless Steel Foulant

Figure 2.1. Fouling formation on the foedontact surface of stainless steel plate heat
exchanger; the thick fouling layer (protein, carbaiaye, lipid) increases the resistance to heat
transferfH) bet ween the product and hot water and

( M®r i an and Goddar d, 2012) .



2.2. Fouling

Fouling is defined as the deposition and accumulation of unwanted fakediah on
the surface of processing equipment having a negative impact on processing efficiency and
food quality and safety (Balasubramanian and Puri, 2008; Balasubramanian and Puri, 2009;
Fryer and Asteriadou, 2009; Awad, 2011; Barish and Goddard, Bat&Bh and Goddard,
2014). Fouling and adhesion of food materials is a complex phenomenon that can occur in any
liquid-solid interface. Fouling is a tirrdependent process and involves simultaneously the
steps of deposition and removal of deposit matemalthe processing equipment surface
(Awad, 2011; Kazi, 2012; Hou et al., 2017). The overall fouling process can be described in
the following stages (Awad, 2011; Hou et al., 2017): 1) initiation of fouling formation in the
bulk of the carrier; 2) transpoof the formed fouling material to the flugblid interface; 3)
attachment and formation of fouling layer to the surface; 4) removal (spalling or sloughing of
the deposéd layer) of the fouling material from the surface; 5) ageing at the surface, starts

with commencement of fouling deposition (Fig. 2.2).
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Figure2.2. Overall fouling process (deposition and removal), and different types of fouling

(Kazi, 2012).

2.3. Fouling process

Fouling process begins with the formation of fouling material irbtiik of the fluid,
with the first phase being a delay or induction period. During induction period, the basic
mechanism of fouling process is heterogeneous nucleation close to the-sarfaa. The
process of nucleation and fouling formation is affected temperature, velocitya n d
composition of the fluid, and tkserthara¢thAavrai
2011, M®r i an and Goddard, 2012) .

Following the initial phase of fouling formation, product fouling deposition and

accumulationot he processing unitods -stuep amech aniasm,

11



s, transport, and attachment of the fouli

The transport and attachment steps of fouling material from the bulk of the fthiel $arface

involves one of the following mechanisms (Melo et al., 1988; Awad, 2011):

Diffusion mechanism involves the mass transfer of fouling materials from the flowing fluid
to the heat transfer surface due to the concentration difference betweelk thfe e fluid

and the fluid streams close to the surface.

Electrophoresis mechanism involves the action of electric forces between electrically
charged fouling particles and surface. The charged particles will move toward or away
from the charged surfadepending on the polarity of the surface and the particles. Fouling
deposition through the electrophoresis mechanism depends on the pH, temperature,
velocity and electrical conductivity of the fluid. Deposition of the charged particles
increases with amcreased temperature and velocity of the fluid, and a decreased electrical
conductivity. Londonvan der Waals and electric double layer interaction forces are
usually the surface properties, responsible for electrophoretic effects.

Thermophoresis is theamsport mechanism of fouling product due to the temperature
gradient in the fluid bulk and the processing surface. In particular, atdngberature
gradient close to a higlemperature contact surface will prevent the product from
depositing, while, fortte same absolute value of temperature gradient a cold contact
surface will promote product adhesion and deposition. The thermophoresis mechanism
applies more for gases than for liquids.

Diffusiophoresis mechanism involves condensation of gaseous stretonthercontact

surface.

12
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Sedimentation mechanism involves the deposition of large particulates such as colloidal
particles, rust particles, clay, and dust on the surface due to the action of gravity.
Sedimentation transport mechanism is important for lpagecles and low fluid velocities.
Inertial impaction is a mechanism for large particles with sufficient inertia, deposited on

the contact surface being unable to follow fluid flow.

Turbulent dowrsweeps mechanism appears in turbulent flow, with the fheathg
transported toward the surface by turbulent deweeps acting as suction areas.
In the transport stage, there is mass transfer of additional fouling material to the
surface, which facilitates the attachment stage of fouling process. Duringptieatme nt st a g
fouling materi al adheres to the surface thr

hydrophobi c, and surface nucleation (Awad, :
and adhesion of fouling materian the contacsurface deegndon t he sur f ace p
(topography/ roughness, chemical natur e) (A
surface properties, such as surface free energy, wettability (contact angle, spreadability), and
heat of immersion are critical factors fmoduct attachment and accumulation at the contact
surface of processing equipment (Awad, 2011). Surface wettability and heat of immersion
increase as the difference between the surface free energy of the contact surface and the surface
tension of the flowng fluid close to the surface increases.

Finally, fouling processicludes also the removal and aging stages. Removal involves
the detachment of the fouling material from the corsactace thatan be a result of auto
initiated detachment or througheth act i on of exter nal forces s
agitation (Awad, 2011, M®r i an and Goddard, :

stage may occur, with the fouled layer to age, particularly in a heated surface such as a heat

13



exchange. During the aging stage changes of the
time, influencing adhesion and cleanability

2012).

2.4. Fouling types

Product deposition, accumulation and foulingriation depends on several different
parameters, such as operating conditions (bulk temperature of the fluid, surface temperature,
flow rate), food properties (pH, viscosity, food composition) and surface properties (material,
surface wettability, topogrépy ) (Bott, 1995; Santos et al .,
Goddard, 2012). In the food industry, different types of fouling can occur based on the different
physical and chemical processes involved, such as precipitation or crystallization fouling,
pariculate fouling (colloidal particles) or sedimentation (larger particles), chemical reaction
fouling, solidification fouling, corrosion fouling, and biological fouling (Bott, 1995; Fryer and
Asteriadou, 2009; Simdes et al., 2010; Awad, 2011; Wallh&uRRak,e2012; Kazi, 2012;

Goode et al., 2013).

24.1. Precipitation or crystallization fouling

Precipitation or crystallization fouling involves the crystallization of dissolved salts,
such as calcium, on the surface of the processing surface. Crystailiftatiing occurs from
the dissolved salts from saturated solutions, at higher tempexalhis type of fouling occurs
on the surface of heat exchangers during dairy processing and in water treatment during
desalination process (Bott, 1995; Fryer andeAatiou, 2009; Awad, 2011; WallhaulZer et al.,

2012; Kazi, 2012; Goode et al., 2013).

14



24.2. Particulate or sedimentation fouling

Particulate or sedimentation fouling involves the deposition and accumulation of
suspended patrticles on the heat transfeasar{Awad, 2011; Wallh&ulRRer et al., 2012; Kazi,
2012). It is the deposition of suspended particles in the process streams onto the heat transfer
surfaces. Sedimentation fouling is referring to large particles settling on the processing surface
due to grawy.

Particulate fouling occurs from suspended solids in cooling water, soot particles of
incomplete combustion, magnetic particles in economizers, deposition of salts in desalination
systems, deposition of dust particles in air coolers (Bott, 1995; A2Hd,; Kazi, 2012). An
example of this type of fouling in food processing is during spray dry processing, where milk
powder adheres to the surface of the drying chamber, usually near exit points (Ozmen and
Langrish 2003; O06cal |l agdriadeta.n2015)HIhegstickinessd0 1 3 ;
milk powder on the heat transfer surface is generally considered to result from the formation
of liquid bridges from amorphous sugar or other dissolved material on the surface of the
processing unit (OzmenandLargth 2003; OO6call aghan and Hogar
al., 2015). Furthermore, particulate fouling is a common problem during membrane filtration

of fermented beverages, such as beer (Blanpain and Lalande, 1997; Czekaj et al., 2000).

24.3. Chemical readion fouling

Fouling formation for this type is the result of unwanted chemical reactions that take
place during the heat transfer process between the components of the flowing fluid. Heat
transfer surface is not a reactant during this type of foulingdyuact as a catalyst for chemical

reactions, such as cracking, cooking, polymerization, and autoxidation (Bott, 1995; Awad,
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2011; Kazi, 2012). Decomposition and polymerization of proteins and hydrocarbons and crude
oil fouling on heat transfer surfaceseaharacteristic examples in food and dairy processing

for this type of fouling (Wallhaul3er et al., 2012).

2.4.4. Solidification fouling

Solidification fouling involves deposition of fluid components on th@ed processing
surface. During solidification or freezing, fluid components with a high melting point freeze
form a solid fouling deposit layer onto a subcooled surface, that acts as a resistance to heat
transfer between the coolant and the liquid (Ei8) (Sharma et al., 1982; Bott, 1995; Awad,
2011; Wallh&uler et al., 2012; Kazi, 2012; Goode et al., 2013). Subcooled processing surfaces
are subject to solidification fouling from normally soluble salts, fats, and waxes (Sharma et al.,
1982; Bott, 1995fFryer and Asteriadou, 2009; Awad, 2011; Wallhaul3er et al., 2012; Kazi,
2012; Goode et al., 2013). Solidification fouling occurs at low temperatures, usually in the
range of ambient temperature or lower. Operation factors such as flow rate of the flowing fl
temperature and crystallization conditions, surface conditions, and concentration of the fluid

components are factors affecting solidifications fouling (Kazi, 2012).
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Figure2.3. Solidification in a flowing system; with the flowing liquid at higimperature ()
and the cooling medium at freezing or cooling temperatw) T countercurrent flow mode.
Due to the low temperature of the contact surfagediid the components of the fluid, a solid
layer from the fluid components of thickness) (and temperature {)[ higher from E is

formed, acting as a resistance to heat transfer between the coolant and the liquid (Bott, 1995).

24.5. Corrosion fouling

Corrosion fouling is the result of chemical or electrochemical reactions between the
processing surface and the flowing fluid. Corrosion may cause fouling in two ways; first by
the accumulation of corrosion fouling material onto the surface of corrosion site, providing
resistance to heat transfer. Second, corrosion particulate fouling adagtbe transported
and be deposited as particulate fouling in another site of the processing surface system (Bott,
1995; Awad, 2011). Corrosion fouling in a metal surface during water treatment is a
characteristic example of this fouling type (Bott, 1988yer and Asteriadou, 2009; Awad,

2011; Wallh&uRer et al., 2012; Kazi, 2012).
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24.6.Biological fouling

Biological growth (biofouling) is the attachment and growth of biofilms; organic films
consisting of microorganisms and their products (Bott, 199%0es et al., 2010; Fryer and
Asteriadou, 2009; Awad, 2011; Wallhauler et al., 2012; Kazi, 2012) ZHy. Biological
fouling occurs in two subtypes of fouling, microbial and macrobial. Microbial fouling is the
most important type of biological fouling food processing and involves the deposition of
microorganisms such as fungi, yeasts, bacteria, and molds. Macrobial fouling refers to the
accumulation of macroorganisms that can be found in seawater or estuarine cooling water,

such as clams, barnaclesussels, and vegetation (Awad, 2011).
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Figure2.4. Steps of biofilm formation process (Breyers and Ratner, 2004).
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2A4.7. Milk fouling

Fouling in dairy processing is one of the most studied and affected sectors. Moreover,
milk fouling on heat transfesurfaces (usually in a plate heat exchanger) is classified into two
main categories, based on the processing temperature AT el TypeB (Fig. 2.5). Type
A involves the protein fouling (chemical fouling type) andeslplace within the temperature
range of 75 °C to 110 °C. During Typ® f o u |l i n g-lLactqglobalin)edenaturatidn
forms a white, soft, and spongjike fouling film (milk film) on the heat transfer surface, with
a composition of 50990% proteins, 30%40% minerals, and 49%% fat. DuringType-B
fouling, accumulation of minerals (calcium phosphate, calcium citrate) forms a dense gray
granular layer (milk stone) with a composition of 78%% minerals (mainly calcium
phosphate), 15980% proteins, and 49% fat (Bansal and Chen, 2006; WallR&u et al.,
2012; Sadeghinezhad et al., 2015). Both milk fouling categories may occur simultaneously
during Ultra hightemperature (UHT) (~138 °C) processing. However, mainly #ypeuling
may occur during HigiTemperature Sheifime (HTST) (72100 °C) pocessing, with
possible localized TypB fouling (for heat exchanger surface above 110 °C) (Bansal and

Chen, 2006; Wallhauler et al., 2012; Sadeghinezhad et al., 2015).
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Figure2.5. Image of milk fouling (Typeé\ and TypeB), on the surface of stainlesteel plate

heat exchanger (Barish and Goddard, 2013).

2 5. Factors affecting fouling

The fouling formation is amnsteady process and dependgbysical and chemical
interactions between the flowing liquid and the contacface. For that reason, fog
process can be influenced by fluid properties (velocity and temperature) and composition

(protein, mineral etc...), surface characteristics (surface material, wettability, roughness) and
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conditions (temperature) and the operational conditions (Bot9 5; Awad, 2011; M

Goddard, 2012).

25.1. Fluid velocity

Fluid flow velocity is one of the most important parameters on fouling formation,
affecting both deposition and removal of fouling material. The hydrodynamic effects of high
velocity fluid flow, such as the eddies and shear stress at the surface, can increase the removal
rate of the fouling material from the contastirface. On the other hand, fouling components
of the flowing fluid will deposit in lowvelocity regions, characteristics dfet laminar flow

regime (Bott, 1995; Kukulka and, Devgun, 2007, Awad, 2011).

2.5.2. Food Components

Food composition and concentration of food components such as proteins, minerals,
fats, and carbohydrates, and total solids concentration, is a datitait regarding fouling of
foods to the heating surface (heat exchange
Bansal and Chen, 2006; Wallhaul3er et al., 2012). Adhesion behavior of food components
involves changes in the thermodynamic states wdnieldifferent in nature for sugars, proteins
and fats, resulting in different types of fouling (Bansal and Chen, 2006; Wallhaul3er et al.,
2012; Goode et al ., 2013; O6callaghan and Ho
from the precipitation fopartially soluble salts (scaling), from the physicochemical reactions
of proteins and carbohydrates, precipitation of suspended particles (colloids), crystallization
and solidification (freezing and cooling), biofouling and corrosion reactions (Bars@leam,

2006; Wall h2uCer et al., 2012; Goode et al .,
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Proteins

During thermal processing denaturation and aggregation can cause fouling on the
processing surface. Fouling formation from proteins is due to the transgdattachment of
protein aggregates on a surface. Protein é
l act og!l obul i-lactabbumih, ase¢he majod doryiporignts of Typiouling.
Lipids

Lipid crystallization results in solidification fouling on thel@¢dood-contact surface.
The formation and accumulation of feedntact surface deposits can be a major problem in
pipes distributing food fats, reducing processing efficiency (heat transfer, pressure drop,
cleaning process) (Bansal et al., 2008; Huarad.e2010). Solidification fouling formation is
caused by higher melting point components crystallizing from the flowing solution to form a
viscous gel, which hardens over time (Bansal et al., 2008; Huang et al., 2010). Foed multi
component mixture fatsush as waxy crude oils, form crystals when their temperature falls
below the cloud point; the temperature at which the oil begins to cloud resulting from
crystallization during cooling (Huang et al., 2010). Temperature difference between bulk fluid
and thecold surface is a critical factor for solidification fouling. Reducing the temperature
difference between the flowing product and the foodtact surface can reduce the fouling
formation (Bidmus and Mehrotra, 2004; Huang et al., 2010).
Carbohydrates

Carlohydrates are the food component responsible for fouling in evaporator systems,
spray dryers, and filtration systems (0O6cal
Fouling characteristgof carbohydrate mixtures (starch, coynup solids and glucoy&appen

in the glass transition state of carbohydr a
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2015). As aresult of that, an increase of the starch content will increase fouling, which depends
on amylose and amylopectin content, and glass transgmoperature (Challa et al., 2015).
Minerals

Dissolved soluble mineral salts in the flowing fluid, such as calcium carbonate, calcium
phosphateand calcium citrate, contribute to the formation of scales developed from the
accumulation of precipitation @hineral crystal salts on the contact surface (Awad, 2011). In
particular, milk fouling TypeB, or mineral fouling, is formed from the accumulation of
minerals such as calcium phosphate and calcium citrate, on the surface of heat exchangers

(Bansal and Cher2006; Wallh&auRRer et al., 2012; Sadeghinezhad et al., 2015).

2.5.3. pH of food

The effect of pH on fouling is not clear (Bansal and Chen, 2006). In general, a reduction
in pH decreases the heat stability of proteins, while results in an increase ahioarals
concentration, such as calcium (Foster et al., 1989; de 164g@; Bansal and Chen, 2006).
milk fouling, a decrease in milk pH has a great impact on fouling, increasing the fouling build
up due to the additional deposition of caseins (de,Jt99/; Riverol and Napolitano, 2005;

Bansal and Chen, 2006).

25.4. Food temperature

Food temperature is a critical factor in product adhesion and fouling process. It is worth
mentioning that both the absolute (food) temperature and the temperatuenddféetween
food and contact surface) are important for fouling. Increasing the food temperature results in

higher fouling (Bansal and Chen, 2006; Kukulka and, Devgun, 2007). In milk fouling, the
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temperature of the milk is the most important controbpeater, resulting in a different type

of fouling, TypeA or TypeB, based on the particular product temperature (Bansal and Chen,
2006; WallhaulZer et al., 2012; Sadeghinezhad et al., 2015). Preheating of milk reduces the
milk fouling on the heated surfacereheating of dairy products results in denaturation and
aggregation of proteins prior to UHT and HTST, reducing the fouling deposition (Foster et al.,

1989; Bansal and Chen, 2006).

25.5. Surface temperature

Surface temperature is a critical paramefahe fouling process. In general, fouling
rate increases as the temperature rises. At higher temperature, the rate of fouling chemical
reactions, such as corrosion, crystal formation, and polymerization, increases (Awad, 2011).
At higher temperatures, senof the antfouling surface characteristics, such as-natting
behavior, tends to decrease. Lower surface temperature produces slower fouling buildup and
usually deposits that are easily removable (Awad, 2011). However, low surface temperatures
are prme to crystallization and solidification fouling. To overcome these problems, there
should be an optimum surface temperature to be used for each situation. Furthermore,
biofouling strongly depends on surface temperature. To reduce biofouling formation, low
surface temperatures that will reduce the growth rate of the biological organisms, or high

temperatures that will kill the microorganism cells are preferable (Mukherjee, 1996).

25.6. Surface material

Surface material selection is important, especialiycbrrosion fouling. Stainless steel

(series 300) is the most commonly used material for food processing equipment. Stainless steel
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is an inert material, relatively resistant to corrosion, stable with temperature, and highly
thermally conductive, ideal fdood-contact surface material for thermal processing equipment
units (Goode et al., 2013; Barish and Goddard, 2013). However, stainless steel has surface
characteristics, such as partial wetting properties and high surface energy, that are prone to
fouling and adhesive behavior of viscous food materials (Goode et al., 2013; Barish and

Goddard, 2013; Stoforos et al., 2016).

25.7. Surface wettability
In general surfaces with characteristic low free surface energy (partialetting
surface) exhibitonger induction periods, compared with higihergy surfaces (partial wetting
surface), which promote nucleation process (Awad, 2011).-vidgiting or lowenergy
surfaces (such as polymer and ceramic coatings) have longer induction periods than wettable
or high-energy surfaces, resulting in less product deposition. Depending on both the surface
tension of the liquid and the surface free energy of the solid cesudeice, a characteristic
cont act angle (d (A)) wi | | f teraction betdeen thea c e w
surface tension forces of the fluid and the attractive forces of the contéate (Fig. 2.6).
Surface wettability is one of the parameters which differentiate the cantdates, varying
from hydraQ@5 gohd09),ihydroppalli< ( d=90A to 150A), up t
(d>150A) behavior (Loibl et al ., 2012; Kor
hydrophobic surfaces exhibit a naretting or a partial nomwetting behavior with a low
surface free energy while surfaces witldfgphilic characteristics, the surfaces with high free
surface energy, exhibit a wetting or partial wetting behavior. Surface wettability can be

guantified by measuring the equilibrium contact angle of a small volume of liquid at the liquid
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surface interfee. The formed contact angle is expressed by the Young equatio.1Eq.
through the mechanical equi l i brium of the i
the contacsurface, and the surrounding vapor (Fig. 2.7) (Loibl et al., 2012; Korhetreln

2013). The mechanical equilibrium is between the ligwgdor interfacial tensiongyv), the

liquid-solid interfacial tensiond(s) and the solidrapor interfacial tensiongv).

oo e A - (2.1)

surface tension

>90°
gravitational surface attractive forces
force
Liquid on a non-wettable surface, When attractive forces to surface
surface tension dominating exceed surface tension, the liquid
attractive forces on surface. wets the surface.

Figure2.6. Liquid-surface interaction, for a nemetting surfacd ®6°) (left) and a wetting

surface( d°) (right) (Cheml.com, 2017).
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Figure2.7. Mechanical equilibrium of the tensions at the ligswdid interface (Loibl et al.,

2012).

