ABSTRACT

BATMAZ, EDIZ. Enhancement of Heat Transfer Rate Mhidimization of Process Time by
ResonantAcoustic® Mixing During In-Container Stieakion of Foods. (Under the direction
of K. P. Sandeep.)

ResonantAcoustic® Mixing (RAM) is a novel in-comtar mixing technology that
has found many applications in industries where desired to mix highly viscous materials
in sealed containers. The food industry might dls@ble to benefit from RAM during
thermal processing of foods in containers. Induecmgng in food containers during thermal
processing has been applied successfully in thevi@ascenturies to provide high quality
food products to the consumer. RAM is believeddwenthe potential to extend the viscosity
range of products that can be properly mixed irntaioers during thermal processing.
Therefore, one objective of this study was to giyatiie mixing achieved in a lab scale
RAM unit (LabRAM) for products of different appateriscosities. To do so, fluid to particle
heat transfer coefficientshwere measured between a copper ball and banaea pu
samples at different viscosities. Results showatlttie lj, values ranged between 337 and
5554 W/nfK. In general, these values are much higher thasetheported in literature for

other mixing technologies.

Another objective of the current study was to usaar laser induced fluorescence
(PLIF) to observe the progression of mixing in &R&M and quantify the mixing time to
attain a well mixed state when two miscible ligetdeams were placed in a container and
mixed at different mixing intensities. Uniformity mixing increased with increasing mixing
intensity. The results showed that the time tamtiavell mixed product ranged from 3.0 s to

35.6 s throughout the product and process parasnstigdied.



Another objective of this study was to comparethi@mal process times for three
different processing technologies, namely stilbretShaka® process, and RAM integrated
thermal process. Samples of different apparenbgiies were used to cover a wide
spectrum of viscosities that are encountered irfidbd industry. Based on the results
obtained, while the effectiveness of the Shaka®&gse varied (thermal process times were
reduced by 16% to 91% with respect to the stibbmtgbrocess) within the viscosity range
studied, RAM integrated thermal process was capaftdbortening the thermal process

times significantly (ranged between 83% and 94% pfbtested samples.

These results suggest that RAM integrated thermuagssing could be pursued
further from a commercial point of view, to minireithermal process times and improve the
quality of products for existing products, and &sign new products of higher apparent
viscosities which were not possible to retort sestdly previously due to prohibitively long

thermal process times.
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INTRODUCTION

History of thermal processing of foods for preséinrapurposes dates back to 1804,
when Nicolas Appert, a French confectioner, seglass jars and discovered a way of
keeping foods such as mutton, vegetables, andfroik spoiling (Holland 2008). At that
time, heat treatment was carried out at atmosplpeeigsure by heating the jars or cans in
boiling water for approximately six hours. Chevab@d Appert invented the pressure cooker
in 1851, which made it possible to heat the jarsams to temperatures greater than 200
In the second half of the Y&entury, the range of canned foods available bamr
populations greatly increased, as canners compatkane other by offering food products
with highly decorated printed labels and at lowecgs. Though the temperature of the
product was raised above 1@ to shorten the cook time, canneries had to Hadgtoduct
in the retort long enough due to a lag in raisimgtemperature of the cold spot in the
container. This lag time was due to conductionihgatithin the container, which created a
temperature gradient in the product being thermaibcessed. Efforts to reduce this lag time
by inducing mixing in the container dates backh®e late 18 century. In 1898, F.W. Smith
patented an apparatus for treating or sterilizeagned food. In his invention, Smith used
reciprocating movement of a crate filled with foozhtainers to induce agitation in the
containers. Since then, efforts to advance thega®of retorting continuously increased, as
the demand for canned food products increased ljyo@ demonstrate the magnitude of

the canned food business globally, it should becdhthat, in 2013, worldwide demand for



canned food was estimated at US$77.2 billion, wifbrecast of US$79.6 billion in 2014
(Research and Markets 2013).

Today, several retort designs exist that make tisgitation to shorten the thermal
process time with respect to the time requirediin(son-agitating) retorts for proper
sterilization. Despite the high number of uniquredesigns that involve agitation, the type
of agitating motion applied to food products irongt can be categorized into three main

groups: end-over-end agitation, axial rotation, sewprocating agitation.