2.5.8. Surface toparaphy/roughness

One other property of contastirface is surface roughness. Rough surfaces increase
the effective contact area of the surface, providing suitable sites for nucleation which promotes
initiation of fouling, increasing particulate depositiennd pr oduc't adhesi on
increased surface roughness is associated wi
instabilities in the viscous subl ayear fafcet h

(Awad, 2011; M®r i 201 2nd Thedsuor fasarfacghne:

usually determined using atomic force micro:
providing a gener al description of the heigl
2012).
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2.5.9. SQurface forces

Another surface property important for fouling formations is surface forces. Surface
forces, such as Londowan der Waals force and electric double layer interaction force can
result in intermolecular attraction or repulsion between charlygd particles leading to
fouling formation (Awad, 2011). The electric double layer interaction force can be attractive
or repulsive. In addition, viscous hydrodynamic force, such as drag or shear stress, of the
contactsurface influences the attachmentl aamoval of the fluid stream flowing close to the

surface (Awad, 2011).

2.6. Methods for determining fouling
The fouling resistances can be measured either experimentally or by analytical
methods. The main fouling detection methods include measurermemmss, pressure,

temperature, and electric current differences (Awad, 2011; Wallhaul3er et al., 2012).

2.6.1. Direct weighing

The simplest method to determine the extent of product and fouling deposition on the
tested surface is by direct weighimrect weighing measurement detects the residual deposit
on the contact surface based on the mass difference of the surface before and after the process

(Awad, 2011).

2.6.2. Thickness

Another simple technique for fouling detection and measurement isehsunement

of the thickness of the fouling deposit. Use of a micrometer or microscope to measure the
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thickness of fouling deposition is a useful technique to evaluate and quantify crystallization
fouling on the contact surface (Awad, 2011). For the foutages with a small sample
thickness, AFM technique can be used to determine the changes in the roughness of the surface,

resulted from product and fouling deposition (Goode et al., 2013).

2.6.3. Pressure drop

Pressure drop measurement is a standardettanethod, for fouling detection. During
fouling formation, the pressure drop across the processing equipment is increased due to the
reduction of the flow crossectional area, and the rough character of the fouling deposit layer.
Pressure drop changeser the time, during flow at a constant flow rate, is an indication of
product and fouling deposition. In continuous flow processing systems, pressure measurement
at the inlet and the outlet of the processing unit, for pressure drop detection, isrgregelss,
accompanied by other standard methods such as temperature measurements (Awad, 2011;

Wallh&ufRer et al., 2012).

2.6.4. Heat transfer parameters

Similar to pressure drop measurements, the inlet and outlet temperature of the product
is routinely masured. Temperature difference can be used as a method to detect product and
fouling deposition, through the fluctuating of the measurements during the process (Awad,
2011; Wallhauler et al., 2012). During fouling development, the efficiency of heaetransf
reduced, with the product outlet temperature to drop or remain high, for heating or cooling,

respectively (Awad, 2011; Wallhaul3er et al., 2012).
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Moreover, changes in heat transfer parameters, such as heat flux or overall heat transfer
coefficient carbe used as an indirect measurement for fouling detection (Awad, 2011). These
heat transfer parameters are affected by factors such as temperature changes, mass flow rate,
and thermal conductivity of the product, the heating medium, and the foulingmesjdtaing

affected by the fouling formation and deposition (Awad, 2011; Wallhaul3er et al., 2012).

2.6.5. Electrical parameters

Electrical parameters such as electrical resistance and conductivity can be used as a
fouling detection method. During minealystallization fouling, change in salt concentration
due to precipitation induces a change in electric conductivity. Measurement of the changes in
electrical and thermal conductivity can be used as a method to determine fouling formation on

the contacsuface (Chen et al., 2004; Wallhaul3er et al., 2012).

2.6.6. Acoustic methods

Fluctuation of acoustic parameters such as acoustic impedance, attenuation
coefficients, and acoustic signal vibration amplitude can be used to detect fouling deposit on
the contat-surface. The resistance of acoustic signal transmission due to the fouling deposit
can be measured using transducers (one sender and one receiver) and accelerometer attached

on the tested surface (Wallh&uRRer et al., 2011; Wallhaul3er et al., 2012).

2.7. Removal and cleaning of fouling

Removal of the residual product in lelew areas of processing equipment and

cleaning of fouling deposition is a major challenge for the efficiency of food and dairy
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processing (Fryer and Asteriadou, 2009; Goode et al3)20o remove the product and
fouling deposition from the contact surface, mechanical removal due to fluid flow action
cleaning processes should overcome the cohesive forces that keep the fouling material together
and the adhesive forces between thpodé and the contasurface (Fig.2.8) (Fryer and

Asteriadou, 2009).

Cohesive forces between elements of the
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Figure2.8. Schematic diagram of the cohesive and adhesive forces, fluid flow (shear stress)

should overcome, to remove the deposit from the costatace (Fryer and Asteriadd2009).

Moreover, in food and dairy processing, clearimglace (CIP) is used to remove the
residual product, fouling, and biofouling that remain in the process line after production.
During CIP, water and/or chemical solution is circulated around ptaness equipment under

specific temperature and flow conditions (Fryer and Asteriadou, 2009; Goode et al., 2013).
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Fryer and Asteriadou (2009) suggested a classification map of cleaning problems of
fouling on the surface of processing equipment. The rakgpes the type of fouling material

with the type of cleaning required (cold water, hot water, chemicals)ZBig.The residual

fouling materials, at the end of food processoan be classified as:

) Low viscosity fluids: the residual deposit is ofteater or has similar properties with

water. This type of residual deposit is observed after cleaning between process runs.

i) High viscosity fluids: the residual deposit material is a highly viscous fluid, such the

residual product at the contesirface oflie processing equipment, after processing of
foods with high starch content.

iii) Cohesive solids: the deposit is a sdile fouling material, such as soft protein gel film

(Type-A milk fouling) or very hard solids formed by precipitation of minerals (Fype

B milk fouling).

Furthermore, Fryer and Asteriadou (2009) have divided fouling deposition into three
different types, based on the fouling material and the cleaning process:

1. Type 1 is associated with residual fouling material of viscous foods and visaoelasti
viscoplastic fluids, such as yogurt, which is easy to remove, by rinsing the esuntiacte
with hot water.

2. Type 2 is associated with cleaning and killing microbial and biological material, such as
biofilms and polymers (gdike films), which are rmoved with the combination of hot
water and chemical use.

3. Type 3is associated with cleaning process of cohesive solids, the fouling materials of milk
pasteurization and processing of fermented products (beer), which are removed with

chemicals.
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Mechanicafluid flow action (shear stress) is enough to disrupt the weak cohesive and
adhesive forces of Type fouling deposition and remove the deposit. For T¥deuling
deposition, further to the hot water fluid flow, part of deposit removal is done by ajgplicat
of chemicals. For Typ8 fouling deposition, application of chemicals is necessary due to the
strong cohesive and adhesive forces of the deposit. Chemicals break down the strong bonds of

cohesive and adhesive forces and remove the difficult-Beédleposit from the surface.

TYPE OF CLEANING FLUID
4 Hot chemical

Type 3:
Cohesive solids
removed with chemical

Personal product and
pharmaceutical creams

Type 2:
Sanitizing Biofilms

Non-viscous Viscous Cohesive
fluids fluids solids
2
Hot SOIL COMPLEXITY

Rinsing to remove

T e 1. |
taints in packaging. yp water

Viscous liquids
removed with
hot water

Soils that dissolve
in water: sugars

Product recovery: Product
Dairy/brewing changeover:
industry Viscous fluids Water at ambient

Figure 2.9. Fryer and Asteriadou (2009) cleaning map; classification of fouling materials,

based on the cleaning process.
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2.8. Effects of fouling

Product and fouling depositions on the surface of processing equipment reduce t
operating efficiency, by reducing the heat transfer and thermal mixing (temperature
equalization) efficiency, and pressure fluctuation. (Bott, 1995; Awad, 2011; Wallhaul3er et al.,

2012; Kazi, 2012; Goode et al., 2013; Stoforos et al., 2016).

2.8.1. Effects of fouling on heat transfer

Product and fouling deposit layers on heat exchanger surfaces increase the resistance
to heat transfer (Awad, 2011; Kazi, 2012; Goode et al., 2013). Accurate measurement of the
effects of fouling on heat transfer is crilidar process design. Changes in heat transfer
efficiency may have a significant effect on food product safety and quality. Changes in heat
transfer during fouling are designed by including a thermal fouling resistance coefficient or
fouling factor, R (m?-K/W), in the equation relating the overall heat transfer coefficient (Eq.

2.2) (Awad, 2011; Kazi, 2012; Goode et al., 2013).

- — Y (2.2)

WhereU is the overall heat transfer coefficient (Wfi)), at a specific time (t (s)) of the
process andl, is the initial overall heat transfer coefficient (WFi)) for the clean heat
exchanger (i.e. without fouling).

Thermal fouling resistance coefficiem; is a function (Eq2.3) of the thicknessx(
(m)) and thermal conductivityk((W/(m-K))) of the buling deposit layer and is a function of

time as fouling process progresses (RBifj0) (Awad, 2011; Kazi, 2012; Goode et al., 2013).

Y — (23)
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Figure 2.10, known as the fouling curves, presents the changes of thermal fouling resistance
coefficient, R, during the fouling process. The delay tirmags), indicates the initial induction
period where no fouling occurs. The valuetoflepends on the properties and the nature of
contact surface (newetting or wetting characteristics). After the induction, delay period, three
different fouling factor time curves can be observed:

1. Linear fouling curve, where the deposition raig)(is constant and the removal rate
is neglected or their difference is constant.

2. Falling rate fouling curve, where the fouling deposition rate increases over the time but not
linearly, with a decreasing deposition rate over the time.

3. Asymptotic fouling cuve, where both fouling deposition and removal rate are functions of
fouling layer thickness. In this case the rate of fouling deposition gradually decreases, until
the fouling process reaches a steady siatel .

In particular, in industrial operationasymptotic fouling is more common, with the

asymptotic fouling factor +) to be used for calculations (Awad, 2011).
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Figure2.10. Fouling curves presenting the changes of thermal fouling resistance coefficient,

R¢, during the fouling process (Awad, 2D).

2.8.2. Effect of fouling in pressure drop

During product and fouling deposition, at a given flow rate, the pressure drop across
the processing equipment will increase, due to the reduction of the flowsectssnal area
and the rough character tfe fouling deposit layer (Awad, 2011; Kazi, 2012; Wallh&uRRer et
al., 2012). The increase of pressure drop, during the fouling formation, results in additional
pumping power requirement. Control and monitoring of pressure drop during fouling process
is important to avoid excessive pressure and damage to the processing equipment (Awad, 2011;

Kazi, 2012; Wallhauf3er et al., 2012).
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2.8.3. Effect of fouling in thermal mixing

Thermal mixing, or temperature equalization, has been proposed as an efficient method
for enhancement of cooling process of highly viscous foods, such as sweet potato puree,
banana puree, and cheese sauce (Stoforos et al., 2016). Stoforos et al. (2016) used acoustic and
mechanical vibration to impose transversal vibration motion on a 18@°@gpe, used as the
mixing unit, and generate thermal mixing of the viscous foods tested. However, the efficiency
of thermal mixing was affected by the product and fouling deposition at the pipe wall for
products such as banana puree and cheese saucg.{fig(Stoforos et al., 2016). The Ron
slip fouling layer deposit at the pipe wall for these products reduced the thermal mixing
efficiency, acting as a resistance on the transmission of the acoustic and vibration signals,

imposing the mixing (WallhaulRet al., 2011; Wallh&uler et al., 2012; Stoforos et al., 2016).

Figure2.11. Formation of thick fouling layer at the pipe stainless steel wall, during cooling

and thermal mixing studies of banana puree (Stoforos et al., 2016).
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2.9. Modified food contact surfaces for fouling reduction
Reduction ofthe deposition and adhesion of fouling components on the surface of

processing equipment, like stainless steel heat exchangers, depends on different parameters

such as operating conditions (temperatdre, ow r at e) , food composi
processing surface properties (material, wet
al ., 2004 ; M®r i an and Goddar d, 2012, Goode
subject of research formpan st udi es focusing on controllin
fouling and biofilm formation in food and d:
et al ., 2007; Bal asubramani an and Puri, 200

2012; Goodet al., 2013; Barish and Goddard, 2013).

Unfortunately, the most commonly used material for food processing equipment,
stainless steel (300 series), has surface characteristics, such as partial wetting properties and
high surface energy, that are prooéduling and adhesive behavior of food and dairy products
(Goode et al., 2013; Barish and Goddard, 2013). Recent studies of fouling reduction, have
adopted techniques such as polymer and nanoparticle coatings (polyethylene glycol, silica or
fluorocarbon ad polytetrafluoroethylene (PTFE)), and physaw@mical surface modification
techniques such as plasmahanced chemical vapor deposition and electrochemical and ion
implantations, in order to modify the surface characteristics of stainless steel, prevent i n g
formation and 1 mprove cloywgiaeni csuprfagerst i(eSsa nd
M®r i an and Goddar d, 2012) . Surface propert.i
spreadability), morphology (roughness and topography), and suwffeeistry, have been
modified to produce functional surfaces that mimic the -delining and repellent

characteristics of natural antifouling materials, such as the lotusNediingbo nucifeara
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(Beuf et al., 2003; Santos et al., 2004; Premathilakd eta 2 00 6 ; Rosmani nho
Bal asubramanian and Puri, 20009; Kananeh et a

Goddard, 2013; Goddard et al., 2013).

2.9.1. Surface modification techniques

Surface modification studies have been focused iamaking the properties of natural
anti-fouling materials, such as the lotus leBelumbo nucifeara The supehydrophobic
behavior, in combination with the roughness of the nanostructure of the lotus leaf, is associated
with unique seklcleaning and wat-repelling properties, known as the lotus effect (Latthe et
al., 2014). Furthermore, novel surface modification techniques, such as polymer and
nanoparticle coatings (silica or fluorocarbon compositions), physicochemical surface
modification, plasm&nhaced chemical vapor deposition, eleetteemical and ion
implantations have enabled researchers to successfully lower the free surface energy of the
food contact surfaces by altering wettability (hydrophobic and hydrophilic) and roughness
characteristicsgeuf et al ., 200 3; Santos et al ., 200
et al ., 2006 ; Bal asubramanian and Puri, 200
2012; Barish and Goddard, 201® food, and in particular dairy processing researchsare
antifouling methods have been applied on the surface of stainless steel plate heat exchangers,
resulting in significant reduction of the amount of product deposition and fouling formation,
for foods such as milk, skim milk and tomato juice, improving bperation and cleaning
efficiency of the heat exchangers and reducing bacterial adhesion (Beuf et alS&0@3; et

al., 2003; Santos et al., 2004; Rosmaninho et al., 2007; Premathilaka et al., 2006;
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Balasubramanian and Puri, 2009; Kananehetd., @0 M®r i an and Goddar d,

Goddard, 2013).

2.9.2. Autocatalytic Nii Pi PTFE coating

One of the most used surface modification techniques is the coating of electroless (or
autocatalytic) nickephosphorus and PTFE (NHi PTFE). The process contains five steps: 1)
alkaline cleaning bath, 2) pickling process, 3) galvanic deposition of rfaktelate substrate),
4) autocatalytic reaction (deposition ofiRi plating on the sample), 5) adding PTFE patrticles
in the coating bath to be incorporated in theMimatrix (Fig.2.12) (Santos et al., 2004). The
incorporation of PTFE particles into the-R matrix can take advantage of the different
properties of NiP alloy and PTFE. Electroless nickehosphorous is widely used in the
fouling studies because of its corrosion and wear resistance and its inherently uniform coating
thickness. PTFE is chenailty very inert and has a relatively high melting point, low friction
coefficient and extremely low surface energy (380mN/m), resulting in nestick properties
of PTFE (Beuf et al., 2003; Santos et al., 2004; Zhao et al., 2007). The resulting agdertie
electroless NiPi PTFE coatings, such as nefick, hydrophobic, partial newetting, anti
adhesive, lower friction, good wear and good corrosion resistance, have been used successfully
in fouling and biofouling studies, in dairy process (Beuf et20Q3; Santos et al., 2004;
Rosmaninho et al.,, 2007; Zhao et al., 2007; Balasubramanian and Puri, 2009; Barish and
Goddard, 2013). NP-PTFE has the best cleaning efficiency comparing with the rest of the
surface modification techniques. Moreover,-INPTFE is the most promising surface
modification technique as an antifouling surface for-noorobiological deposits (calcium

p h o s p Haatbgmhulinfand milkbased product) and significantly better cleaning efficiency
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comparing with the other materials {Beet al., 2003; Rosmaninho et al., 2007; Zhao et al.,

2007; Balasubramanian and Puri, 2009; Rungraeng et al., 2012; Barish and Goddard, 2013).

uriccabed Ki-P-FTFE coabad
sarmple sarmple
;
5 10 min 308 .1 min 1 .. 3 min 1h -'j; —
iil;I= o~ __"'\-\. S .-"'-'_ - i :!I's
' \'\. ,-"f \ h“‘a f ™, particies
akkaling pickiing galvaniz autocatatytic autocatalytic
cleaning Mi plating Ni-P plating Mi-P-PTFE
{2 ... 3 Aldm?) plating

Figure2.12. Autocatalytic NiPi PTFE coating processing steps (Santos et al., 2004)

2.9.3. Fluorocarbonbased nanoparticle coatings

Using commercially available silica or fluorocarbon based nanoparticle coatings, and
by applying one of the most commonly used surface modification techniques of electroless
nickel (EN) plating with embedded PTFE nanopartidiesd and dairy process surfaces were
successfully modified by lowering the surface energy via increasing the hydrophobicity and
adjusting the roughness of the surface (Kananeh et al., 2010; Balasubramanian and Puri, 2008;

Balasubramanian and Puri, 20099rBh and Goddard, 2013). Similar with the autocatalytic
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Nii Pi PTFE coating process, EN is an aatdalytic chemical technique used to deposit a layer

of nickelphosphorus (NP) alloy on the examined surface sample (Kananeh et al., 2010). The
next step oEN process is the silica or fluorocarbon based nanonoparticle coating (Kananeh et
al., 2010). The modified surface through silica or fluorocarbon based nanoparticle coatings
was successfully used for mitigation of fouling formation during thermal proces$imilk

based food (tomato sauce) products (Kananeh et al., 2010; Balasubramanian and Puri, 2008;

Balasubramanian and Puri, 2009).

2.9.4. Silica coating

In food fouling and biofouling studies, commercially available silica coatings (SiOx),
as well assilica coatings based on the isg¢l process have been tested. This approach is
applied to produce a hydrophobic (commercially available samples) or hydrophilic (made with
the solgel method) and a hydrated anionic surface (Beuf et al., 2003; Santos2€04t.
Santos et al., 2006; Rosmaninho et al., 2007). AFM studies have shown that SiOx has higher
surface roughness compared to other coating methods (fluorocarbon coatings). The SiOx
surface modification technique has a promising performance in redfemufigg of dairy
products; however, fouling deposition is higher compared to low surface free energy and
hydrophobic coatings (NP-PTFE) (Beuf et al., 2003; Santos et al., 2004; Santos et al., 2006;

Rosmaninho et al., 2007).

2.9.5. Plasma enhanced chemat vapor deposition

Plasma enhanced chemical vapor deposition (CVD) or plasma enhanced CVD is a

chemical vapor deposition process, used for surface modification by deposition of thin films
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from a gas state (vapor) to a solid state on a substrate. Thecahesaiction in plasma CVD
technique is initiated through the formation of plasma, which is usually induced through radio
frequency or microwaves. The coating material is introduced into the process as a solid target,
using gaseous or vaporous precursomially, in fouling studies, typical gases are CxHx for
diamondlike carbon (DLC) films and Hexamethyldisiloxan (HMDSO) for SiOx filrBe(f

et al., 2003; Santos et al., 2004; Rosmaninho et al., 2007; Premathilaka et al., 2007). Using
Plasma CVD, there ialso the possibility to implement additional atoms into the coating, by
adding a silicorcontaining precursor and oxygen to the working gases. Using this
modification, additional coatings such as DISI O can be obtained. The disadvantages of
this surfacemodification technique are the reduction of density and weaker adherence to the
substrate material. Using CVD DLC films on the surface of the stainless steel a hydrophobic
surface is produced with a promising antifouling behavior against protein foulitngeven

better cleaning efficiencyBeuf et al., 2003; Santos et al., 2004; Rosmaninho et al., 2007;

Premathilaka et al., 2007).

2.9.6. Surface preparation by sputter technique

Sputter deposition is a physical vapor deposition (PVD) process of thiddmsition
by sputtering under sudtmospheric pressure. This involves ejecting material from the
examined coating materi al (the Atargeto) t
vacuum chamber, a high voltage is in the area between the seilastdethe target, a reactive
gas is introduced which gets ionized (usually argon gas). The applied high voltage makes the

plasma ions to accelerate and hit the cathode, the target surface. On hitting the cathode surface,
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plasma ions dislocate atoms frohettarget surface. Detached atoms are deposited on other

parts of the surface (Fig. 2.13).

o
[€ e L _ Target
E i sl sl il |I|- - 3"-. A sl sl i i
| 5 T --.-_. :‘ )
NATL TS g Process Gas
‘ . L

s TAEES (z.B. Ar, N, usw.)

]
FHHMM : Substrate

7
e rrrrrrr{}rrrrrrl;E r rrIH
' L 4

Vacuum Pump

. T T L L

T

Figure2.13. PVD sputter deposition method deposition (Santos et al., 2004). High voltage
(RF) applied in the area between the target (cathode) and the ®jbetrating the reactive
gas (black circles). The ionized gas (blue circles) accelerates and hits the cathode, resulting in

deposition of atoms (red circles) from the target to the substrate (Santos et al., 2004).

TiN (Titanium-nitrogen) coatings werproduced by reactive sputtering of a titanium
(Ti) with an unbalanced magnetron cathode and nitroggre@\the reaction gas. Results with

milk and milk based products on fouling with TiN coatings were not as promising as with other
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coating materials (Séws et al., 2004; Rosmaninho et al., 2007; Mauermann et al., 2009). TiN
coating can be further modified to titanium carbide (TiC) and DLC coating films. Using
physical vapor deposition (PVD) process with the TiN film in the presence of mixgds\

and actylene on top of a metal substrate, TiC film can be produced (Santos et al., 2004;
Rosmaninho et al., 2007). TiC surfaces have been reported for their good repellent behavior
againstBacillus cereusspores (Rosmaninho et al., 2007). Furthermore, DLC fdars be
produced with sputter deposition method, using argon and hydrogen plasma. The advantages
of sputter deposition DLC coatings are the hard and very adhesive films, comparing with the

CVD.

2.9.7. lon implantation

There are two kinds of ion implantatictechniques: direct ion implantation and
turbulent ion implantation.
Direct ion implantation (or ion beam implantation)

During directed ion implantation (or ion beam implantation), the surface is bombarded
with highly accelerated ions, with an averagergy®f several keV (~200 keVBeufet al.,
2003; Santos et al., 2003; Santos et al., 2004; Rosmaninho et al., 2007). The modifying material
is directly implanted into the base substrate to form a surface alloy. The ions settled
perpendicular to the surfagn a depth of approximately of 0.2 uBe(uf et al., 2003; Santos
et al., 2003; Santos et al., 2004; Rosmaninho et al., 2007). In food and dairy fouling studies,
sample surfaces with bean implantation of 3Sikons have been studied. SiFions
implantaton produces a surface with hydrophilic characteristics without affecting the surface

topography (Santos et al., 2004). Sifons implantation has a potential to reduce fouling
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formation during milk processing, presenting a good approach to mitigate nprotéi b
lactoglobulin) fouling Beufet al., 2003; Santos et al., 2003; Rosmaninho et al., 2007).
Turbulent ion implantation

During turbulent ion implantation, a plasma is ignited in the vacuum chamber during
turbulent ion implantation (Santos et al., 2004)e atoms hitting the surface have such a high
energy that they can penetrate into the interior of the material up to the depth of about 100 pm
(Beufet al., 2003; Santos et al., 2004). In food and dairy fouling studies péoficles have
been usedBeuf et al., 2003; Santos et al., 2004; Rosmaninho et al., 2007). paotcles
promote the amntadhesion behavior of the tested surface. Similar to the case of direct
implantation of Sig" ions, Mo$S particles do not affect surface topography of the samplis a
produce a hydrophilic surface (Santos et al., 2004). MuBticles implantation surface
modification technique looks promising for milk fouling reductiddeqf et al., 2003;
Rosmaninho et al., 2007). However, surface techniques, such BSPNFE and #3" ions
implantation reduce fouling of milk better compared to Mp8&rticles Beuf et al., 2003;
Rosmaninho et al., 2007).

Antifouling materials and surface modification techniques, with low surface free
energy and smooth surface characteristics, fsanmeessfully been used in food and dairy
research, improving the operation and cleaning efficiency and reducing the bacterial adhesion
(Beuf et al., 2003; Santos et al., 2004; Premathilaka et al., 2006; Rosmaninho et al., 2007;
Balasubramanian and Puri®® ; Kananeh et al ., 2010; M®ri an
Goddard, 2013; Goddard et al., 208Rpforos et al., 2017aHowever, antifouling surface
modification techniques have not extensively been used for commercial application for food

and dairyprocessing due to the cost and complexity of fabrication and, in some cases, the
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incompatibility with food grade materials, in addition to the reported tbort stability of
antifouling properties of the modified surfaces (Barish and Goddard, 2013 Bagbese
observations, there is a need for development of new food surface modifications techniques
with lower cost and improved simplicity of fabrication.

During this research, chemical hydrophobic surface treatments and hydrophobic
engineered textilesvere examined as antifouling material in cooling of viscous foods. The
results of these studies showed promising results in enhancement of cooling and cleaning
processes of viscous foods. Additionally, a new surface modification technique was
introduced, ging textile construction methods, with low cost and with potential for extended

use in the antifouling research area (Stoforos et al., 2017).

2.10. Conclusions

In this review paper, the mechanisms of fouling and product adhesion during food
processingas well as the challenges and opportunities of the new antifouling developments
have been presented and discussed. Product and fouling deposition on-tentactisurface
of processing equipment (heat exchangers, spray dryers, mixing units) duringaltherm
processing of viscous foods and dairy products is a major problem in the food industry,
reducing processing efficiency and increasing opegatosts. The formation and builgo of
fouling layers formed on food processing equipment reduce the efficadrogat transfer,
thermal mixing, and increase the pressure drop across the processing units, resulting in
degradation of final food product quality and increasing the overall processing and cleaning

operation time and costs, while also being prone todtion of biofilms.
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During heating or cooling of food products, fouling formation depends on physical and
chemical interactions between the flowing food and the-fmodact surface. Fouling process
can be influenced by fluid properties (velocity and terapge) and composition (proteins,
minerals, fats, carbohydrates), surface characteristics (surface material, wettability, roughness)
and conditions (surface temperature) as well as the processing operational conditions (High
Temperature Shoifime, Ultrahigh-temperature, microwave, ohmic heating).

Food composition and concentration of food components such as proteins, minerals,
fats, and carbohydrates, and total solids concentration, is a critical factor regarding the fouling
type formation on the foedontact surface. Fouling in food processing is formed from the
precipitation of partially soluble salts (scaling, Ty®e milk fouling), from the
physicochemical reactions of proteins (Tyenilk fouling) and carbohydrates, precipitation
of suspended parte&s (colloids), crystallization and solidification of fat components (during
freezing and cooling), biofouling and corrosion reactions.

Surface properties, such as surface wettability (hydrophilic, hydrophobic,
superhydrophobic), morphology (roughness dopgography), and surface chemistry, of
stainless steel heat, exchanges have been modified to prevent fouling formation and improve
hygienic properties of foedontact. In food and dairy processing studies, novel antifouling
surface modification techniquesuch as polymer and nanoparticle coatings (silica or
fluorocarbon compositions), physicochemical surface modification, plasimanced
chemical vapor deposition, electcbemical and ion implantations have enabled researchers
to successfully lower thede surface energy of the foadntact surfaces by altering wettability

(hydrophobic and hydrophilic) and roughness characteristics to reduce fouling formation and
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deposition, improving the operation and cleaning efficiency and reducing the bacterial
adheson.

Finally, reducing the product accumulation and fouling formation on the processing
equipment, potentially can significantly improve the operation efficiency and reduce the total
cost, by increasing the heat transfer and mixing of the process, whitaining the product
guality losses. However, antifouling surface modification techniques have not extensively been
used for commercial applications in food processing. The cost, complexity of fabrication and
the reported shoterm stability of antifoulingproperties of the modified surfaces still need to
be improved for potential applications in advanced thermal processing of food and dairy

products.

Nomenclature

Latin letters

CIP CleaningIn-Place

CVD Chemical vapor deposition

DLC Diamondlike carbon fims

EN  Electroless nickel plating surface modification technique
HTST High-Temperature Sheifime process

HMDSO Hexamethyldisiloxan

Rs Thermal fouling resistance coefficient or fouling factor-AwW)

t Time (s)

U Overall heat transfer coefficient (WfaK), at specific time during the process
Uo Initial overall heat transfer coefficient (W#K) for the clean, heat exchanger
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UHT  Ultra hightemperature process

X

Thickness of fouling deposit layer (m)

Greek letters

H Heat transfer (J)

Ud Deposition rate of foling material

Qr Removal rate of fouling material

Subscripts

d refersto the deposition process foluling material

f refersto thefouling deposit layer

LV refersto the liquidvapor interfacial tension (N/m)
LS refersto the liquidsolid interfacial tesion (N/m)

o] refersto the clean, without fouling heat exchanger
r refeisto the removal process fuling material

SV refersto the solidvapor interfacial tension (N/m)
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ABSTRACT

This study presents the results of computer simulation modeling, using Computational
Fluid Dynamics (CFD) and heat transfoftware systems on continuous flow cooling of
viscous food products, such as applesauce and sweet potato puree. Computer simulation
modeling was used to compare two different flow regimes within the same tube in tube heat
exchanger: i) cooling process thle food, while flowing within the internal tube cylinder of
the heat exchanger and ii) cooling process of the food, while flowing within the annular passage
of the heat exchanger. Results of the set of simulations indicate that under an identical set of
flow rates, surrounding and initial temperature conditions (120 °C, 130 °C and 140 °C for the
process material, 4 °C for the coolant) the flow regime in which the process material is flowing
within the external annulus of the heat exchanger would thedhgtieault in a bulk product
temperature at the outlet of the heat exchanger within a temperature range9&f %3@or
both examined products. When the process material is flowing within the internal tube of the
heat exchanger, the calculated bulk pradeperature at the outlet of the heat exchanger was
in the temperature range of-Q02 °C for sweet potato puree and35 °C for applesauce.
Therefore, in this case, the potential improvement in the cooling efficiency resulting from the
movement of praess material flow from the internal tube into the external annulus could be
up to 14% and 23%, for applesauce and sweet potato puree, respectively. Finally, the results
showed that having the food product flowing within the annulus, cooling efficiencg beul
improved by increasing the heat loss to the environment, while maintaining the sanitation

conditions in the processing ptan

Key words: Computer Simulation, Continuous flow cooling, sweet potato puree, applesauce
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3.1. Introduction

Advanced thermalechnologies such as continuous flow microwave (MW) systems,
ohmic and radio frequency heating have enabled food processors to maximize product quality
during continuous thermal processing of highly viscous and multiphase food products (Coronel
et al., 208; Steed et al., 2008; Cullen et al., 2012). However, due to the lack of advanced
technologies, continuous flow cooling of these materials still depends on slow, predominately
convectionbased heat transfer methods. During continuous flow cooling of higddpus
foods, like fruit and vegetable purees, laminar flow, -Nawtonian flow behavior
(characteristic for the most of the processed foods (Tokisangyo, 2016)), laminar flow and low
thermal conductivity lead to a wide temperature distribution within gheduct and
consequently in unequal cooling treatment and degradation of final food quality. This results
in a nonuniform cooling of food material, very slow cooling processes and reduced food
quality.

Unfortunately, often predicted and anticipated depelents of volumetric cooling
technologies, such as magnetic field cooling (Sarlah et al., 2006; Kawanami et al., 2011) have
been slow and expensive in their progress to laogéde commercial applications. Additionally,
food industries, in an effort to kance the cooling rate of continuous flow thermal processing,
utilize coolant mediums (like ethylene glycol based coolants) at a very low temperature range,
but without any significant improvement in the cooling process of highly viscous food
products. Moeover, using this type of coolants and considering the processing conditions
(room air temperature and high relative humidity in gnecessing plaftand the "cold"
temperature (below the dew point) of the surface of the heat exchanger, result irofowhati

dropwise and film condensation from moist air at the outside surface of the cooler, resulting in
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dripping water (Moerman, 2016). As a result, condensation at the outside surface of the heat
exchanger increases heat losses to the environment ahdsisoegative impact on sanitation
conditions of the food production plan.

The main objective of this research was to study continuous flow cooling of highly
viscous food products, such as applesauce and sweet potato puree, and determine the best
operatimal conditions, that will enable the food processors to enhance cooling processing
while maintaining the sanitation conditions in the food processing plant. Moreover, a computer
simulation was used to compare two different flow configurations within the sabe in tube
heat exchanger: i) product flowing inside the inner tube of the heat exchanger, conventional
configuration, and ii) product flowing within the annulus side of the heat exchange3.(fig.

The anticipated outcomes of this study was thaplementation of the second flow
configuration could yield three potential benefits: a) reduction of cooling energy losses to the
environment, b) movement of the colder, highly viscous layer of the food material into the
more central flow segment where iilwbe easier to equalize the temperature profile and
enhance the cooling of the flowing food, and c) reduction of condensate formation on the
external surfaces of the cooling heat exchangers with an associated improvement in processing

plant sanitary contons.
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Condensation at the pipe wall

Food Product

—
a)
Coolant

e — e —
b) Food Product

Figure 3.1. Schematic outline of cooling process and temperature distribution under two
operating scenarios: a) product flowing through the inside pipe; b) product flowing in the outer

annulus of a tubular heat exchanger.

3.2 Computer simulation model

Improvement of food processing procedures, such as thermal processing, is a major
challenge in the food industry and food engineering. In the last decades, new developments in
computational simulations have been used as a tool for betteraianding and optimal design
of different food processing applications such as sterilization, baking, drying, mixing,
refrigeration (Xia and Sun, 2002; Norton and Sun, 2006; Yianniotis and Stoforos, 2014) and
thermal processing (LemiMondaca et al.,20at Kechichiana et al., 2012). Moreover, new
powerful modeling and simulation tools, such as Computational Fluid Dynamics (CFD), have
enable researchers to solve more complicated numerical and mathematical problems,
involving the solution of complex partidifferential equations describing fluid flow, heat and

mass transfer, along with complex geometries and variable thghgsical properties
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(density, thermal conductivity, heat capacity, viscosity, thermal diffusivity), related to
applications in food cesses.

In this studyMultiphysicssoftware systertomsol 5.{Comsol Inc., Burlington, MA,
U.S.A.) was used to simulate a thidienensional (3D) model of a tubular concentric heat
exchanger, and study continuous flow cooling of highly viscous foodsmbldel comprises
differential equations for fluid flow and heat transfer, solved by using CFD and heat transfer
modules, to obtain results such as velocity profiles and temperature distributions, during
cooling of viscous flowable food materials, such gsl@sauce, and sweet potato puree.

The basic geometry of the concentric tube in tube heat exchanger and the parameters
of cooling, such temperature and flow rates of both the tested products and coolant, were
modeled based on the experimental apparatushendperational conditions used for cooling
experiments with viscous foods. Moreover, the total length of the heat exchanger was 2.38 m,
with an outer tube of 0.0762 m (3 in) diameter. The inner tube was modeled for two different
study cases. For the firstudy case, the inner tube was designed identical to the existing
experimental apparatus, with the diameter of the inner tube at 0.0508 m (~2 in), for validation
of the model and comparison of experimentally obtained results of sweet potato puree with
results obtained by computer simulation. The second study case was used to model and
simulate different flow configurations, such as product flowing in the annulus or in the inner
tube for both counter and -@urrent flow conditions. For this study catiee diameter of the
inner tube was designed at 0.0381 m (1.5 in), to be identical with the hydraulic diamgter (D
of the annulus flow, with the equal Reynolds number, for both examined flow configurations.

In this study, sweet potato puree and applesauce wlevsen as the test materials.

These products are characteristic highly viscous food products with-Blewtonian flow
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behavior. Published data from literature were used for the thphysical properties, such as
density (), specific heat @), thermal conductivity k), flow behavior index (n), fluid
consistency coefficientK(), for both sweet potato puree (Coronel et al., 208%yacalc,

20160 and applesauce (Steffe, 1996; Lozano, 2006; Toledo, 2@i&calc, 2016ajTable

3.1). For these materiglglentical volumetric flow rate of 6.3 x 18m%/s (1 gal/min) was used

for all the CFD simulations. For the heat transfer module, the inlet temperature of the materials
was chosen based on the experimental data, at 92 °C for the validation studyovthée ést

of the simulations the inlet temperature was at 120, 130 and 140 °C. Water was used as the
cooling medium, with a constant volumetric flow rate of 56.9 X°h@¥/s (9 gal/min), while

the inlet temperature was at 13 °C and 4° C, for validatiatiess and for all other simulations,
respectively. Finally, stainless steel (300 series), with a thickness of 0.001651 m, was used as
the structual material of the heat exchanger. TalBlé, summarizes the thernphysical
properties (at room temperatuoé 20 °C, the initial temperature of the model) of all the
materials used, with the properties of water and stainless steel used from the material library

database ofomsol 5.2 Multiphysics

Table3.1. Properties of sweet potato purapplesaucewater and stainless steel at 20 °C

Properties Sweet potato puree  Applesauce Water  Stainless steel
) (kg/n?) 1077 1031 1000 7850
Co (J/kg-K) 3750 3730 4182 475
k (W/m-K) 0.54 0.58 0.60 44.50
n 0.39 0.25 - -
K (Pa-$) 18.78 12.70 - -
Viscositye (Pa/s) - - 1.002 -
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3.2.1. Mathematical model
The purpose of the 3D heat exchanger model was to simulate and compute the velocity

and temperature profiles of food materials for different flow configurations. The mathematical
modeling for these simulationsas based on continuous flow cooling of Adewtonian,
highly viscous food products, such as applesauce and sweet potato puree, under steady state
processing conditions, laminar flow for the food samples and turbulent flow for the coolant.
The simulationsvere conducted using CFD n@othermal flow (weakly compressible flows)
and heat transfer interfaces, which involve the solution of the differential equations of
continuity (Eq.3.1), momentum (Ed3.2) and energy (E®.3). Turbulent flow for coolant v&a
modeled using the Reynolds/eraged NavieStokes (RANS) equations (Eg34)
(Shahsavand and Nozari, 2009).

Bud)=0 (31)
Continuity equation, also known aenservation of mass, describes the overall mass balance

within the tube flowwhere; (kg/m?) is the fluid densityu is the fluid velocity component

andD is the del operator.
=0T
1 2 3 4 (32)
Momentum or NavieStokes equation describes the motion of fluids, where p is the fluid
pressure (Pa)j(or (i as it is referred in food rheology literature)hig tstress component (Pa).
The different terms in E@.2 correspond to the inertial forces (1), pressure forces (2), viscous

forces (3), and the external forc&9 applied to the fluid (4).

r@, adT =pgkdT)+Q (33)
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Eq. 3.3 describes the heat transfer in fluids, whers the temperature component (K) and Q
describes any other type of heat source (W), such as pressure work energiscous
dissipation energy, and the energy from any external heat source.

The threedimensional formulas of continuity, Navi&tokes and energy equations
apply for turbulent flow too. The following EQ.4, RANS equation, can be used to give an
approximate solution to Navi&tokes equation, for turbulent flow.

rCQuC'iD)C"m:DC'l} pl + (e +8T)(Du+Du)¢J+F (3.4)

WhereU and P are the timaveraged velocity and pressure, respectively;3&phas linear
algebra terms, such hsawhich is the identity matrix and the te(jh, which is the outer product
(the tensor product prepresems theviwhent wscosity.The The t
tur bul e n tr, isvevatuaten sising tyurbulersce models. The most common model is the
kU turbulence model (one of many RANS turb
additional equations for the transport of turbulent kinetiergy k (m%s?) and turbulent
di ssi p &@®s)i(laumdef and Spalding; 1972).

For the evaluation of the model, Reynolds numbeg(NEQ. 3.5; Eq. 3.6) was
calculated for both food products and coolant for all the different flow configurations

(Madlerer et al., 2009CrespilLlorens et al., 2015).

_rad, (35)

N
Re m

Eq. 3.5 was used to calculate Reynolds number for water (coolant), flowing in the inner tube

and in the annulus side. Whaueis the average velocity of water (m/s). The Reynolds number

for water wasat the turbulent regime, estimated at 15821.
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S2n L,
ra DOy
NGRe = (36)

T
4n H

Eq.3.6, was used to calculate a generalized Reynolds number fdfewtonian (Nre foods

(applesaucesweet potato puree), flowing in the inner tube and in the annulud/éidee u

is the average velocity of food products (m/s). The Reynolds number for all the tested products

and for all the different flow configurations was very lowsf@&<20), in the laminar regime.
Additionally, bulk temperature ¢lik (°C)) was calculated ahé exit length (L) of the

heat exchanger for the tested food products B&A). (Whitaker, 1983) Bulk temperature (a

function of radius (r), with R to be the radius of the tube) was used as a measure to compare

how efficient are the different flow configations on continuous flow cooling applesauce

and sweet potato puree.

F%']]'(r,L)C'ii u(r) dr

(3.7)

Toun = R

iy Q(r)dr

Moreover, knowing the inlet {Jet (°C)) and outlet temperature k), for both the coolant
and examined foods, the energy gained from the coolan{\{) (Eqg.3.8) and bst by the
product (Q (W)) were estimated (E®.9). Finally, energy balance equation (Bd.0) for the

tubular heat exchanger was solved to calculate the heat losses to the environr(iéh}.(Q

Q, =m,&, @, (38)
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WhereMyi s t he mass volumetr.i cCpr Is thev specifict heat o f W &

(J/kdA A af water, andDT,, (°C) is the temperature difference between the inlet and outlet

temperature of water.

Q, =m,&, @, (3.9)

WhereM)i s the mass vol umg tistthiespecificlheat/kgk A @ndpT( k g A's )
(°C) is the temperature difference between the inlet and outlet temperature of the examined
food.