In an end-over-end agitation retort, containerd@aded into a retort crate in vertical
orientation, and the crate is rotated around araknbrizontal axis during the thermal
process (Tucker 2004). In this mode of agitatianjrdy the rotation of the crate, the
headspace bubble moves through the food mixtutsimg a continuous stirring action. With
increasing speed of rotation, the time taken ferdbntents of the can to reach the required
temperature was found to decrease. There is, hawaVieniting speed, beyond which no
further reduction was observed (Holdsworth and Soma@2008). A widely used end-over-
end retort in the industry is the Rotomat, devetbipg Hermann Stock of Newnster,
Germany, in 1952. Retorts of this type are usugigrated at about 6-8 rpm during heating
and cooling. However, a faster speed of ~15 rpnsésidor the come-up period (Holdsworth

and Simpson 2008).

In an axial rotation retort, containers rotate imoaizontal plane. There are batch and

continuous retorts that make use of axial rotatiorsome axial rotation retorts, the cans roll



in addition to the rotation around the peripheryr@ retort, while in others, cans are secured
in a reel, which does not allow the cans to rdillG-Sterilmatic (JBT FoodTech, Madera,
CA) is a continuous reel-and-spiral cooker, whisksipressure valves to allow the passage
of cans into and out of the various pressurizeantiaas. Within a chamber, the reel-and-
spiral arrangement moves the cans along the iftpemghery of a cylindrical vessel,
allowing them to rotate while keeping them apalte Eontainer rotation in this type of
retorts can be divided into three phases, congistiriixed reel (carried by reel over the top),
sliding rotation and free rotation. The fixed raat sliding rotation do not provide

significant product agitation. However, during fhee rotation phase, the containers roll
freely along the inside bottom wall of the shellahe main product agitation occurs during
this phase (Weddig 2007). The rotation speed mtipe of retort is usually between 10 and
42 rpm. The Orbitort (JBT FoodTech, Madera, CAhjah is a batch type axial rotation
retort, does not allow cans to roll during procegsiThe conventional speed of rotation for
an Orbitort is 35 rpm (Holdsworth and Simpson 2008ere is yet another type of retort
(ACB Hydrolock, Stock America, Inc. Raleigh, NChtlprovides agitation with axial

rotation, where the containers are loaded intaexairand the carriers are pulled by chains to
progress the containers through the retort, whdggafionary belt underneath the carriers
causes rotation of carriers and containers. Conteathe FMC Sterilmatic, the rolling action

of containers in an ACB Hydrolock unit is continsou

As the name suggests, reciprocating agitationteetoove a crate holding the food

containers back and forth continuously to induce@meent of the headspace in the



container, and hence, agitation of the productdutinermal processing. Shaka® retort from
Zinetec (Hereford, England) that uses reciprocadigitation claims better flavor, texture,
and color, and process times are said to be catfagtor of 10 (for products that are
suitable, such as béchamel sauce) compared ttidredistatic retorts (Holland 2008).This
technology has been heavily promoted in the lasteEds. However, commercial

applications began in 2011, with a total of 9 umtsalled since then (PRWEB 2013).

The amount of literature on reciprocating retstiew, compared to the open
literature available for end-over-end and axiaktioin retorts. Many studies since the mid-
1950s have dealt with understanding the influedagerating parameters such as product
viscosity, rotation speed, amount of headspacdaowr size and shape, and retort
temperature on the amount of mixing induced in aors during either an end-over-end or
axial rotation in a retort (Holdsworth and Simp&f©8). Most of these parameters can be
controlled during production of a specific food guat. However, this might mean that a
food manufacturer has to limit its operation taeaa&in range of product viscosities, beyond
which the agitation method is found to be ineffeetiin some studies conducted with
Shaka® retorts (Walden 2010), it was shown thatgssing times could be reduced
significantly for selected products compared tth gtirotary agitation processes. However,
no data was presented for the range of viscositesred in the study. While it is reported
that Shaka® retorts perform much better than retbit use traditional agitation methods for
inducing mixing during retorting, information omlitations of the Shaka® retort as it relates

to the product viscosity, is not available. Likeaimy other non-contact agitation method, it is



suspected that there is a viscosity threshold, meéyehich the Shaka® retort will lose a

considerable amount of its effectiveness in indgiemxing.