Q,=Q, +Q, (3.10)

3.2.2. Boundary Conditions
For the fluid flow modeling, for both laminar fluid flow and turbulent coolant flow,

non-slip wall conditions were considered:
u=0 (3.11)
For the heat transfer modeling, the initial value of the temperature was set at room
temperature, approximately at 20 °C. External natural convection heat trap$fan) on a

long horizontal cylinder, was used as the boundary condition of the outer surface of the tubular

heat exchanger:

Q=hon{r,, - T) (312)
WhereA is the outer surface area of the heat exchangarsThe external temperature (air

room temperature) at 20 °C, T presents the outer surface temperature of the heat exchanger
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and h is the convection heat transfer coefficient (Wmi) , whi ch is a funct.i

of the heat exchanger, thexlandabsolute pressurenRt 101.33 kPa (1 atm).
For the heat transfer model, the boundary conditions at the pipe wall of the heat

exchanger (all the stainless steel boundaries) were modeled using the conductive thin layer

approach fronrCOSMOL Multiphysigswhere the heat flu>a across the stainless steel pipe

wall is given by the following equation:

q=-k, é[d)l) (3.13)

S

For Eq.3.13, k is the thermal conductivity of stainless steel (WArK ds is thickness of the

wall (m)andnT describes the temperature differencess the pipe wall (K).

3.3. Results and discussion
3.3.1 Validation of model: Comparison of simulation results with experimental data

The results from computer simulations on cooling of sweet potato puree were compared
with two different series oexperimental data, under the identical assumed processing
conditions, with the food flowing within the external annulus of the heat exchanger and the
coolant flowing within the inner tube. Computer simulation results showed that sweet potato
puree with annlet uniform temperature distributionig) at 92 °C was cooled down to a bulk
temperature (dux) of 64.6 °C, at the exit of the heat exchanger (8ig.

Moreover, during cooling experiments with sweet potato puree, three -pigle
thermocouplegtype T) were used to measure the temperature of the food product at three
different radial locations within the annulus of the heat exchanger (at the center of the annulus

cross section area; close to the wall of the outer tube and at an intermedigtéRi 33).
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The crosssectional product temperature was measured at three different locations across the
length of the heat exchanger, at the inlet, exit and at the intermediate length of the heat
exchanger. The experimental data points were compgeedsa the simulated results, giving

a good correlation (Fig3.4). Minor differences between the simulatedtadand the
experimental resultsan be explained due to the raniform temperature distribution of the

product at the inlet of the cooler duritige experiments.

Tbulk=64.6 °C TO)
140

Transition point of product flow 120
from the annular passage

/
0 100
B
T “/{ PIe e Transition point of product o
e A7 p p <
\\Q \i{ \éw{— =" flow to the annular passage

60

S0

Tinlet=92 °C o

Figure3.2. Simulation results of temperature distribution during cooling of sweet potato puree,
with an inlet temperature of 92 °C and an outlet bulk temperature of 64.6 °C. Note that on

temperature distribution graph different calandicate different temperatures.
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Furthermore, based on the temperature distribution graph, B@yieis important to
mention that the temperature of the product in the transition area of the product flow to/from
the annulus passage, is signifitghower compared with the product bulk temperature at the
same area of the heat exchanger. An observation, that is common for all the following cases
where the tested food flowing within the annulus and indicates that the product in that transition
regim f | ows sl ower compared to the rest of thi
minimal product flow, located in the transition area to/from the annulus side of the heat
exchanger, generate the concern regarding dead zones and the efficietegnofg and

sanitation efficiency.

Figure 33. Three thermocouples for a 3 in diameter tube, measuring the temperature at three
different radial locations within the annulus side: center of the annulus area; close to the wall

of the outer tube and at an intermediate point.
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Figure3.4. Comparson of simulation results against experimental data of product temperature
distribution at the annulus cross sectional area of the heat exchanger, based on data at three
different radial locations, namely center (0.0285 m), an intermediate point (0.032#an)

close to the wall of the outer tube, (0.0365 m) for a) inlet, b) intermediate and c) exit. Note that

radial distance starts measuring from the central axis of the concentric tubular heat exchanger.

3.3.2 Computer simulation results for cooling olsweet potato puree

Following the validation studies, the model was used to simulate the cooling processing
of sweet potato puree under thermal processing conditions applicable in the food industry,
using the advanced heating technologies. Computer dionlstudies on cooling of sweet
potato puree were conducted for three different product inlet temperatures 120, 130, 140 °C,

under two different flow configurations, counter, andccorent: i) with the product flowing
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in the inner tube and ii) with theqduct flowing in the annulus of the heat exchanger. Water
was used as the coolant with an inlet temperature of 4 °C. The bulk temperature of the product
at the exit of the heat exchanger was compared for all the different simulations to define the
most eficient flow configuration for the cooling process.

Simulated data with sweet potato puree, using an inlet temperature of 120 °C, were
used to compare the effects of counter andwoent flow modes on cooling for both flow
configurations, using the eduaydraulic diameter for both inner and annular product flow.
Based on the temperature distribution results and the calculated bulk temperatures of sweet
potato puree at the exit of the heat exchanger, cooling was more efficient with the product
flowing in countercurrent flow, with an outlet bulk temperature at 81.1 °C, while the outlet
bulk temperature for the case of-carrent flow mode was at of 82.1 °C (F§5). On the
other hand, for the case of sweet potato flowing within the inner tube, caolimg cecurrent
mode was slightly better with an outlet bulk temperature of 91.6 °C and 90.6 °C for the case

of countercurrent flow mode (Fig3.6).
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Figure3.5. Comparison of temperature distribution simulation data for a) cecmts¥nt and
b) co-current flow modes, during cooling of sweet potato puree, flowing within the annulus,
with an inlet temperature of 120 °C. Note the black arrows indicate the flow path for the

product, while the blue arrows indicate the flow path for coolant.
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Figure3.6. Comparison of temperature distribution simulation data for a) cecmntesnt and
b) cocurrent flow modes, during cooling of sweet potato puree, flowing within the inner tube,
with an inlet temperature df20 °C. Note the black arrows indicate thewf path for the

product, while the blue arrows indicate the flow path for coolant.
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Furthermore, for a better understanding of the effects of cooling for the two different
flow configurations, additional computer simulation studies were conducted foarsiting
cooling performance and velocity profile of sweet potato puree. Velocity profile and cooling
of sweet potato puree for both the examined flow configurations were tested in two different
studies: i) having the same cressctional area, 0.0024%ntadjusting the outside diameter
(O.D.) of the inner tube at 0.0558 m (2.2 in)) for both inner tube and annulus product flow, ii)
having the same Reynolds number for both cases, using the saraki® (O.D. of inner tube
at 0.0381 m (1.5 in); inside diame(&D.) of inner tube 0.0762 m (3 in)) for both inner tube
and annulus flow.

For the case with the same craeextional area, for both inner tube and annulus flow,
similar velocity profiles were observed. A parabolic velocity profile was observed, with the
maximum velocity (Mmax) at 0.038 m/s, for the product flowing at the center of the €ross
sectional area for both inner tube and annulus flow @1g. For the other case with the equal
hydraulic diameter, a flattened velocity profile (plug flow typeoeély profile) was observed
for the annulus product flow, while a parabolic profile was observed for the product flowing
within the inner tube (Fig3.8). Furthermorefor this case study, in order to obtain the same
hydraulic diameter, the flow crosectonal areaof the inner tube had to be reduced and the
corresponding area of the annulus had to be increased. A narrowesexrtgral area for the
inner tube resulted in the highest velocity magnitude observed, at 0.087 m/s, while a wider
flow crosssedional area of the annulus resulted in a significantly slower flow, with the

maximum velocity at 0.023 m/s.
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Figure3.7. Simulation results of the velocity profile for sweet potato puree flowing within the

annulus and b) inner tube, using the equalssestional area for both inner tube and annulus

product flow.
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Figure3.8. Simulation results of the velocity profile for sweet potato puree flowing within the
a) annulus and b) inner tube, using the same hydraulic diameter for both inner tubsutul an

product flow.
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Moreover, the temperature data for the two examined cases, indicated that cooling for
sweet potato puree was more efficient for the case with the product flowing within the annulus
compared to the case with the product flowing in timer tube (Fig3.9; Fig. 310). Comparing
the bulk product temperature at the exit of the cooler, for the case using the same flow cross
sectional area for both flow configurations, & bf 78.7 °C and 93.1 °C was observed for the
annulus and the innéube product flow, respectively. For the same case, increasing the cross
sectional area of both the inner tube and the annulus, and hence increasing the heat transfer
crosssectional area for botlow configurations, resulted imn increase of the coofin
performance. A higheryli for both the annulus and the inner tube flow were observed for the
other case of study (same hydraulic diameter) with values at 87.7 °C and 95.0 °C for the

annulus and the inner tube product flow, respectively.
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Figure3.9. Simulation results of temperature distribution for cooling of sweet potato puree,
flowing in a counteicurrent flow mode: a) within the annulus side and b) within the inner tube,
using the same crosectional area for both inner and annulus prodogt.fNote the inlet

product temperature at 130 °C.
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Figure3.10. Simulation results of temperature distribution for cooling of sweet potato puree,
flowing in a counteicurrent flow mode: a) within the annulus side and b) within the inner tube,
usingthe same hydraulic diameter for both inner and annulus product flow. Note the inlet

temperature at 130 °C.
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Results of sweet potato puree with an inlet temperature of 140 °C were used to compare
the temperature of the fastest moving (at the center ofdhectosssectional area for both
cases) and the | east cooled fluid particle a
using the samef or both cases. The 066hot spotdd i1 s |
close to the inside wadlf the outer tube, for the case of the inner tube flow and the annular
fl ow, respectively. The results showed that
particles were cooled down faster for the case of annular flow (Fig. 3.11). Finally, the
temperature distribution data indicated that the cooling for the annulus flow was more efficient,

with a Tbulk at 93.8 °C, compared with a value of 104.7 °C for the other case (Fig. 3.12).
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Figure 3.11. Comparison of simulation results of temperatuosathe heat exchanger length
for the fastest moving (blue line for annular flow, red line for inner tube flow) and the least

cooled food particles (black line for annulus flow, red line for inner tube flow) for both flow

configurations, during coolingfeweet potato puregjith an inlet temprerature a0 °C.
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Figure3.12. Simulation results of temperature distribution for cooling of sweet potato puree,
flowing in a counteicurrent flow mode: a) within the annulus side and b) within the inner tube.

Note the inlet temperature at 140 °C.
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Improvement of cooling for sweet potato puree flowing in the annulus was a result of
heat transferred from the product to the coolant, and the additional le@abfothe product
to the environment. Performing engtgalance calculations, the additional thermal energy lost
from the product flowing in the annulus to the environment was in the range -@997W
(Table3.2). Heat transfer losses to the environment increased as the temperature of the product
was higherMoreover, heat losses to the environment were higher for tharcent flow mode
and were significantly higher with increased product flow velocity. The most efficient cooling
of sweet potato puree was observed with the product flowing within the apaskage of a
heat exchanger, with the same cresstional area, 0.0024%fusing an O.D. of the inner tube
at 0.0558 m (2.2 in)) for both inner tube and annular product flow.

Finally, for the case with the product flowing within the inner tube, the gresges
between 1384 W, associated with cooling energy lost from the coolant to the environment.
The heat exchanged from the environment to the coolant, has a negative impact on cooling,

resulting in a slower process and probably increasing the ovpealittonal cost.
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Table3.2. Total thermal energy transferred by the produej {®the coolant (Q) and to the

environment (Q) for counter and courrent flow configurations, during cooling of sweet

potato puree.

Product flow

Tintet (°C) configuration uvax (Mm/s) Qp (W) Qw (W) QL (W)
Co-current flow mode

annulus flow 0.023 9097 8759 338

120 inner tube flow 0.087 7054 7041 13

Counter-current flow mode

annulus flow 0.023 9333 9159 174

120 inner tube flow 0.087 6822 6779 42
annulus flow 0.038 12311 11612 699

130 inner tube flow 0.038 8856 8786 70
annulus flow 0.023 10150 9688 461

130 inner tube flow 0.087 8395 8311 84
140 annulus flow 0.023 11081 10546 535

inner tube flow 0.087 9070 9069 1

3.3.3 Computer simulation results for cooling of applesauce

The next stage in this research was to study continuous flow cooling of applesauce,
another highly viscous food product with a Agawtonian behavior, similar to sweet potato
puree. The model was ustalsimulate cooling between applesauce and cold water using the
equal flow rate and inlet temperature conditions (120, 130, 140 °C) as for the case of sweet
potato puree. The studies for applesauce were conducted to examine and compare the cooling

processetween the two different flow configurations: i) with the product flowing in the inner
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tube and ii) with the product flowing in the annulus of the heat exchanger. The two flow
configurations were examined under different cases, comparing the effedfem@nd flow
modes, di fferent heat exchangers designs, a
coolant by using different product inlet temperatures. Similar to the case of sweet potgto pure
bulk temperature of the product at the exit of the hgeha&nger was calculated for all the
different simulations to define the most efficient flow configuration for the cooling process.
Cooling efficiency of applesauce was compared during counter andr@nt flow
modes for both examined flow configuratipmsing an inlet product temperature of 120 °C.
Cooling of applesauce during countenrent flow mode was more efficient for both the
annulus and inlet tube flow patterns. Moreover, for the annular flow modepthevas at
79.9 °C for the countesurrent flow, compared with aplik of 80.5 °C for the caurrent flow
(Fig. 3.13). For the inner tube flow pattern, highexd'was observed compared with other
flow configuration, with a #uk of 84.1 °C and 85.7 °C, for counter andaarent flow,

respectively (Fig3.14).
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Figure3.13. Comparison of temperature distribution simulation data for a) cecuntesnt and
b) cocurrent flow modes, during cooling of applesauce, flowing withemannulus, with an

inlet temperature of 120 °C.
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Figure3.14. Comparison of temperature distribution simulation data for a) cecuntesnt and
b) cocurrent flow modes, during cooling of applesauce, flowing within the innerwitbean

inlet tempeature 0f120 °C.
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Similar to the sweet potato studies, cooling and velocity profile of applesauce were
studied for the examined flow configurations. Velocity profile and cooling of applesauce were
tested under two different studies: i) having the equabssectional area, 0.00242m
(adjusting the O.D. of the inner tube at 0.0558 m (2.2 in)) for both inner tube and annulus
product flow, ii) having the equal Reynolds number for both cases, using the sara&i®
(O.D. of inner tube at 0.0381 m (1.5 ih]. of inner tube 0.0762 m (3 in)) for both inner tube
and annulus flow.

Using the same volumetric flow rate of 0.000063snfor all the CFD models, the
velocity profile of applesauce flow was studied, using the two different flow patterns for the
courter-current flow mode, while the initial temperature of the food was at 130 °C. For the
case with the equal cresectional area, for both inner tube and annular flow, similar velocity
profiles were observed. A flattened velocity profile (plug flow typéoeigy profile) was
observed, with amnx of 0.034 m/s, for the product flowing in the area near to the center of
the crosssectional area of both inner tube and annulus flow @&iph). For the other case,
with the equal hydraulic diameter, similar feated velocity profile was observed for the
annulus product flow, withmhx of 0.022 m/s, while a parabolic velocity profile was observed

for the product flowing within the inner tube, with @ay of 0.078 m/s (Fig3.16).
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Figure 3.15. Simulation rests of the velocity profile for applesauce flowing within the
annulus and b) inner tube, using the same esesBonal area for both inner and annular

product flow.

91



0.08¢ Inner tube Outer tube
0.072F ]
0.064 | ]
0.056 &
0.048} ]

0.041 ]

0.032 B

0.024 b

Velocity magnitude (m/s)

0.016 T B

0.008 B

1 1 1 1 1
a) 0.02 0.024 0.028 0.032 0.036
Annular radial position (m)

0.08} g
0.072+ Lt
0.064 b
0.056 g
0.048¢ g

0.04 b

0.032+ 1

Velocity magnitude (m/s)

0.024 1

0.016 g

0.008 b

b) 0016 20.008 o 0.008 0.016
Inner tube radial position (m)

Figure3.16. Simulation results of the velocity profile for sweet potato puree flowitign
the a) annulus and b) inner tube, using the same hydraulic diameter for both inner and annular

product flow.
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Furthermore, temperature data for the two examined cases indicated that cooling for
applesauce was slightly more efficient for the cask thie product flowing within the annulus
compared to the case with the product flowing in the inner tube. Comparing the bulk product
temperature at the exit of the cooler, for the case using the same floveectisgal area for
both flow configurationsa Touk 0f 84.2 °C and 91.4 °C was observed for the annulus and the
inner tube product flow, respectively. A slightly higheadfor both the annulus and the inner
tube flow were observed for the other case of study (equal hydraulic diameter) with atalue
84.6 °C and 91.4 °C for the annular and the inner tube product flow, respectively.1#ig.

Fig. 318).
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Figure3.17. Simulation results of temperature distribution for cooling of applesauce, flowing
in a countercurrent flow mode: ayithin the annulus side and b) within the inner tube, using
the same crossectional area for both inner and annular product flow. Note the inlet

temperature at 130 °C.
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Figure3.18. Simulation results of temperature distribution for cooling of apptesdiowing
in a countercurrent flow mode: a) within the annulus side and b) within the inner tube, using
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temperature at 130 °C.
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Similar to the case of sweet potato pyssulation models of applesauce with an inlet

temperature of 140 °C were used to compare the temperature of the fastest moving fluid

particle

and

showed that

cooled down faster for the case of annular flow, with a bulk temperature of food at the exit of

the Ahot spoto across

b canhdhthe tfabtest nfoving fluid paticles f applesauce were

t

he

enec

<

the heat exchanger at 91.9 °C, compared with a 99.4 °C for the case of the inner tube flow (Fig.

3.19; Fig. 3.20).
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Figure3.19. Comparison of simulation results of temperature across the heat exchanger length

for the fastest moving (blue line for annular flow, red line for inner tube flow) and the least

cooled food particles (black line for annullsv, red line for inner tube flow) for both flow

configurations, during cooling of applesauagh an inlet temprerature a#40 °C.
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Figure3.20. Simulation results of temperature distribution for cooling of applesauce, flowing
in a countercurrent flav mode: a) within the annulus side and b) within the inner tube. Note

the inlet temperature at 140 °C.
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The improvement of cooling for the annular flow of applesauce was a result of the heat
transferred from the product to the coolant and the losses tenthenment. Performing
energy balance calculations, the additional energy lost from the product flowing in the annulus
to the environment was in the range of389 W (Table3.3), significantly lower compared to
the sweet potato puree results. Heat tiemkisses to the environment were higher for co
current flow mode and increased as the intel temperature of the product increased and with
increased product flow velocity. For the case of the applesauce, the design characteristics of
the heat exchanger (gssectional area or i) did not have the same impact compared to
sweet potato puree cooling. This result is probably due to the plug flow velocity type exhibited
by applesauce, minimizing effects from the different examined flow patterns. Finally,rsimila
to sweet potato puree studies, for the case with the product flowing within the inner tube, the
values thermal energy lost to the environment were in the randg828V, indicating the
cooling energy lost from the coolant to the environment, having atimegimpact on

operational efficiency (heat transfer, cost).
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Table3.3. Total thermal energy transferred by the produej {®the coolant (Q) and to the

environment (Q) for counter and caurrent flow configurations, during cooling of

applesauce.
Tintet (°C) fgﬁg;g:;m uvax (M/S) QP (W)  Qw (W) QL (W)
Co-current flow mode
annulus flow 0.022 9426 9057 369
1290 inner tube flow 0.078 8190 8372 182
Counter-current flow mode
annulus flow 0.022 9566 9475 91
120 innertube flow 0.078 8560 8525 36
annulus flow 0.034 10925 11285 360
130 inner tube flow 0.034 9469 9407 62
annulus flow 0.022 10850 10667 183
130 inner tube flow 0.078 9215 9264 49
annulus flow 0.022 11482 11238 244
140 inner tube flow 0.078 9688 9641 47

3.4. Conclusions

In this study, a computer model was developed uModiphysicssoftware system
Comsol 5.2 in order to study continuous flow cooling of viscous food products, such as
applesauce and sweet potato puree. Using Computational Fluid Dynamics (CFD) and heat
transfer software modules, computer simulation modeling was used to compare two different
flow configurations within the same tube in tube heat exchanger: i) cooling process of the food,

while flowing within the internal tube cylinder of the heat exchanger and ii) cooling process
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of the food, while flowing within the annular passage of the heztanger. The model was
used to estimate and compare the product bulk temperatsiig € the exit of the heat
exchanger, temperature distribution, and velocity profile of the product, during continuous
flow cooling studies for both examined flow configtions.

Results of the set of simulations indicate that under an identical set of flow rates,
surrounding and initial temperature conditions (120 °C, 130 °C and 140 °C for the process
material, 4 °C for the coolant) the flow configurations in which tlee@ss material flowing
within the annular passage of the tube in tube heat exchanger, in a -@wreat flow mode
with the coolant, would theoretically result in gul at the outlet of the heat exchanger of a
temperature range of around-89 °C, forboth foods tested. When the process material is
flowing within the internal tube of the heat exchanger, th& Was in the temperature range
of 91-102 °C for sweet potato puree andB5°C for applesauce.

The improvement on cooling for the tested fofddwing in the annulus was a result of
the heat lost from the product to the environment. Performing energy balance calculations, the
additional energy lost from the product flowing in the annulus to the environment was in the
range of 174699 W and 94369 W, for sweet potato puree and applesauce, respectively. For
both examined foods, heat transfer losses to the environment were highectorecd flow
mode and increased as the inlet temperature of the product was higher and with increased
product flowvelocity. The most efficient cooling of sweet potato puree was observed with the
product flowing within the annular passage of a heat exchanger, with the equalentiwsal
area (the outside diameter (O.D.) of the inner tube at 0.0558 m (2.2 indtanber tube and

annular product flow, while for the case of the applesauce, the design characteristics of the
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heat exchanger (using the same cismgional area or hydraulic diameter) did not have the
same impact.

Furthermore, the energy balance cldtion data for the case with the product flowing
within the inner tube presented energy losses from the coolant to the environment, in the range
of 13-:182 W, for both foods tested. The heat losses from the coolant to the environment, have
a negative impaawmn the process, reducing the cooling efficiency and probably increasing the
overall operational cost.

Comparing the temperature and velocity data for both applesauce and sweet potato
puree, more efficient cooling was observed during cooling of spaato puree flowing in
the annular flow pattern, presenting a parabolic velocity flow profile type. While less efficient
cooling was observed with applesauce flowing in the annulus, with a slower flattened velocity
profile (plug flow type velocity profile The slower and flattened velocity profile of
applesauce resulted in a less efficient cooling, compared with sweet potato puree, due to the
lower product heat loss to the environment.

In conclusion, based on the results of this study cooling of higelyous materials,
with the product flowing within the annulus of the heat exchanger could yield potential
benefits, of enhancement of conventional continuous flow cooling, while maintaining the
sanitation conditions in th@rocessing planiTherefore, in tis case, the potential improvement
in the cooling efficiency resulting from the movement of process material flow from the
internal tube into the external annulus could potentially be 14% and 23%, for applesauce and
sweet potato puree, respectively. Howevieefore industrial application of this cooling
method, additional experiments and computational studies need to be conducted for better

understanding and solving the problem of the static or "dead" spots observed in the transition
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area of the productdw to the annular passage, regarding the potential cleaning and sanitation

difficulties.
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Nomenclature

Latin letters

3D Threedimensional

A Surface area of the heat exchangef)(m

CFD  Computational Fluid Dynamics

Co Specific heat J/kg-K)

Dn Hydrauic diameter (m)

F External forces (N)

h Convection heat transfer coefficient (WH)
I.D. Inside diameter (m)

K Fluid consistency coefficienP@-$)

k Thermal conductivity\(v/m-K)

k Turbulent kinetic energy (fie%)

L Total length of the heat exchandar)

MW  Microwave system
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NRe
NGRre b

O.D.

RANS

Thulk
Tinlet

Text

Umax

Flow behavior index (dimensionless)

Reynolds numbefdimensionless)

Generalized Reynolds number for nbiewtonian fluids
Outside diameter (m)

Pressure (Pa)

Time average pressure (Pa)

Absolute pressure (Pa)

External heat sources (W/n

Heat losses to the environment (W)

Energy lost by the product (W)

Energy gained by the coolant (W)

Convective heat transfer (W)

Heat flux (W/nf)

Function of radius (m)

Radius (m)

ReynoldsAveraged Nsier-Stokes equations
Temperaturg°C)

Bulk temperature (°C)

Inlet temperature (°C)

External temperature (air room temperature (°C))
Velocity (m/s)

Time average velocity (m/s)

Maximum product velocity (m/s)
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u Average velocitfm/s)
Greek letters

nT  Temperature difference (°C)
)4 Turbulent dissipation (/%)

€ Netownian viscosity (Pa/s)
eT Turbulent viscosity (Pa/s)

J Density (kg/m)

v} Shear stress (Pa)

U Shear stress (Pa)
Subscripts

T refers toturbulent flow

inlet  refersto the initial temperature at the inlet of the heat exchanger

bulk  refersto the bulk temperature of the food at the exit of the heat exchanger

L refersto the heat loss to the environment
P refers to theenergy lost by the examined product
W refers to tlke energy gained by the coolant
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ABSTRACT

This work studied the effect of hydrophobic surface treatment on coolir§7(9T)
and thermal mixing via vibration of viscous foods, namely, sweet potato puree, banana puree
and cheese sauce. Cooling performance angdeature uniformity were compared between
two identical straight horizontal tube-tube stainless steel heat exchangers, where one was
untreated and one had food contact surfaces treated with a hydrophobic chemical treatment.
With the treated heat exchaga visible minimization of product accumulation at the pipe
wall was observed for all products tested. A lower average product outlet temperature ranging
from 4 to 6 °C was observed for banana puree and cheese sauce with the treated heat exchanger,
compared to the untreated one. In contrast, for sweet potato, @uhegher average product
outlet temperature (by-2 °C) was observed for the treated heat exchanger compared to the
untreated case. More uniform cressctional temperature distribution was recorded for the
treated heat exchanger for all tested food nedterApplication of vibration at the resonance
frequency of the mixing unit (20 Hz), significantly improved the temperature uniformity within
sweet potato puree and banana puree, reducing the maximursettesal temperature
difference within the foodo 2-5 °C. However, no significant change has been observed for

the temperature distribution within cheese sauce.

Key words: Hydrophobic surface treatment, cooling, heat transfer efficiency, thermal mixing,

viscous foods
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4.1. Introduction

Advanced heating technologies, such as continuous flow microwave, ohmic heating
and radio frequency heating systems, have enabled food processors to minimize product
quality degradation during continuous thermal processing of viscous and multiphase food
products, such as typical dairy products, fruit and vegetable purees and soups (Coronel et al.,
2005; Steed et al., 2008; Cullen et al., 2012). Unfortunately, the cooling stage of thermal
processing of viscous products is still implemented using ineffi@enventional cooling
methods. During conventional continuous flow cooling of viscous foods, laminar flow, and
low thermal conductivity, characteristic for these materials, lead to a wide temperature
distribution within the product, resulting in a nraniform, slow cooling process and
degradation of final food quality. Recent studies proposed radial thermal mixing- (cross
sectional temperature equalization), as an efficient method to enhance heat transfer and the
overall continuous flow cooling process of hiigviscous food products (Metcalfe and Lester,
2009; Stoforos et al., 2016). However, these studies on thermal mixing during the cooling stage
of viscous foods, such as banana puree and cheese sauces, reported the formation, deposition
and accumulation ajel and other food compounds on the surface of the pipe wall (Stoforos
et al., 2016). The formation and builgh of this norslip thick layer of low thermal
conductivity material on the producbntact surfaces of thermal processing system
components (heaxchangers, mixing units, hold tubes) has a very negative impact on heat
transfer and thermal mixing efficiency, leading to the need for extension of system components
and associated degradation of final food product quality (Stoforos et al., 2016).

During continuous flow thermal processing of foods and biomaterials, deposition and

accumul ati on of 66unwanteddd food materi al s,
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form of fouling, on the surface of processing equipment, has been a majonapadle f or f oo
and dairy industries (Swartzel, 1983; Sandu
Kananeh et al ., 2010; M®r i an and Goddard, 2
Barish and Goddard, 2013). Formation of fouling layers on psotg&quipment reduces the
operating efficiency by increasing resistance to heat transfer and pressure drop across the heat
exchanger (Swartzel, 1983; Balasubramanian and Puri, 2009; Awad, 2011). Moreover, fouling
increases the likelihood of biofilm forman, resulting in additional operaje x pens e s,
corresponding to frequent food processing pl
chemical detergents and sanitizers (Sandu an
Goddard, 2012; Barisand Goddard, 2014). Controlling the deposition and adhesion of food
components on the surface of food processing equipment, like stainless steel heat exchangers,
depends on different parameters such as operating conditions (temperature, flow rate), food
composition/ chemistry and processing sur f a
topography/ surface roughness) (Santos et al
surface modification has been a subject of research for many studies focusing otir@gntrol
minimizing or elimination of fouling and biofouling in food and dairy processing.

Surface modification studies have been focusing on mimicking the properties of
natural antfouling materials, such as the lotus leaNelumbo nucifeata The
superhydophobic behavior, in combination with the roughness of the nanostructure of the
lotus leaf, is associated with unique sgfaning and waterepelling properties, known as the
lotus effect (Latthe et al., 2014). Furthermore, novel surface modificatbnitpies, such as
polymer and nanoparticle coatings (silica or fluorocarbon compositions), physicochemical

surface modification, plasmenhanced chemical vapor deposition, electtemical and ion
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implantations have enabled researchers to successfully kiwefree surface energy (or
surface tension) of the food contact surfaces by altering wettability (hydrophobic and
hydrophilic) and roughness characteristics. In food and in particular dairy processing research
areas, antifouling methods have been appba the surface of stainless steel plate heat
exchangers, resulting in significant reduction of the amount of product deposition and fouling

formation, for foods such as milk, skim milk and tomato juice, improving the operation and

cleaning efficiencyof he heat exchangers, while reducincg
2003; Santos et al., 2004; Rosmani nho et al
and Puri, 20009; Kananeh et al ., 2010;3 M®r i ar

Cheng et al., 2015). Using commercially available silica or fluorocarbon based nanoparticle
coatings, with the most commonly used technique of electroless nickel plating with embedded
polytetrafluoroethylene nanoparticles, food process surfaces weresstudly modified by
lowering the surface energy via increasing the hydrophobicity and adjusting the topography or
roughness of the surface (Kananeh et al., 2010; Balasubramanian and Puri, 2008;
Balasubramanian and Puri, 2009). Furthermore;weiting sufaces with hydrophobic or
superhydrophobic properties tend to promote-fitiv boundary conditions (in micro and
nanascale), which result in pressure drop and drag reduction during viscous laminar and
increase of heat transfer coefficient (Watanabelsdahawa, 2001; Kunugia et al., 2004; Choi
and Kim, 2011; Srinivasan et al., 2013; Pastrorello and Bonanno, 2015).

The main objective of this research was to enhance and improve the continuous flow
cooling process of viscous and poorly conductive foodspmimg the coolingrelated quality
losses of the final food product and potentially improving the sanitation conditions while

preparing the foundation for future applications and development of advanced volumetric
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cooling technologies. For these reasomsdification of the surface of a stainless steel
concentric tubular heat exchanger was examined in this study by establishingvettiog
behavior (hydrophobic, supéydrophobic) as a method to minimize product deposition and
accumulation at the pipe Waanticipating the reduction of thickness and thermal resistance of

the layer and therefore enhancement of cooling process, reduction of the pressure drop along
the heat exchanger and a potential improvement of the sanitation conditions during processing
of viscous and poorly conductive viscous foods. This is particularly relevant to the cooling
stage of the process where the product in contact with the heat exchange surfaces typically has
thermal conductivity minimized due to low temperatures and-shipnlayer thickens

maximized due to deposition of high viscosity (also maximized at low temperatures) material.

4.2. Materials and Methods
4.2.1. Test materials

For this series of experiments, different highly viscous food products, such as sweet
potato puee (Yamco LLC, Snow Hill, NC, USA), banana puree (Aseptia/Wright Foods, Troy,
NC, USA) and cheese sauce (Advanced Food Products, New Holland, PA, USA) were used as
test materials. These materials were chosen because they show very good results during
applcations of advanced heating technologies, such as MW heating, while product deposition
and accumulation at the pipe wall during the cooling stage have been reported for most of the
tested products (Coronel et al., 2005; Steed et al., 2008; Stoforq26tLél). Approximately
8-10 gallons of food product samples were sufficient to fill the system and allow for
recirculation of the test samples at flow rates of 5.8 x°if/s and 6.3 x 10°m% s ( &1

gal/min). Water was used as the cooling medium, flowsitgin the inner tube of the heat
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exchangers in a counter current flow configuration, with an inlet temperature betw2én 13

°C and flow rates of 56.8 x 16m®/s (9 gal/min) and 63.1 x 16m®s (10 gal/min).

4.2.2. Experimental methods

The effects of fidrophobic surface treatment on continuous flow cooling of highly
viscous products were examined by comparing the efficiency of cooling between the untreated
stainless steel heat exchanger against the performance of the heat exchanger where the food
contat¢ surfaces have been treated with a hydrophobic chemical treatment. To create the
hydrophobic behavior on the surface of the treated heat exchangert@itofbut not food
grade) hydrophobic chemical solution, Aculon (Aculon performance Surface Se|uBian
Diego, CA) was applied. To study and understand the effects of hydrophobic surface
modification on continuous flow cooling of viscous foods, two different series of experiments
were conducted. The first series of experiments studied the surfacst@®psuch as water
and oil contact angles on the untreated and Actrigated, stainless steel (300 series) surfaces,
followed by more comprehensive studies of continuous flow cooling with the untreated and

treated heat exchangers, respectively.

4.2.3.Hydrophobic chemical surface treatment

Hydrophobic chemical treatment with Aculon was used as the surface modification
technique. Aculon was chosen as the nanoscale hydrophobic surface modification treatment,
due to its chemical propertiesasamslif ace (i ncluding stainless
solution stable at very high operating temperature conditions, up to 250 °C, with a uniform 20

100 nm thick surface treatment. The following steps were implemented for all the applications
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of hydrophobic arface treatments. The first step of treatment was cleaning all of the tested
stainless steel parts, to where they were visually clean and free of contaminants. The next step
was the application of Aculon solution, by using a wet cotton cloth with thésoknd then

rubbing the treated surface, followed by wiping the surface with a clean cloth. The final step
of hydrophobic treatment was drying the surfaces with dry air (at room temperature) until the
surface was completely dry. Aculon chemical treatnaexrst used for the treatment method for

all the samples prepared for the contact angle measurements and food contact surfaces of the

tube in tube heat exchanger, during the continuous flow cooling studies.

4.2.4. Contact angle measurements

The first casastudy of this research was to quantify the differences between the surface
properties of untreated against hydrophobic chemical treated stainless steel samples. Stainless
steel (300 series) 2 inches diameteclkamps end caps were used as the testedcasfor the
contact angle measurements, for both the untreated and Aceétad samples. Measurement
of the equilibrium contact angle between the perimeter of a liquid drop and the contacting
surface is a common method for evaluation of surface wetyabithere the noswetting
surfaces are associated with hydrophobic and superhydrophobic (i-eettorg surfaces
where the surface tends to repel water) surfaces with a contact angle betwig#)? 80d
higher than 150°, respectively (Korhonen et @13). The equilibrium static contact angles
of water and oil (rdodecane) on untreated and chemically treated stainless steel sample
surfaces were measured at room temperature (21 °C), by softar@relled measurement
Sessile drop testing method, usiadpdratory instrumentation goniometer OCA 15 (Contact

Angle Measurement Instrument, Future Scientific Corp, Garden City, NY, U.S.A.) and video
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based control software SCA 20 (Contact Angle Measurement Instrument, Future Scientific
Corp, Garden City, NY, U.8.). Using a 500 microliter gastight syringe (Hamilton Company,
Reno, NV, U.S.A), controlled 5 €L volume dra
points (35 points) across the tested surfaces to measure the contact angle and determine the
homogaeity of the treated surfaces, via video image analysis using the computer software

(Fig. 4.1).

Figure 4.1. Picture showing the vidbased goniometer instrument OCA 15 and the micro
syringe SBDM single direct dosing system, during contact angle asur ement s of
volume droplets of water in different locations across stainless steel 2 ineblesnips end

caps.
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4.2.5. Continuous flow cooling: experimental set up

The second study presented in this paper was focused on the effects of hyidrophob
surface treatment during continuous flow cooling of viscous foods such as sweet potato puree,
banana pureeand cheese sauce. To study the effects of the hydrophobic surface treatment
during continuous flow cooling process of viscous food productsciecuéating complete
thermal processing system was assembled, consisting of three basic sections: heating, cooling
and mixing. The thermal processing system consisted of a food grade progressive cavity pump
Seepex MBR012 12 (Fluid Engineering Inc., Birmgham, AL, USA), a continuous flow
modular microwave heating system consisting of a total of 13 HepcRanasonic Inverter
MW ovens, with a maximum power input of 16.350 kW, at the MW frequency of 2450 MHz,
which have been used for the heating stageeoé®perimental trials.

Cooling section consisted of two stainless steel (300 series) horizontal concentric tube
in tube heat exchangers, one untreated and one with the food contact surfaces treated with a
hydrophobic chemical (Aculon), used separately smttpendently for different series of
experiments, identical in dimensions with a 0.051 m (2 inches) and 0.076 m (3 inches) inner
and outer tube diameter, respectively, and a total length of 1.83 m each. For both cases, the
annulus side of the heat exclgans was used as the flow passage for the tested food product.
Computer simulation studies have indicated that having the food flowing within the annulus,
cooling efficiency would be improved, by increasing the heat losses to the environment,
beneficial fo cooling, while improving the sanitation conditions via elimination of the
sweating pipe phenomenon (Stoforos and Simunovic, 2016). Moreover, for this study, using
the annulus side of the heat exchanger as the flow passage for the tested material has

addtionally provided an easier access to food contact surface for the application of



hydrophobic surface treatments. To create the hydrophobic behavior on food contact surfaces
of the heat exchanger, Aculon was applied on the inner and outer surfacesoutethieibe

and inner tube, respectively. Finally, at the exit of cooling section, the recirculating test system
was closed with the mixing unit, which was used to equalize the-seasi®nal cooling
induced temperature profile distributions perpendicidahe flow direction.

Apparatus and configuration of the mixing unit, described in a previously published
continuous flow thermal mixing study (Stoforos et al., 2016) have been used here as well.
Mixing unit flow-through surfaces remained untreated,rdytine studies for both the untreated
and the treated heat exchanger. Moreover, the mixing unit, consisted of a 180° bend tube
(formed from two silicone rubbdmed, reinforced flexible tube segments, each 0.53m long),
and a stainless steel 180° elbow,unted at the top surface of a low sonic frequency tactile
audio transducer Buttkicker LFE (The Guitammer Company, Westerville, OH, USA).
Frequency and duration of vibration for the tactile audio transducer were controlled through a
computer frequency gersgor program, FreqGen 1.13 (Digital River Inc., Minnetonka, MN,
USA), while the amplitude of vibration was achieved via a power amplifier type BKAROOO0
(The Guitammer Company, Westerville, OH, USA). An accelerometer data logger device
SlamStickTM (Midelnc., Medford, MA, USA) and a computer program Slamstick viewer
(Mide Inc., Medford, MA, USA), were used to measure, record, review and process the
vibration parameters (frequency, duration and amplitude of vibration), respectively.

T-type thermocouples ave located at multiple positions through the MW heating
system, cooling system and at the entrance and exit of the mixing unit. A specially customized
T-type thermocouple probeskeyhole Multipoint probes (Windridge Sensors LLC, Holly

Springs, NC), wereised to measure the temperature profiles of test materials, each with 3
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different radially positioned temperature sensing points, one-prgite probe at the inlet and

one at the outlet of each tube in tube heat exchanger. Furthermore, identical nultipoi
thermocouple probes as located at the outlets of the heat exchangers were also used to measure
the cross sectional temperature profiles of the products flowing through the inlet and outlet of
the mixing unit. The three sensing points of these probes lavegited at the center of the pipe,

close to the pipe wall and at an intermediate point equidistant between the pipe wall and pipe
center sensing points. Tintemperature data were recorded once per second using a 32
Channel temperature data acquisitiggtem (IOTEch TempScan 1100, 10tech, Inc. 25971

Cannon Road, Cleveland, OH 44114833) (Fig. 4.2).
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4.2.6. Continuous flow cooling: experimental methods

For all the tested food materials, two different experiments were conducted, initially by
using as cooler the untreated stainless stéeilan heat exchanger, followed by the second
experiment with the Aculotreated heat exchanger, under identical operating conditions, such
as inlet temperature and flow rate. Moreover, by using the modular MW heating system all the
products heated up todlsame temperature range, with an average mean temperature entering
the coolers at approximately @7 °C, which used as the initial inlet temperature for all the
cooling experiments. Once the initial target temperature was reached, cooling studies were
started while recirculating the product throughout the system and continue operating only 6
MW module units, to achieve and maintain steady state conditions (approximately constant
inlet temperature) for a period of 2d80 s.

Furthermore, during cooling wdies, thermal mixing and equalization of cross
sectional temperature at the exit of the cooler, were studied by employing acoustic/mechanical
vibrations with a duration of 120 s at a range of frequencies close to the resonance frequency
of the mixing systm and at the maximum volume level of the used audio amplifier (Stoforos
et al., 2016). The resonance frequency of the thermal mixing system was determined by
following the methodology of previous studies (Stofros et al., 2016), through scanning acoustic
frequencies in the low sonic range of 120 Hz and by applying 10s of vibration at the tested
frequency, and the same fixed volume level of amplifier, followed by 5 s of silence (0 Hz),
with incrementally increasing frequency steps of 10 Hz. Slam8tiaékcelerometer was used
to record the data (acceleration and frequency) of vibration and determine the resonance

frequency, as the highest magnitude of acceleration via theliorension fast Fourier
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transformation (D FFT) plot, obtained using the Slamstiglewer computer software
(Stoforos et al., 2016).