There is yet another in-container mixing technoldggsonantAcoustic® Mixing
(RAM), and to the best of my knowledge, it has Ioe¢n used during thermal processing of
in-container products. RAM induces mixing in in-tainer products by vibrating the
container at a frequency in the acoustic range HH0 The intensity of mixing in a RAM
unit can be controlled by controlling the amplituafeéhe vibration. While no data exists
today for its effectiveness in inducing mixing farntainers undergoing a thermal process,
due to the high acceleration that can be achiavedRAM unit (up to 981 m? it is
believed that this technology can extend the visgoange of products that can benefit from
in-container mixing during thermal processing.ight of these findings, the goals of this

study were set to:

Quantify the fluid to particle heat transfer coents achieved in a RAM
unit at different mixing intensities and for prodsiof different apparent
viscosities

Visualize the mixing process and quantify the timenix two visually
different constituents by using planar laser induiteéorescence (PLIF)
Conduct thermal processing trials using three diffesetups to compare

simulated versions of still retort, Shaka® retarid RAM integrated retort



for the total thermal processing time and appe@&ah@ost-process samples

for products of different apparent viscosities
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Abstract

The effectiveness of a novel non-contact mixingntetogy known as
ResonantAcoustic® Mixing (RAM) for agitation of sentainer products was tested, with
the ultimate goal of using the technology in reapplications. The tests were setup to
determine the convective heat transfer coeffidmativeen a particle and a liquid medium
(hyp) for liquids of various viscosities and at variouiing intensities. 41.5 Brix banana
puree and water were mixed at different percentagebtain products of different apparent
viscosities (from 176 to 2670 cP at 25 °C and sttear rate of 100%. The mixing
intensities ranged from 20% to 100%. A copper Wéh a diameter of 0.0127 m was used as
the particle andgvalues were calculated using the lumped capaetarethod. The
calculated k values ranged between 337 and 5554 ¥nWith its effectiveness in
inducing agitation for a wide range of viscosit®l the ease in controlling the mixing
intensity, the technology can be a promising aliBwe to currently used technologies in

agitating retorts.
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Introduction

Most foods need to be thermally processed to retéen safe for consumption
and/or to preserve their nutritional and organateptoperties. To establish a thermal
process, the thermal processing specialist shaaud Hata not only on the heat resistance of
pathogenic and spoilage microorganisms, but alsh@mate of heat transfer into the product
during well controlled processing conditions. Theathresistance of microorganisms has been
studied extensively and is readily available inlttexature. The rate of heat transfer into a
specific product, however, depends on many fadt@tscan be grouped into two categories:
product related factors and process related fadBmth categories have been the topic of
many research studies. With advancements in theyroakss technologies, researchers
identified the need to investigate the effect ataia processing parameters unique to these
process technologies to aid the industry in esthblg an adequate thermal process. The
most prominent examples of these processing teobies are the end-over-end (EOE), and
the axial rotation retorts. A number of studiesénbeen published evaluating the factors that
influence the overall heat transfer coefficient @g/or the fluid-to-particle heat transfer
coefficient (k) for canned liquid foods exposed to either of ¢he®des of agitation. These
factors include process related factors such asiootl speed, retort temperature, rotational
radius, system geometry, headspace volume, ofecenis of rotation; and product related
factors such as product viscosity, particle dengigyticle size, and particle loading. These
studies cover both the EOE mode (Naveh and Kopell880; Anantheswaran and Rao
1985a,b; Lekwauwa and Hayakawa 1986; Rao and Aaawtiran 1988; Stoforos and

Merson 1992; Sablani and Ramaswamy 1995, 1996,, 199B; Sablanet al. 1997; Meng

11



and Ramaswamy 2007a,b,c) and the axial mode dftengit(Lenz and Lund 1978; Hassan
1984; Denistoret al. 1987; Fernandeet al. 1988; Stoforos and Merson 1990, 1992; Dwivedi

and Ramaswamy 2010; Ramaswamy and Dwivedi 2011).

In the last decade, a linear reciprocating moverteanology has gained traction in
the food industry due to its increased effectivenasnducing mixing in the product when
compared to aforementioned agitation technolodibs technology is known as Shaka®
and it is claimed that this process can reduc@tbeessing times by up to 10 or 20 folds
compared to a rotary retort process or a stillrtgimcess, respectively (Angalet 2011). This
reduction in processing times is due to enhancatthensfer coefficients, which is achieved
by the acceleration that is applied to the protasket placed into the retort shell. Similar to
the EOE and axial rotation technologies, for thakal® technology, the product movement
in the retort is dependent on the amount of headdsjmathe container. As the containers are
subjected to reciprocating movement, the relatio@e@ment of the headspace and the
product induces agitation. The two most importantpssing parameters unique to the
Shaka® process are the revolutions per minute (girtf)e crank reciprocating the retort
basket and the magnitude of the linear movemerak@tiength) of the basket. Several
combinations of these parameters have been tégped values of 40, 60, 80, 100, 120, 140,
160, 180, 200, 220 and 230 rpm; stroke lengthbpbR, 75, 150, 225 and 300 mm have
been used (Walden 2010). To simplify comparisodiféérent operating conditions, it has
been suggested that the combination of rpm anllestemgth be expressed as a single value

by calculating the maximum acceleration for a camabon of stroke length and frequency of

12



reciprocation (Walden 2010). In general, an acedilen of 2-3) (acceleration due to gravity)
was found to be sufficient to have a significanpaat on the thermal processing time for the
tested samples. Relating this back to the rpm ao#eslength, 180 rpm and 150 mm peak to
peak stroke length have been accepted (Higgins)2ikla good starting point for testing

new products with the Shaka® technology.