Continuous flow cooling studies were not conducted for temperatures below 60 °C,
where more uniform temperature distribution within the product is established and less product
guality degradation occur$he completion of the cooling trials was immediately followed by
cleaning, via washingown the system (modular MW heating, cooling and mixing sections)
with hot water of approx. 60 °C at a flow rate of 63.1 % *h@*/s (10 gal/min), for 30A.200s,
depending on the tested food product. At the end of \dasn photos of both the untreated
and treated heat exchanges, were taken for comparison of the efficiency of cleaning

performance.

4.3.Results and discussion
4.3.1. Contact angle measurements

The frst set of experiments for this study was to determine the differences in surface
properties between the untreated and the Aculon chemically treated stainless steel surfaces.
The contact angl€CA) was used as the parameter to define the differences dretine
untreated and the treated stainless steel surfaces, as a measure to quantify the wettability
properties of the surface. Using the video analgased OCA 15 goniometer, the results on
sessile drop static water contact angle at different pointhenetsted surfaces showed a
homogeneous behavior for all the different samples, with the water contact angle with the
Aculon treated stainless steel samples to be at, MHile for the untreated stainless steel
samples to be at 93The results of the ctexct angle measurements with water indicated that

the stainless steel samples treated with Aculon presented a hydrophobic behavior, which
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amplifies the noswetting properties of the stainless steel, something that was clear visually,
based on the size dfi¢ water droplets on the surface of treated and untreated stainless steel
surface, respectively (Fig. 4.3).

On the other hand, sessile static contact angle measurements witkdodeggane)
showed an oleophilic behavior, with the contact angles of appadely 0 and 19, for the
chemically treated and untreated stainless steel samples, respectively. Oleophilic behavior for
all the samples was easily visible through the \ddealysis of the goniometer, where no
droplets of oil were formed on the surfaafethe samples, with the liquid sample to spread
across the stainless steel surface (Fig. 4.4).

Based on the contact angle measurements, surface modification with Aculon increased
the hydrophobic behavior of the stainless steel samples while no sighidltamges were
observed regarding the behavior of stainless steel samples against oil liquid samples, with the
stainless steel samples maintaining a highly oleophilic behavior withvdahout chemical

treatment.
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Water contact angle at 111°

Water contact angle at 93°
a) Aculon treated stainless steel surface b) Untreated stainless steel surface

Figure 4.3. Picture of sessile static contact angle measurements with water: a) Aculon treated

stainless steel surface and b) Untreated stainless steel surface.

Oil contact angle ~ 0° Oil contact angle at 19°

a) Aculon treated stainless steel surface b) Untreated stainless steel surface

Figure4 4. Picture of sessile static contact angle measurements with oil: a) Acutedtre

stainless steel surface and b) Untreated stainless steel surface.
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4.3.2. Resonance Frequency

The second part of this research studied cooling and thermal mixing performance
during experiments with highly viscous foods flowing within the annpkssage of the
examined heat exchangers. The first set of tests was to determine the resonance frequency, the
frequency with the highest magnitude of the acceleration (g) of vibration. Analyzing the
collected data of acceleration, frequency (Hz), and {shefrom the accelerometer, similar
results were observed for all the tested products, with the resonance frequency for the mixing
system at approximately 20 Hz, as can be observed from the following acceleration data for
cheese sauce (Fig. 4.5). The fregcy with the highest magnitude of acceleration at 20 Hz,

was used as the tested frequency during the studies for all the tested foods.

0.14 f T T T . T =
0.12 | -
0.10 s
0.08 | .

0.06 |- .

0.0a | {
0.02 |
OIX)-—1—4L=JL—JO J— l l~ 1 L l

20 = 100 120

Acceleration (G)

Frequency CHZ)

Figure4 5. Effect of acoustic frequency on the acceleration (expressed as unit Gs) magnitude
of vibration at diferent tested frequencies as determined fradbnFIFT plot. Not the different

colors indicate the different axis, x (red), y (green) and z (blue).

12¢



4.3.3. Continuous flow cooling studies

To study the cooling and thermal mixing performance, tiemeperaturgrofiles were
plotted; presenting the tirlemperature plot of the flowing product, at the inlet and outlet of
the cooling and mixing unit. In all caseése outlet of the cooling and the inlet of mixing unit
referred to the same measurement point witlie thermal processing system. Time
temperature profiles at the inlet and the outlet of heat exchangers and the mixing unit, at 3
different crosssectional points within the pipe, (center, wall and an intermediate point), were
recorded to compare and presséme differences in cooling and thermal mixing efficiency
between the untreated and the chemically sufisga@ed heat exchangers. The maximum
temperature difference between the 3 cimsional points was used as the measure of
uniformity of temperatw distribution within the tested product at the exit of the heat
exchange)y salidTat t he exkt) of mixing unit (T

Finally, the effects on the cooling efficiency of untreated and hydrophobic surface
treated heat exchangers were examinedbyaomp ng t emper atuybetweehi f f er €
the average temperatures at the inlet of the heat exchanger against the average temperature at
the outlet of the mixing unit. The average temperature at the outlet of the mixing unit was
chosen as the more repeatative of the outlet cooling results because no extra active cooling
occurs within the mixing section. Additionally, due to the thermal mixing in the unit, the
average temperature at its outlet is more representative of the bulk temperature of ttte produ
Finally, flow rate and pictures dahe internal heat exchanger tube outer surfaces after
experimental runs and washi#dgwn process of the tested foadsre compared to understand

the effects of hydrophobic surface treatment on the cooling process.
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4.34. Sweet potato puree

Studies on cooling and thermal mixing were conducted during the cooling stage of
sweet potato puree processing, within the temperature ranges@f@r. Similar experimental
conditions, under the steady state, were used, withtgpeeato puree flowing within the
annulus with an inlet temperature in the range of-9BOC, and water flowing in counter
current mode, with a flow rate of 63.1 x' fn®s and with an inlet temperature of 13 °C. The
first step for all the various studievas to measure and compare the flow rate of the product
while operating the pump at a fixed speed. A slightly higher flow rate of 6.3 3@ was
measured for the treated heat exchanger, comparing with the untreated case where the flow
rate was at B.x 10 m3/s. For that reason, for the study case with the treated heat exchangers,
two different experiments were conducted, the first at higher flow rate of 6.3°n38 and
with application of vibration for thermal mixing studies and the secondiexget with a flow
rate of at 5.8 x 10°m%/s, (flow rate closely similar to the untreated case) without employing
vibration for mixing, for better understanding of cooling and thermal mixing studies.

Comparing the timgéemperature profiles between thsuks during cooling of sweet
potato puree, better performance was observed for the case of the untreated stainless steel heat
exchanger ,uxavi62 2 ABe Yilder the equakhxafléow r at
20 °C was observed, for the case gUtophobic surface treated heat exchanger, while
significantly lower cooling performance was reported for the case of the treated heat exchanger
operating at hi gheux tofhe io the range of 103 YWCi (Fih46t he T
Temperature distributrowithin sweet potato puree flow cross section was significantly more
uniform during the cooling process with the treated heat exchanger, for all the tested flow rates.

Moreover, for the study of sweet powmMpaof o pur e



1317 AC was reported, at the exit ofuwatmvhe coo
was reduced to 5 °C (Fid.7). For the treated heat exchanger, at the exit of the cooler the

o Tax was at 79 °C and 56 °C, for higher and lower flow raderespectively. Furthermore,

by empl oyi ngwmaxwiwas significantly, impgpved, reducing the maximum
temperature differenceto® AC, whil e no si gniwkmvaanwas di f f e
observed the for the other case (Ei@, Fig.4.9).

Finally, the end of cooling experiments was followed by waskdmgn the thermal
processing system, with hot water for a period of 1200 s. Comparing the photographs of the
internal heat exchanger tube surfaces, that were taken at the end afomasproess and
after disassembly the system, significantly more efficient cleaning was observed for the case
of the treated heat exchanger. A residual amount of product deposition of sweet potato puree

product was still visible on the top surface of the innee tofithe heat exchanger (F#g10).
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25 —Treated
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a) gime (s)
30
—— Untreated
—Treated

0 50 150 200

b) gimSls)

Figure4.6 . C o mp a ruk duong coolihg ofjsWeet potato puree, for the untreated and
the treated heat exchanger while (a) the product flowing at different flow r&t& of 10 °
m®/s and 6.3 x 70°m®/s, for the untreated and the treated heat exchanger, respediehye

product flowing at the same flow rate®8 x 10 5m?/sfor both cases.
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Figure4.7. Comparison of the temperature distribution within the product (at center, wall and
an intermethte point) at the inlet (a) and the outlet (b) of the mixing unit for sweet potato
puree after cooling in the untreated heat exchanger for a given product average temperature at
the inlet of the heat exchanger. The vertical dashed lines represent theirgegind the

vertical solid lines the end of vibration of 120 s at 20 Hz. Note that the average time for the
fluid particle to move from the inlet to the outlet of the heat exchanger and mixing unit was

68s and 28 s, respectively.
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Figure4.8. Comparisn of the temperature distribution within the product (at center, wall and
an intermediate point) at the inlet (a) and the outlet (b) of the mixing unit for sweet potato
puree after cooling in the treated heat exchanger for a given product average tempethaé

inlet of the heat exchanger. Note that the average time for the fluid particle to move from the

inlet to the outlet of the heat exchanger and mixing unit was 60 s and 24 s, respectively.
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Figure4.9. Timetemperature profiles for sweet potgtoree, flowing in the annulus passage

of the treated heat exchanger; comparing the average temperature at the inlet of the heat
exchanger with (a) the inlet and (b) the outlet of the mixing unit, at 3 different points of the
pipe: at the center, at the land at an intermediate point. Note that the average time for the
fluid particle to move from the inlet to the outlet of the heat exchanger and mixing unit was

68s and 28 s, respectively.
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Figure4.10. Comparison of a) treated with hydrophobic chemgmlution and b) untreated
internal heat exchanger tube outer surfaces after cooling of sweet potato puree. Picture shows

thedisassembletlbes after washedown with hot water.

4.35. Banana puree

Cooling and thermal mixing studies were conducted,nduthe cooling process of
banana puree, within the temperature range ef®7C, and by employing vibration of 120 s
duration at 20 Hz, for mixing. Steady state experimental conditions were used, with banana
puree flowing within the annulus with an inletmperature in the range of ~9@ °C, and
water flowing in countecurrent mode, with a flow rate of 63.1 x' Tn%/s and with an inlet
temperature of 18 °C.

Comparing the timéemperature profile between the results with cooling of banana
puree, duringhe steady state period (for ~280 s), cooling processing using the treated heat

exchanger was mo rpeof8I1flf iAcG, e nuhof 466 C teds alpservenT
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for the untreated heat exchanger (Bid.1). Temperature distribution within the drect was

significantly more uniform during cooling with the treated heat exchanger. For the study of
banana puree using t hewauat8ld Cavaseolosernfedatthe egitx ¢ h a n
of the cooler. With application of vibratipgp ax_m was redeed to 46 °C (Fig.4.12). More

uniform temperature distribution within banana puree was reported during processing with the
treated heat exchanger, winewaeat 2 C, withoetaeyx i t o f

significant improvement of temperaturaiformity at the end of mixing using vibration (Fig.

4.13).
30
—Untreated
25 —Treated
o
e
[l
8
0 ] . . . . L] . . . . L] . . . . L] . . . . L] . b b b L} b b b b 1
0 50 100 150 200 250 300
gime (s)
Figure4.l 1 . C o mp a kxidariaghcoobny of g@hana puree, for the untreated and the

treated heat exchanger.
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Figure4.12. Comparison of the temperature distribution withinpitegluct (at center, wall and

an intermediate point) at the inlet (a) and the outlet (b) of the mixing unit for banana puree
after cooling in the untreated heat exchanger for a given product average temperature at the
inlet of the heat exchanger. Note thfz average time for the fluid particle to move from the

inlet to the outlet of the heat exchanger and mixing uag @0 s and 24 s, respectively.

13¢


mailto:20Hz@120s#20Hz@120s
mailto:20Hz@120s#20Hz@120s
mailto:20Hz@120s#20Hz@120s
mailto:20Hz@120s#20Hz@120s
mailto:20Hz@120s#20Hz@120s

&""

Mhda

v

20Hz@120s 20Hz@120s
Center

70 Intermediate
65 Wall

= <20 Hz
60 Average (T) Inlet
55 L] ol ol ol - L] - - - - L] - - - L] - - L L L] L

0 100 200 300 400
a) gime (s)
105

]

20Hz@120s 20Hz@120s

Center

70 Intermediate
o Iyt 1
60 Average (T) Inlet
0 100 200 300 400
b) gime (s)

Figure4.13. Comparison of the temperature distribution within the product (at center, wall and
an inermediate point) at the inlet (a) and the outlet (b) of the mixing unit for banana puree
after cooling in the treated heat exchanger for a given product average temperature at the inlet
of the heat exchanger. Note that the average time for the fluidlpadimove from the inlet

to the outlet of the heat exchanger and mixing unit was 60 s and 24 s, respectively.
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Washing down with hot water for 2400 s, followed the cooling experiments.
Comparing the photographs between the internal heat exchanger tislcesua significantly
more efficient cleaning was observed with the hydrophobic surface treated heat exchanger.
However, for the case of the untreated heat exchanger, the surface of the tube was fully covered
with banana puree gel deposition, which forndedng cooling (Fig. 4.14). The existence of
the thick layer of gel at the pipe wall had a negative impact on heat transfer during cooling.
Moreover, similar flow rate observed with the treated heat exchanger may have resulted due
to the potential slip 8w formed between the thick layer of gel at the wall and the hotter, lower

viscosity food product.

Figure4.14. Comparison of a) treated with hydrophobic chemical solution and b) untreated
internal heat exchanger tube outer surfaces after coolingnafnia. puree. Picture shows the

disassembletlbes after washedown with hot water.



4.36. Cheese sauce

The final experiments have been performed during the cooling process of cheese sauce,
within the temperature range of-88 °C, and by applyingibration of 120 s duration at 20
Hz, for mixing. Steady state operational conditions were achieved with cheese sauce flowing
within the annulus passage with an inlet temperature of ~95 °C, and cooling water flowing in
a countercurrent mode, with a flonate of 56.8 x 10°m*s and with an inlet temperature of
23 °C.

Time-temperature profiles for cheese sauce presented a significantly more efficient
cooling process using t heuxdf t6d&Cecdmpdrcdtmat e x c h
o Fx of 10-12 °C,for the case with the untreated heat exchanger 4Hi§). A slightly more
uniform temperature distribution within the food was observed with the treated heat exchanger
withwaof®I0 AC, while for tuixeasatrl@2 °€ahema case,
mixing processing of cheese sauce via application of vibration at 20 Hz, presented a slight
improvement on temperature distribution within the cross section of the flowing product, with
a @l wm of 68 °C, for both cases (Fig.16; Fig.4.17).

For the case of cheese sauce, the wdshn step with hot water was for a shorter
period of time 180 s, in order to study the differences regarding the existence and thickness of
product deposition at the pipe wall. A significant difference was observed negatd
amount and thickness of product deposition at the pipe wall, with the worst case with the
untreated heat exchanger, where the surface of the inner tube was covered with cheese sauce
with a thickness of several millimeters-§2mm). For the case dhe Aculon-treated heat
exchanger, the surface of the inner tube is pictured with significantly less product accumulation

at the pipe wall (Fig4.18). Like in the case of banana puree, the thick layer of cheese sauce
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deposition at the pipe wall reduced tineat transfer efficiency. Moreover, similar flow rate
observed with the treated heat exchanger may have resulted due to the potential slip flow

formed between the thick layer of gel at the wall and the hotter, lower viscosity food product.
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25 —Treated

0 50 100 150 200 250 300
gime (s)

Figure4.1 5 . C o mp a ikx daringrcootiny of gihiEese sauce, for the untreated and the

treated heat exchanger.
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Figure4.16. Comparison of the temperature distribution within the product (at center, wall and

an intermediate point) at the inlet (a) anddhdet (b) of the mixing unit for cheese sauce after

cooling in the untreated heat exchanger for a given product average temperature at the inlet of

the heat exchanger. Note that the average time for the fluid particle to move from the inlet to

the outletof the heat exchanger and mixing unit was 60 s and 24 s, respectively.
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Figure4.17. Comparison of the temperature distribution within the product (at center, wall and
an intermediate point) at the inlet (a) and the outlet (b) of the mixing unit feselsauce after
cooling in the treated heat exchanger for a given product average temperature at the inlet of
the heat exchanger. Note that the average time for the fluid particle to move from the inlet to

the outlet of the heat exchanger and mixing umi$ w0 s and 24 s, respectively.
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Figure4.18. Comparison of treated with hydrophobic chemical solution and untreated internal
heat exchanger tube outer surfaces after cooling of cheese sauce. Picture shows the

disassembletubes after washedlown with lot water.

Different results observed as far as the effects of hydrophobic coating on the cooling
performance of the tested food products, was attributed to the different composition of the
examined products. The improvement on cooling using the treatgexchanger for products
with high protein (cheese sauce) and carbohydrate (banana puree) was associated with the
significantly lower amount of product deposition at the pipe surface, comparing with the
untreated case. On the other hand, for produdtsanhigh starch content (sweet potato puree),
the amount of product deposition was low for both treated and untreated heat exchangers, with

hydrophobic treatment presenting no significant effects on cooling of sweet potato puree. More
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focused studies wilbe required for better understanding of the interactions between contact

surface, implemented surface treatments, and the flowing food material properties.

44. Conclusions

In this work, the effects of hydrophobic surface treatment on continuous flow cooling
stage of thermal processing of sweet potato puree, banang puoceeheese saueeere
studied. Cooling performance was compared between two identical horizontal ststeddss
tube in tube heat exchangers, one with untreated product contact surface and one with surfaces
treated with a hydrophobic Aculon chemical treatment, for identical operating conditions (flow
rate, inlet temperature), under steady state regime, veitiesied food products flowing within
the annulus passage and with the coolant (water) flowing in cecuntemt mode.

The results for banana puree and cheese sauce showed a significantly more efficient
cooling performance when using the treated heatangdr, with a lower average outlet
product temperature in the range & 4C, compared to the result obtained with the untreated
heat exchanger. However, for sweet potato puree, cooling using the untreated heat exchanger
was slightly better, with the awge outlet product temperature beeth Z lower, compared
to the treated case.

Furthermore, temperature cross sectional temperature distribution within the flowing
product during cooling and thermal nmgj for all the tested materials|as more uniform vih
the treated heat exchanger. The maximum recorded temperature difference among the three
points, at the exijax),ovés lowdr by 6h°€, &6 °Cand@ PCafarger  (
sweet potato puree, banana puree and cheese sauce, respectivelyrcatettiéeat exchanger

comparing to the untreated one.

145



Thermal mixing studies via application of vibration at the resonance frequency of the
mixing unit of 20 Hz, showed good results for all the experiments with sweet potato puree and
banana puree. A marum recorded temperature difference among the three points, at the exit
of mi xi nwgx vl imtheé rangenef-2 °C, within sweet potato puree and banana puree
was observed after the application of vibration. However, for all the studies with cheesg s
no significant improvement in temperature uniformity was observed via application of
vi br at i onwaxwinthelrandelofdd0 WQT

Moreover, using the treated heat exchanger, the amount of product depaisttien
pipe wall, after washing aen with hot waterwas significarly lower, which should be an
indication of the reducegksistance to heat transfer.

Finally, this work showed that surface modification can be used as an effective method
for potential applications in advanced thermalgessing. Increasing the hydrophobic surface
characteristics of the food contact surfaces resulted in enhancement of continuous flow cooling
of viscous and poorly conductive foods and also result in the potential reduction of the-cooling
related food qualit losses while improving the sanitation processing conditions. However,
results obtained using sweet potato puree as the process materials indicate the need for more
studies in order to better understand the effects of surface characteristics on treesaipg,

particularly cooling, of products with different food composition.
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Nomenclature

Latin letters

MW Microwave system
T Temperature (°C)

Greek letters

nT Temperature difference (°C)
Subscripts
MAX refers to the maximum temperature diffe@nbetween the 3 crossectional

points at the exit of heat exchanger

MAX_M refers to the maximum temperature difference between the 3-sexginal
points at the exit of mixing unit

HX refersto the temperature differences between the average temmgeedtthe

inlet and at the outlet of the heat exchanger
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ABSTRACT

This research investigated the effects of surface characteristics on the adhesive
behavior of sweet potato puree, banana puree, and cheese sauce. Different engineered food
contact surface samplesncluding untreated and chemically treated stainless steel,
polytetrafluoroethylen¢PTFE) silicone sheets as well as treated and untreated knitted and
woven polyester fabrics, were studied. The examined surfaces were differentiated based on
their surface wettabtly (hydrophilic, hydrophobic, orsuperhydrophobjc and surface
roughness. The adhesive behavior of the tested foods and repellent behavior of the engineered
surfaces were examined by measuring the residual product mass, remaining attached to the
testing suface, during the standard methods of product depletion and the centrifuge adhesion
tests. These tests were performed under two different temperature conditions; at ambient and
at cooling processing temperature conditions. The results from the produetiarepést
showed that the hydrophobic surfaces with smooth characteristics (chemically treated stainless
steel samples), PTFE, and treated knitted fabrics retained the least amount of the food products.
The average residual mass for all the products esetBurfaces was approximately a4386
at room temperature, and-85%atcooling temperature conditions. Under cooling conditions,
to examine cooling efficiencyhet e mper at ur e di fference (®T) b
highest product temperatureasr comparedetweenthe examined surfaces. Tredtand
untreated stainlesssteend PTFE surfaces presented the hi
tested. Finally, during the centrifugal adhesion test, the superhydrophobic knitted fabrics
exhibited thebest repellent behavior with all the food samples, reducing the residual product
to 0-10% and 2610% levels, under room and cooling temperature conditions, respectively.

Key words: Adhesive behavior, surface modification, viscous foods
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5.1. Introduction

Accumulation, stickiness, and fouling of food components, such as protein, starches,
and minerals, on thermal processing system components (heat exchangers, mixing units,
holding tubes, spray dryers, food packaging) have a significant impact on proe¢ssiegcy
and operating costs. Accumulation of fouling layers on food processimgmentncreases
the resistance to heat transfer, thermal mixing and pressure drop across the processing
equipment, resulting in degradation of final food product qualitg increasing the overall
processing and cleaning operation time and cost (Balasubramanian and Puri, 2008;
Balasubramanian and Puri, 2009; Barish and Goddard, 2013; Barish and Goddard, 2014;
Stoforos et al., 2017).

Furthermore, fouling, adhesion, and aewlation of unwanted food material on the
processing equipment surface depend on several different parameters such as operating
conditions (temperature, and flow rate), food properties (viscosity, and food composition) and
surface properties (materialyrsh ace wettability, and topograp
2011, M®r i an and Goddar d, 2012) . Fouling anc
many different types, based on different physical, and chemical processes involved. Different
main foding types formed on the heat transfer surface are categorized into the following types
(Awad, 2011): 1) particulate or sedimentation fouling (deposition of suspended particles), 2)
crystallization or precipitation fouling (dissolved salts from saturabdatien), 3) chemical
reaction fouling (cooking, polymerization, etc...), 4) corrosion fouling (electrochemical
reactions), 5) biological fouling or biofouling (attached and growth of microorganisms), and
6) solidification or freezing fouling (formation @ solid fouling deposit onto a subcooled

surface, from fluid components with a high melting point freeze).
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Moreover, this problem mainly has been observed during conventional thermal
processing (heating, cooling, and thermal mixing) of highly viscousnamitiphase food
products, such as typical dairy products, fruit and vegetable purees and soups (Stoforos et al.,
2016; Stoforos et al., 2017). Unfortunately, the adhesive behavior of highly viscous foods is
more prone to occur on stainless steel, the mwasimonlyused material for food processing
equipment, such as heat exchangers and mixing units (Goode et al., 2013; Barish and Goddard,
2013; Stoforos et al., 2016). Stainless steel is an inert material, relatively resistant to corrosion,
stable with temerature, and highly thermally conductive, ideal for fmoditact surface
material for thermal processing equipment units (Goode et al., 2013; Barish and Goddard,
2013). Howeverijts high surfaceenergyand surface wettability promote fouling, adhesion,
andaccumulation of highly viscous and dairy food products. The fupldf unwanted food
material at the surface of heat exchangers results in increasing the heat resistance, flow
resistance, and pressure drop, leading to reduced process efficiency atydodulaé final
food product (Beuf et al., 2003; Balasubramanian and Puri, 2008; Balasubramanian and Puri,
2009; Goode et al., 2013 Barish and Goddard, 2013; Barish and Goddard, 2014; Stoforos et
al., 2017). Moreover, produ@ccumulationand fouling are pone t o bi of il m f
resulting in excessive use of chemical det
processing plant shutdowns (Sandu and Singt
Goddard, 2012; Barish and Goddard, 2014).

Recently, nany studies have been devoted to using surface modification techniques
to reduce or completely prevent fouling or biofouliofthe food and dairy processing
equipment( Sant os et al ., 2004; M®r i an and Goddar

modification technologies, such as polymer and nanoparticle coatings, physicochemical
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surface modification techniques such as plasmi@anced chemical vapor deposition, and
electrechemical and ion implantations have enabled researchers successfully to modify
stainkss steel with antifouling characteristics (Santos et al., 2004; Rosmaninho et al., 2007,
Balasubramanian and Puri, 2009; Kananeh et al.,, 2010; Barish and Goddard, 2013).
Antifouling surfaces have been fabricated in a way to mimic the repellent chatasteris

natural antifouling materials such as the lotus IB&l{mbo nucifeara by modifying surface

properties (wettability (hydrophilic, hydrophobic, superhydrophobic) and topography), aiming

to produce a low surface energy surface (Santos et al.,, Zf®maninho et al., 2007;
Balasubramanian and Puri, 2009; Kananeh et al., 2010; Barish and Goddard, 2013). Another
method to fabricate an antifouling surface is by modifying the chemistry of the surface, for
example by using a hydrophilic (poly (ethylemel ycol ) ) coating to s
interactions between whey protein and stainl

Goddard, 2012). Antifouling treatments have been shown to ease the operation and cleaning

of the heat exchangers, whileredue g t he bacteri al adhesion ( Be
2004, Premathil aka et al ., 2006 ; Rosmani nho
Kananeh et al ., 2010; M®r i an and Goddar d, 2

2015; Stoforosteal., 2017). However, high cost and complexity of their application as well as
their reported shotterm stability have impeded commercial application of such techniques
(Barish and Goddard, 2013).

Developmentf thermal processing with advanced heatieghnologies, such as
continuous flow microwave (MW), ohmic heating, and radio frequency heating systems, have
enabled uniform, rapid, and volumetric heating, which reduces-cpntiene, maximizes the

final food product quality and reduces fouling deposit(Coronel et al., 2005Bansal and
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Chen, 2006Steed et al., 2008; Cullen et al., 2012n the other hand, cooling process of
highly viscous and multiphase food products is still implemented using conventional cooling
methods, resulting in a slow andagual thermal treatment, and reduction of final food quality
(Stoforos et al., 2016). Recent studies have shown that efficiency of cooling and cleaning
process for viscous foods, such as cheese sauce and banana pursggoéithetlyimproved

by using hydrophobicallytreated stainless steel heat exchanger (Stoforos et al., 2017).
However, the same study showed thydrophobicallytreated heat exchanger has a negative
impact on cooling performance of sweet potato puree (Stoforos et al., 2017). These
observations highlight the importance of understanding and quantification of the surface
parameters that affect the adhesive and heat exchange behavior of different food products. In
addition to material properties, a successful alternative should alsosbeffective and
industrially viable to attract commercial interest.

This study is the first part of a more comprehensive research project aiming to improve
the efficiency of thermal processing, particularly cooling of viscous food material having poor
thermal conductivity. This part of the research focuses on the influence of various surface
characteristics such as wettability and surface topography ofcmaéct materials on the
adhesive behavior of highly viscous foods and their potential importarmt=/eloping more

efficient thermal processing systems.

5.2. Materials and Methods
5.2.1. Test materials
To study and understand the adhesive behavior of different viscous food products, namely

sweet potato puree (Yamco LLC, Snow Hill, NC, U.S.A.), demn puree (Aseptia/Wright
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Foods, Troy, NC, U.S.A.), and cheese sauce (Advanced Food Products, New Holland, PA,
U.S.A.) different engineered food contact surfaces were fabricated and tested against the food
samples. These food products were chosen bedaggesthibited different adhesive behavior
when flowing against surfaces with different chemical and physical structures, during cooling
and mixing processes (Stoforos et al., 2016; Stoforos et al., 2017).

To illustrate the effect of foedontact surfacet@racteristics of the boundary walls on the
adhesive behavior of the food samples, eleven different engineered food contact materials were
examined for their wettability and surface roughness. Surface characteristics such as
wettability and surface topogrhy are not totally independent from each other and are related
to the free surface energy (or surface tension) of-foodtact surfaces, influencing of food
and bacterial adhesion, cleaning, and heat transfer processes (Durr, 2007; Choi and Kim,
2011).

The examined materials were chosen to cover a variety of different surface characteristics
based on wettability and topography. The studied materials included (1) stainless steel samples,
untreated and modified using chemical and lubricant surface treat(Ren X, ITW Global
Brands, Houston, TX, U.S.A.; Aculon, Aculon performance Surface Solutions, San Diego,
CA, U.S.A.; Sprayon LU206 Silicone Lubricate Spray, Sprayon, Cleveland, Ohio, U.S.A.), (2)
fabrics (knitted and woven structures, with a base wedght9°kd/?a nd 2 kgdm 1 0
respectively) untreated and treated with a commercial fluorocdrased resin, (3) PTFE
sheets, (4) silicone sheets and (5) fiberglass reinforced silicone sheetsH(Thable

The following test methods were appliedstoidy and understand the effects of surface
wettability and topography orthe adhesive behavior of food materials, for potential

applications in advanced thermal processing.
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Table5.1. The list of the examined foambntact surface samples, with the badessate and

the applied treatment for each case.

Food-contact surface Base substrate Treatment
Untreated stainless steel Stainless steel Untreated
RainX Stainless steel Hydrophilic chemical treatment
Aculon Stainless steel Hydrophobic chemicareatment
PTFE PTFE Untreated
Sprayon LU206 Stainless steel Surface lubricant
Silicone sheets Silicone Untreated
Silicone fiberglass sheets Silicone Untreated

Fluoropolymer coated

. . Polyester fabric Fluorocarborbased resin
polyester knitted textiles
Untreated pquester knitte Polyester fabric Untreated
textiles
Fluoropolymer coatgd Polyester fabric Fluorocarborbased resin
polyester woven textiles
Untreated coated polyeste Polyester fabric Untreated

woven textiles

5.2.2. Experimental methods

To characterize and identify the differences between the examined surfaces contact angle
measurements and atomic force microscopic tests were conducted to measure surface
wettability and roughness of the examined surfaces, respectively. Furthermorelytthetu
behavior of food materials in contact with the engineered surfaces, two different quantitative
and reproducible tests were implemented, namely product depletion and centrifugal adhesion

tests.



5.2.3. Contact angle measurements

Surface wettability \as one of the parameters used to differentiate the examined
surfaces, varying from hydrophilic {@0°), hydrophobic (9450°), up to superhydrophobic
(150A) behavior. Me as uadiemntskctargldsdst commadn methoqd o
to evaluatesurface wettability (Korhonen et al., 2013). The equilibrium static contact angles
(CA) (the Sessile drop method) of water and oid@uecane) on the tested samples were
measured at room temperature-@8°C), using OCA 15 (Future Scientific Corp, Gar@sty,

NY, U.S.A.), an optical contact angle goniometer, and via SCAZ20, its software interface. Using

a 500 microliter gastight syringe (Hamilton Company, Reno, NV, U.S.A), controlgd (2 L )
volume droplets of water and/or oil were deposited on diffgeintts (35 points) across the

tested surfaces to measure the contact angle and determine the homogeneity of the treated

surfaces.

5.24. Surface roughness measurements

Surface roughness measurements of tested surfaces were conducted usiagadaulti
atomic force microscope (AFM) (Dimension 3100, Veeco Digital Instruments by Bruker,
Billerica, MA U.S. A.). On a smal |l scale (em
resolution among other optical and microscopy methods and is essential for studying an
comparing surface roughness, surface porosity, and fouling detection between surface samples
(Santos et al., 2004; Boussu et al., 2005; Liu et al., 2006). AFM measurement parameters, such
as scan area, tip size and tip motion (contact, noncontact grnidgapodes) and resolution,
influence the surface roughness values and it is meaningful to compare roughness data only

under the same measurement parameters (Boussu et al., 2005). In AFM studies, the most
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commonly studied roughness parameter is the arttbragerage roughnesR#(nm)), that is,
the average of the absolute values of the roughness profile ordinates, providing a general
description of the height variations in the surface. In food and fouling research area, AFM is
the most commonly used methdo characterize and compare the surface roughness of
different untreated and treated stainless steel samples, with repro@Raniesilts in the range
of 10-300 nm (Santos et al; 2004; Barish and Goddard, 2013).

In the present study, AFM was used to nilag@ surface of tested samples in tapping
mode using a high frequency (~300 kHz) silicon probe having a nominal spring constant of 40
N/ m. The tip of the probe, with a diameter
wi th a tip v eThescanning resolftionlvas 5&2npixeds.per line and 256 lines
of data per scanned area. Digital Instruments Nanoscope (Veeco Digital Instruments,
Plainview, NY, U.S.A.) software was used to analyze the digital images from AFM and to

determine th&kavalues of the examined surface samples.

5.25. Product depletion test

Product depletion test is a common test method, used in food packaging studies for
designing the best food packaging material to reduce the product remnants from the food
packaging (Eleyaral Hardy, 1993; Michalski et al., 1998; Loibl et al., 2012). For this study,
a customized consistometer was built (based on the principles of Bostwick consistometer), to
compare and quantify the effects of different surface characteristics, on the atebsivier
of different viscous foods, by measuring the weight mass difference. The modified
consistometer unit was built from stainless steel 300 series, with a length (L) of 0.241 m (9.5

in), width (W) 0.0381 m (1.5 in) and a trough height (H) of 0.038(L in). The modified
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consistometer consisted at one end of a sample reservoir, closed off by a thin rigid PTFE gate,
while the other end was open to allow unimpeded product flow and exit from the unit upon the
PTFE gate removal. One additional part bé tmodified consistometer was a removable
stainless steel strip (L=0.241 m (9.5 in); W=0.036 m (1.4in); thickness of 0.0012 m (0.047 in)),
which was attached to the surface of the unit and used as thedntatt surface. The foed
contact surface of theanless steel strip was used as the sample for the surface modification
applications. Eleven different consistometer units were built, one for each testing material. The
thickness of the stainless steel strip remained unchanged after application oértiieath
treatments. However, it was increased by 0.01 m (0.4 in) and 0.02 m (0.9 in), with the addition
of textile and polymer samples, respectively. All the tested consistometer units were attached
to the top of a laboratory support jack, which was useadjost the height and change the
inclination (090°) of the consistometer units, and to enable the grdviten flow of the
examined food samples (Fig1).

Moreover, for each examined food product, the initial step during these series of
experimentswas to find the incline that would initiate and maintain an easy and smooth flow
of the viscous food material. Using as the reference food contact surface of the consistometer
unit (untreated stainless steel of 300 series), the reservoir of the corsestaras filled with
50 g of food sample at the examined temperature, with the reservoir door closed. Starting with
the consistometer unit at horizontal (0° angle of incline) position, the reservoir gate was
opened, allowing the food sample to initiaterfld he height of the laboratory jack supporting
one end of the consistometer was steadily increased, increasing the inclination until an easy

and smooth flow of the food sample was observed.
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Figure5.1. Parts of the customized consistometer uni€C@)sistometer unit body, stainless
steel sheet and reservoir PTFE door, b) top view of the unit, c) side view of the unit and d)
consistometer unit attached to the laboratory support jack to change the inclination of the unit.

A magnetic protractor showke angle of the incline

During all the different experiment series, adhesive behavior of tested food samples
was examined for different foecbntact surface treatments and surface materials, comparing
primarily the residual product mass remaininglmméxamined surface after the completion of
the experiments, and secondly by measuring and comparing the exitefipndrtially, the
weight of each consistometer was measured before and after introducing 50 g of food sample
into the reservoir of thenit. The next step was to place the top edge of the tested consistometer
unit, with the sample reservoir filled and the reservoir gate closed, against the top of the
| aboratory support jack, with the prttedeterm

reservoir gate was opened and starting recordingetieAfter a period of 900 s (15 min),
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sufficient amount of time to ensure that flow of the tested food sample has stopped, the residual
weight of each consistometer unit was measured again.

Theabove experiment steps were followed for all the different food samples and all
the foodcontact surfaces examined, under two different temperature conditions. Initially, the
first set of experiments was conducted having both the tested food sample axdrtiined
surface at room temperature (~20 °C). For each food material, a sequence of three consecutive
experimental runs was conducted, against every-toothct surface, to study the performance
decay, for each surface sample. The sequence of thamegptal steps was first to apply the
examined surface modification treatments to the fomatact surface, conduct product
depletion test, wastown the surface, and then repeat the same steps twice but without re
treatment of the surface. The averagedwsi product mass and standard deviation of the
results were compared for all the examined food contact surfaces, for each food sample.

While the experiments described above were performed at room temperature, in real
continuous flow cooling systems, tperature of the entering food material is usually around
95+ 3 °C and the cooling wall is kept att® °C. A MW work station benctop Panasonic
Inverter MW oven (operating at MW frequency of 2450 MHz, with a maximum input power
at 1200 W), was used teat up the food samples to the designed temperatures. The examined
surface samples were kept in a cooler prior to the experiments, with a preset temperature at 5
°C, to achieve the desired foadntact surface temperature. In addition to the measurements
of the residual mass, this experiment also monitored the temperature of the flowing food
product. Changes in the tested product temperature, due to the contact with the cold food
contact surface and the exposure to the ambient air were measured usimgrad o&@mera

(FLIR ONE, FLIR Systems, Inc., Wilsonville, OR). Temperatures of the tested food sample
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were recorded every 30 s for a total time of 360 s, during the product depletion tests.

Temperature recording interval was chosen based on the requiesibtithe infrared camera

to capture the image and recalibrate for the next image. Total time of recording was selected
based on preliminary tests, regarding the time required for the food samples to cool down from
~95 °C to room temperature (~20 °C).

To study the effects of different material compositions, modification techniques and
surface characteristics on adhesive behavior and cooling performance of the tested foods,
various substrates spanning a wide range of physical and chemical propertiesthesre ei
obtained from retail stores, purchased from suppliers or mauzuise to be used as the testing
samples in the product depletion experiments. The collected residual mass and temperature
data were used to compare the adhesive behavior and cooliognerte of the tested foods
in contact with the examined foaxbntact surfaces, for potential use in continuous flow

cooling applications, with highly viscous foods.

5.26. Centrifuge adhesion test

] second test, t he c en ttediinfordey &0 quadtity he i 0 n
effects of surface characteristics on the adhesive or repellent behavior between the engineered
food-contact surfaces and tested food materials. This testing method uses centrifugal forces for
adhesion studies. The test wagiatly introduced as a method for testing aning materials
(Laforte and Beisswenger, 2005). In its original application, the method applies the required
centrifugal force to detach the ice from the tested surface, resulted by adjusting the rotating
speed and calculates the corresponding adhesive stress (Laforte and Beisswenger, 2005). In

the present study, the adhesive behavior of the tested food samples at different rotating speeds,
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against all different examined food contact surfaces was determireariparing the mass of

the detached products. All centrifugal product adhesive reduction tests, for all the different
food samples and all foezbntact surfaces examined at different rotating speeds, were
implemented under two different temperature coodgi Firstly, the experiments were
conducted by having both the tested food and the examined surface at room temperature (20
23 °C), and secondly within the temperature range of the cooling process conditions. For the
second case, food samples were heas#ag the MW within a temperature range of %)

°C, while the examined contact surfaces were é2A.5C.

The centrifuge adhesion tests were performed using a rotating tube unit. The rotating
tube unit consisted of a tube segment, removable and differeeach surface treatment
examined, and a motor, having the capability to control the rotating speed. The outside surface
of the rotating tube was used to apply the tested-bomtact materials. A stainless steel tube
segment, of 0.1524 m (6 in) in lgih and with an outside diameter (O.D.) of 0.038 m (1.5 in)
was used. The O.D. of the tested tube samples remained unchanged after application of the
chemical surface treatments, while the O.D. of the tested tubes was slightly increased, being
0.039 m (1.8 in) and 0.040 m (1.59 in) for the tested tubes coated with textile and polymer
samples, respectively. Water, at a controlled temperature, was flowing within the tube with a
constant fl ow r3st(E gamin) ® Xontol thé fockbntant suiace
temperature.

Centrifuge adhesion tests, for all the examined food samples against the modified
food-contact surfacesvere performed at three different rotational speeds of 50%, 75% and
100% of the maximum capacity of the motor. Lower rotational speeds were not examined due

theto predominance of the gravitational force on the adhesive response of the food materials.
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A tachometer was used to record the exact angular velocity of the testing rotating tube sample.
Knowing the rotating speed ®r(rad/s)), the mass of the tested food product sampig(log)
and the outside radius o(m) of the testing rotating tube, thepdipd centrifugal force or &
(N) was calculated from the following equation (Bd) (Laforte and Beisswenger, 2005):
F.=mOoV (5.2)

Before the beginning of each test, part of the surface of the removable tube segment
was covered with a specific volume of tlested food product. To achieve the precision and
the repeatability of the volume of the food samples, three different plastic (Acrylonitrile
butadiene styrene (ABS) plastic) molds, based on different O.D. of the coated tube segments,
were designed and it using a 3Dprinter (Stratasys, Eden Prairie, MN, U.S.A.). The plastic
molds were precisely designed with a cavity at the center of one of the surfaces and extended
edges, capable of attaching to the outer surface of the testing tubes and allotagéwity
to be filled with a specific volume of food sample. The volume of the cavity of the plastic
molds was designed with a depth of 0.0127 m (0.5 in), a width of 0.0127 (0.5 in), and length
of 0.11 m (4.3 in). The depth of mold's cavity was desidgrestd on the annulus passage of
the heat exchanger used in one of the previous studies (Stoforos et al., 2017). The width and
the length of the cavities of the molds were designed based on the O.D. and the length of the
examined rotating tube. After filljmmthe cavity of the plastic mold, and hence the top surface
area of the testing tube, with the food sample, the initial mass of the total added product was
measured, the tube segment was attached to the rotating tube unit and the plastic mold was
removed.The tube was rotated clockwise for 60 s (Laforte and Beisswenger, 2005) at the
selected speed. During the rotation of the tested sample, detached product was collected and

the final mass of the removed product was determined§RigFig. 5.3).
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Figure 5.2. Different views of the plastic molds (left) and their application on different

examined surface tube samples (right).

Figure5.3. Images showing the plastic mold placed on the top of the testing tube sample with
t he mol dbs c a ductt(lgft), &nd theesedsanwple bnithe pop af the testing tube

(right), after removing the plastic mold and before the start of the test.

5.3. Results and discussion
5.3.1. Contact angle measurements
This study tested the effects of different surface properties such as surface material,

wettability and topography (roughness) on the adhesive and deposition behavior of different
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food products, namely sweet potato puree, banana puree, and cheese siageaw8itability
and roughness were measured to quantify the differences between the modifiedrizad
surface samples. Surface wettability was examined, by measuring the contact angles of water
(w) an doi) foriebch $udface sample. Tall@ pr esent s t hevamais Wl t s
measurements for the examined surface samples, showing a wide range of different wettability
properties. Using the viddmased OCA 15 goniometer, the results on sessile drop static water
and oil contact angle at ddfent points on the tested feodntact surfaces showed a
homogeneouss(nall standard deviatiobehavior for all samples. The Raxntreated stainless
steel sampl es s howew-~ 7)ywhitedhe Isilicbn LabricatedhSprayi o r (
coated as wellsaathe untreated stainless steel samples showedhngad r ophobi @ behav
of 93-96°). The fluorocarbottreated polyester fabrics showed superhydrophobic-{#4£0)
behavior (Figs4 . ) . A hydr op h o @of t0518@° hwaswbserved forwhest h a d
of the samples.

In the case of wetting properties of the oil liquiddodecane), most samples showed
ol eophi | i @4=0138% ahie ahthe polyster treated and untreated textile samples

had an oleophobic behavior (:Q@5°).



Tale 5.2. Water and oil contact angles of the examined fomatact surfaces

Food-contact surface samples dw (°) doil (°)

Untreated stainless steel 93 17
RainX 7 11
Aculon 110 0
PTFE 105 33
Sprayon LU206 96 14
Silicone sheets 122 33
Siliconefiberglass sheets 114 25
Fluoropolymer coated polyester knitted textiles 140 100
Untreated polyester knitted textiles 130 100
Fluoropolymer coated polyester woven textiles 145 115
Untreated coated polyester woven textiles 130 105

CA left: 6.8° CA left:92.9° ' Water contact angle of

CA right: 7.1° CA right: 93.2° Stainless steel

Water contact angle of
Hydrophilic treated stainless steel

CA left- 111.4° Weter comtact iegie:ol CA left: 139.6° Water ittty of
CA right: 111.4° Aculon treated stainless steel ~ CA right: 139.8° Phiciomied niter ebvle

c) d)

Figure5.4. Water contact angle measurements on a)-Raigated stainless steel, b) untreated
stainless steel, c) Aculon treated stainless steel, athubd)polymer coated polyester knitted

textiles Note that the needle on the pictures has an O.D..o2*An1(@72 mm).
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5.3.2. Surface roughness measurements

Surface roughness was examined as the second parameter to quantify the differences
between the examined fo@ntact surfaces samples. Analysis of the AFM micrographs
determined the arithmetic average aad roughnesd: (nm)) of the examined foedontact
surfaces. Table 5.3 presents the result®ofor the tested surfaces. Tha value for the
reference untreated stainless steel sample was 7.9 nm. Smooth surfaces were observed for the
samples treated ithh Sprayon LU206, and Aculon witRa values of 0.3 nm and 0.7 nm,
respectively. On the other hand, the average surface roughness of stainless steel treated with
RainX, the hydrophilic formulation, was 16.2 nm. For polymer coated samples and textiles,
the lowest Ra value was observed for the fiberglass reinforced silicone sheets, at 2.5 nm.
Among all the samples, the silicone sheet sample exhibited the roughest surface with the
highest observedRa of 85.7 nm. The rest of the textiles and PTFE samples showe
intermediateRa values, compared to other samples, in the range -@01bm. Figure 5.5
depicts the atomic force micrographs of the samples.

Finally, it is important to clarify thaRavalue should not be confused with the absolute
roughnesst( € m m)ruseehin fluid mechanics for friction factor calculation in pipe flow,
which is given from the mean pe#dkvalley height surface roughne$%;p (Farshad et al.,

2001). Also, it is worth mentioning that AFM is not the recommended method for surface
roughness measurements of textiles substrates. However, for the purposes of this study and to
maintain testing consistency, a small localized scannegila of 5 I 5 e&m was u

to measure the roughness of knitted and woven fabric samples using AFM.
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Table5.3. AFM measurements of surface roughn&sgitm)) for the different examined foed

contact surfaces.

Food-contact surface Ra(nm)
Untreated stainless steel 7.9
Rain-X 16.2
Aculon 0.7
PTFE 37.3
Sprayon LU206 0.3
Silicone sheets 85.7
Silicone fiberglass sheets 2.5
Fluoropolymer coated polyester knitted textiles 30.4
Untreated polyester knitted textiles 15.3
Fluoropolymercoated polyester woven textiles 39.8
Untreated coated polyester woven textiles 33.8
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z 25.000 nm/div z 125.000 nm/div

z 500.000 nm/div 2 500.000 nm/div

x 1.000 pm/div

d)

pm
pm

Figure5.5. AFM surface topography images of a) Aculon treated stainless steel, b) untreated
stainless steel, c) PTFE, and $ljicone sheetsThe shadings correspornd the Z height

variation. Darker shades represent lower Z value and brighter regions represent higher Z value.
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5.3.3. Product depletion test

Adhesive behavior, of the tested food products, namely sweet potato puree, banana puree,
and cheese sauce, was tested against the centé@mte samples, using product depletion
methods. The effects of the foedntact material were examined primarily thre product
mass retained on the surface during product depletion test and by comparigg fhiee
average percent of the residual product mass was used as a measure to compare the different
examined food contact surfaces, at two different temperatun@itions, at room temperature

and cooling process conditions, respectively.

5.3.4 Product depletion test: room temperature conditions

Starting at room temperature, the initial step for the product depletion tests was to
det er mi ne t h ehatresutddina emoemflgw oédifféreh) food materials. Using
the untreated stainless steel as a baseline
generate such flow for sweet potato puree, banana puree, and cheese sauce, respectively. Using
thepr edetermined d, three consecutive experi me
and each food contact surface sample. The data of residual mass of these experiments were
used to compare the product depletion performance of each examined. shdi@itenally,
the standard deviation of the residual mass was calculated to evaluate the consistency and the
stability of each used surface modified technique (untreated surfaces; chemically treated, and
surfaces with coatings applied).

Standard deviatio data showed that the untreated surfaces such as stainless steel, PTFE,
silicone sheet, and silicone fiberglass sheet materials were very consistent with their

performance on product depletion test, for all the tested foods. The chemically treated surface
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(Rain-X, Aculon, Sprayon LU206) presented an inconsistent product depletion behavior.
Moreover, the collectetdsit data indicated that the lower thet, the less product retained on
the surface.

Results showed that the average residual productwasssomparable for sweet potato
puree and cheese sauce. For these two products, superhydrophobic surface with knitted textiles
structure presented the best performance, followed by hydrophobic smooth surfaces (Aculon,
Sprayon LU206) and PTFE, with a rasad product mass of 30% and-85%, respectively.

The foodcontact surface samples with the highest observed roughness (silicone sheets,
untreated polyester woven textiles) were the samples with the highest amount of retained
product, around 70%. An aveeagerformance was observed for the rest of the surface
samples, including the reference sample of the untreated stainless steeb(fFm. 5.7; Fig

5.8; Fig 5.9).

Figure 5.6. Images of residual sweet pofaicee at the end of product depleti experiment
1, on the surface of (from top to bottom): untreated stainless steel, Aculon, PTFE, and

fluoropolymer coated polyester knitted textile.
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Figure5.7. Effect of foodcontact materials on the product mass retained on the surface during
the praluct depletion tests for sweet potato puree, at room temperature. Bars represent the
average % residual product of three consecutive experiments. Error bars indicate the standard

deviation.

Figure 5.8. Images of residual cheese sauce, at the end of product depletion experiment 1, on
the surface of (from the top to the bottom): untreated stainless steel, Aculon, PTFE, and

fluoropolymer coated polyester knitted textile.
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Figure5.9.Effect of foodcontact materials on the product mass retained on the surface during

the product depletion tests for ese sauce, at room temperature.

Furthermore, no significant difference was observed between thefmact surfaces
effects on bama puree depletion behavior, with a reported value of 60% as the average
percentage of the product mass retairigghana puree had the highest amount of residual
product mass, with most of the surface area of the examined samples, remaining covered with
the product at the end of the experiment runs.(Bid0). Hydrophobic smooth surfase

presented the lowest percentage of residual mass with a value of 50%1(Bjig
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Figure 5.10. Images of residual banana puree, at the end of product depletioneaxpkron

the surface of (from the top to the bottom): untreated stainless steel, Aculon, PTFE, and

fluoropolymer coated polyester knitted textile.
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Figure 5.11Effect of foodcontact materials on the product mass retained on the surface during

the product depletion tests for beama puree, at room temperature.

17¢



5.35. Product depletion test: cooling processing temperature conditions

Product depletion tests were also conducted under cooling processing temperature
conditions. The initial temperature tiie samples and contact surfaces for this test were
95+ 3°C and at & 2°C, respectively. Under these conditions, two independent experiments
were performed to study product depletion and cooling efficiency for each of the food samples
and used foodontct surfaces. Average percent of residual product mass and temperature
di fference (oT) bet ween the initial and the
compare the effects of the different examined foodtact materials on cooling of viscous
foods.

Identical incline angles as in the previous experiments were used for sweet potato puree
and banana puree, at 60°, and 30°, respectively. ComparisgnbEtween the two different
temperature conditions showed a significant decrease ikxi®r banana puree at higher
product temperature. Similar for sweet potato puree, at higher product temperature, a decrease
of texit Wwas observed for most of the examined foodtact surfaces, while an increaséei
was observed for the two untreaggalyester textiles. A quantitative observation was that the
viscosity of these two foods decreases at a higher temperature. For the case of cheese sauce,
using the same incline d as in the case of
flowing material on the foodontact surface occurred within the first 820 s of the test run,
ceasing the product flow and depletion (FBdL2). The only exception was with the treated
textiles, where &t of 40-50 s was observed. Moreover, to perform tfeslpct depletion tests
for cheese sauce, under the cooling temper

implemented. Under these conditionxawithin 5-49s was observed for all the used surfaces.



Figure5.12. Images taken at 360 s during prddiepletion test for cheese sauce, under cooling
processing temperature conditions and usi ng
solidification on the surface of: a) untreated stainless steel, b}>Raih Aculon, and d)

fluoropolymer coated polyest&nitted textiles.

Results of the product depletion experiments showed that hydrophobic, and smooth,
Aculon treated stainless steel surface presented the lowest value of the residual product, for all
the tested foods. Furthermore, banana puree peskéiné lowest residual product on the
examined surfaces. For the banana puree, no significant difference was observed in the results

of product depletion, with Aculon, Sprayon LU206, and PTFE presenting the best performance
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with a residual mass of 38%.Untreated polyester textiles and treated woven textile samples
presented the highest residual mass with a value above 60%. The rest of the examined samples
were in the range of 450% (Fig 5.13). Similar to the case of room temperature experiments,
surfae area of the examined surface samples remained covered with banana puree, even at the
end of the experiment runs. Furthermore, during the study of product depletion, the highest
temperature of the product was recorded, every 30 s for the first 360 & exghriment.
Compared to other two food materials, banana puree showed an instant temperature drop (from
95°C to about 72°C) soon after it contacted the chilled surface. At the end of the experiment

(t=360 s) the measured product temperature was witairatige of 281°C (Fig 5.14).
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Figure5.13. Effect of foodcontact materials on the product mass retained on the surface during

the product depletion tests for banana puree, at copltogess temperature conditions.
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Figure5.14 A set of three irages per sample, during depletion test of banana puree, under
cooling temperature conditions, showing the product temperature at the start of the test (~10 s)
(bottom, right side) and at 360 s (bottom, left side) the final residual product (top) on the
suiface of: a) untreated stainless steel, b) Aculon, ¢) PTFE, and d) fluoropolymer coated

polyester knitted textile.

Higher values of residual sweet potato puree on the examineecémbalct surfaces
were observed, compared with the results for banana pMicreover, Aculon treated surface
and PTFE samples presented the lowest percentage of residual product within the range of 62
64%. Sprayon LU206 treated stainless steel and silicone fiberglass sheet samples were next,

with a value of 6870%. The rest afhe examined surfaces had an amount of residual product
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higher than 70%, with the hydrophobic rough surface of silicone sheets showing the highest
percentage at 86% (Fi§.15.

Similar to the case of banana puree, initial temperature of sweet potatesavepé
~95°C, while at t = 0 s, the highest measured product temperature dropped3tC73 he
final measured temperature was in the range 88%, for most of the samples, except for
the surfaces coated with the polyester textiles, with a finalunegsemperatures above 40°C

(Fig. 5.16).
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Figure5.15. Effect of foodcontact materials on the product mass retained on the surface during

the product depletion tests for sweet potato puree, at cooling process temperature conditions.
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Figure5.16. A set of three images per sample, during depletion test of sweet potato puree,
under cooling temperature conditions, showing the product temperature at the start of the test
(~10 s) (bottom, right side) and at 360 s (bottom, left side) the final residhgalgh (top) on

the surface of: a) untreated stainless steel, b) Aculon, ¢) PTFE, and d) fluoropolymer coated

polyester knitted textile.

Product solidification of cheese sauce on the surface of the examined samples had a
negative impact on product deptan and timetemperature results. Moreover, most of the
examined surfaces presented a percentage of residual product higher than 70%. Aculon
hydrophobic treated stainless steel surface and superhydrophobic knitted and woven textile
samples presented thedt cheese sauce depletion performance with the amount of the residual

product mass of 52%, 55%, and 62%, respectively. GF17).
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Figure5.17. Effect of foodcontact materials on the product mass retained on the surface during

the product depletion tests for cheese sauce, at cqoliogss temperature conditions.

Similar to the previous products, cheese sauce was introduced in the ireea of
consistometer at temperature of 95°C. At t= 0 s, product temperature has dropp&8 taC75
Solidification of the material on the examined surface resulted in high amount of residual
product and slowed the cooling process resulting in higha&rgroduct temperature compared
with banana puree and sweet potato puree. An average final product temperature around 42
°C, was observed for most of the examined surfaces. Aculon treateddotatt surface was
the only one with a value below 40 °C thva final product temperature of 33 °C (Fagl8).

It should be mentioned that no specific study was conducted regarding the solidification

temperature of sweet potato. However, based on the currentetnperature data and the
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observation during produaepletion test, cheese sauce solidification might have occurred

within the first 60 s of product depletion tests, hence within the temperature rangésfG5

Figure5.18. A set of three images per sample, during depletion test of cheesewalare,
cooling temperature conditions, showing the product temperature at the start of the test (~1 0
s) (bottom, right side) and at 36 0 s (bottom, left side) the final residual product (top) on the
surface of: a) untreated stainless steel, b) Aculon, TEER and d) fluoropolymer coated

polyester knitted textile.

184



Collected timet e mper at ure data were used to calc
initial measured temperature (t=0 s) and the final measured product temperature (360 s). The
average value apT bet ween the two independent exper
estimate the effects of surface material on cooling of the tested foods. Small standard deviation
of the results indicates that there is no significant difference between th&tipeature
results between the two experiments.

Moreover, the T values were affected by
the tested food and the examined surface. F
sauce were lower than the rest of thed products. Banana puree, the product with the lowest
retained materi al on the examined surface,
product depletion results, Aculon treated stainless steel surface presented the best performance
(highestreghB)yding cooling for al/l the testec
observed for the case of Sprayon LU206 treated stainless steel surface with sweet potato puree
with a total temperature drop of 40 °C. On the other hand, polyester textiles prekented
| owest values of ®@T. This result can be expl
of the textile samples. Additionally, during the test with the superhydrophobic textiles, the
tested foods covered a small surface area compared witsthef the examined samples (Fig
5.19). Moreover, the superhydrophobic characteristics of these samples resulted in a reduced
product flow path, covering a small surface area, usually near to the stainless steel wall of the
consistometer, a more hydropbisurface compared with the textile samples .(5ig0). In a
continuous flow cooling environment, performed under pressure, within constricted flow

profiles and driven by the conveyance of pumps, flowing product would more fully cover the
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food contact staces, potentially improving the heat transfer exchange efficiency of the
cooling process for these hydrophobic surfaces.

Finally, based on the product depletion results and the-temeerature data,
hydrophobic surfaces with smooth characteristicsh sascthe hydrophobic treated samples,
presented the best performance. However, for potential cooling processing applications, to
mimic these surface characteristics, more {tergh stable and foegrade surface modification

techniques are required.
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Figure5.19. Effectof foodc ont act mat eri als on @T between t
(t= 0 s) and the final measured product temperature (360 s), for sweet potato puree, banana
puree, and cheese sauce. Error bars indicate the standard deviatienecbetwt he r esul t ¢

for the two independent experiments.
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Figure 5.20. Comparison of the covered surface area with cheese sauce (under cooling

conditions) between treated (left) and untreated polyester (right): a) knitted, b) woven textiles.

5.3.6. Centrifuge adhesion test

Adhesive and repellent behavior between the tested foods and the examined food
contact surfaces were studied using the centrifuge adhesion testing method. Similar to the
product depletion test, percent of the residual product orasstating tube sample was used
as the measure to compare the adhesive and repellent behavior of different samples at different
rotating speeds and temperature conditions. All the tested food and surface samples were
examined at three different rotatispeeds of 50%, 75%, and 100% of motor speed volume
that correspond to, respectively, 44 rpm, 66 rpm, and 88 rpm measured using a tachometer. All

the experiments were conducted at two different temperature conditions: at room temperature



(20-23 °C), and uner cooling process conditions, with the food samples being at a temperature
range of 95100 °C, and the examined contact surfaces -&0L5C.

Approximately 18t 2 g of the used food samples was sufficient to fill the fabricated
cavity, and cover the ared the top of the examined rotating tube. The initial product mass of
the food samples tested at room temperature was 20 g while the weight of the food material
was about 17 g at the cooling temperature conditions. Having all the information of product
mass, rotating tube O.D., and speed of rotation, centrifugal force was estimated as a measure
of the required adhesion force to reduce or detach the product from the surface of the examined
rotating tube. An applied centrifugal force of 0.6140.003 N, 0.08+0.003 N and
0.030+ 0.005 N, was calculated for the 44 rpm, 66 rpm, and 88 rpm speeds, respectively.

For all the tested samples, repellent behavior was better at room temperature
conditions and at the increased rotating speed, resulting in a lower residual product on the
examined rotating tube samples. Sweet potato exhibited the least adhesive behasoakg
the examined surfaces and under all the tested temperature conditions. Results obtained with
sweet potato puree indicate a significant reduction of the residual product mass for all the
examined fooetontact surfaces and the rotation speedsh&lsamples showed an amount of
residual product lower than 24% and 33%, at room temperature and cooling temperature
conditions, respectively. Furthermore, at room temperature conditions, increasing the rotating
speed from 44 rpm to 66 rpm reduced the amhad the residual sweet potato puree on the
surface of the examined rotating tubes, by586. No significant difference was observed
between the results of residual product at 66 rpm and 88 rpm. For the experiments at cooling
temperature conditions, nagsificant difference was noticed between the amounts of residual

sweet potato puree, for all the examined rotating speeds. Moreover, superhydrophobic knitted
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textile samples presented the best repellent behavior, with a residual sweet potato puree
between6-0%, and 2110%, at room temperature and cooling temperature conditions,
respectively. The hydrophilic treated surface sample exhibited the highest amount of residual
product at 2€13% and 282%, for room temperature and cooling temperature conditions,

respectively (Fig5.21; Fig. 5.22; Fig 5.23; Fig 5.24)

Figure 5.21. Images of residual sweet potaicee at the end of centrifuge product adhesion
tests at room temperatuy®n the surface of: a) untreated stainless steel, b)})Raamd c)
fluoropolymer coated polyester knitted textile; with a rotating speed of 44 rpm (1st row), 66

rpm (2nd row), and 88 rpm (3rd row).
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