All the technologies cited above have certain latiins. The first and foremost of these
limitations is the product viscosity. While thesehinologies can produce highly effective
results within a certain viscosity range when cora@do a still retort process, beyond a
certain viscosity, a rapid decrease in effectivertas be observed (Walden 2010; Batmaz
2013). Recent advancements in in-container (nomactimixing technologies can be
utilized to broaden the range of product viscositleat can benefit from significant
reductions in thermal process times compared Haetdrt processing. The most prominent
one of these advancements is known as ‘Resonansfic@uMixing’ (RAM), which is
similar to the Shaka® technology in the senseltb#t technologies utilize reciprocating
movement to induce in-container mixing. Beyond thimilarity, there are major differences
between the two technologies. While the Shaka®ga®aitilizes a nominal stroke length of
6” (150 mm) and a nominal operating frequency &fZ3(180 rpm), the corresponding
parameters for the RAM technology are nominallyhi@ range of 0.5” (0.0127 m) and 60
Hz, respectively. This mode of operation would fesua maximum acceleration of 1§@or
the RAM technology, compared to the @-@bserved in the Shaka® process. To achieve

such a high acceleration in a reciprocating moveniea RAM technology utilizes a special
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spring-mass arrangement that is brought to resenaith the product for optimum
performance. While operating at the resonance &eqy the amplitude of the reciprocating
movement (stroke length equivalent for the Shakesology) can be easily controlled by
controlling the amount of force exerted onto thstem. Details of the RAM technology have
been outlined by Howet al (2007) To the best of our knowledge, this technologyats

yet been utilized in the food industry. Howevereda its highly controllable nature of
operation and effectiveness in a wide range of gicbdiscosities, the technology deserves
attention for its potential benefits when integdaiteto a food thermal process operation such
as retorting. The objective of this study was tarjify the R, values in a RAM unit for

products of different apparent viscosities expdsedifferent mixing intensities.
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Materials and Methods
Sample Preparation:

Banana puree that is concentrated to 41.5 Brix (gernially available product)
through an evaporation process and subsequentgrrm extend its shelf life was used to
prepare all the samples. First, the banana pursedghasved out in a refrigerator. Then, this
concentrated banana puree was mixed with wataffatent ratios to obtain samples of
different apparent viscosities. A whisk was usethto the water and the puree until a
uniform mixture was obtained. All samples were &ftoom temperature to equilibrate their
temperature prior to conducting the experimentarples were made by utilizing the above
procedure. Table 1 shows the % of banana purdegetsamples along with their apparent
viscosities at 24€ and a shear rate of 108. Since all the samples were non-Newtonian, a
graphical representation of shear rate dependdrale®samples is shown in Figure 1. The
high R values in the fitted lines confirm a shear thimnower-law behavior for all
samples. Considering the commercially availableaus food products that are subject to
either a pasteurization or a sterilization progessicentrated milk, soups, sauces, meals), the
six samples used for this study should cover nibstt all, of these products of interest in

terms of their viscosity range.

Copper Ball Preparation:
For all experiments, a single, spherical (0.012d@iameter) copper ball (Bal-tec, Los
Angeles, CA) was used to measure thebbtween the sample fluid and the copper ball. The

reported thermal conductivity, density and spedigat of the copper ball were 386 W/m K,
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8960 kg/n, and 385.1 J/kg K, respectively. Copper was chasethe material of the ball

due to its high thermal conductivity, which is egsa for the validity of the lumped
capacitance method g\N< 0.1). This method was used to determigehd is described later
in this section. The copper ball was drilled alaisgadius to roughly the center. Special care
was not taken to drill exactly to the center, duéhe assumption that there is no temperature
gradient in the ball volume. A thermocouple wireoffel number 5TC-TT-K-30-72, Omega
Engineering, Stamford, CT) was inserted into thepeo ball through the drilled hole and
then the hole was sealed at the surface of thaubialfy a two part Loctite epoxy gel (Item #
1405602, Henkel Corporation, Rocky Hill, CT), timstable at high temperatures to ensure
that fluid did not leak into the center of the ceppall. Before each experiment, the copper
ball was dipped into a beaker that was filled vathling water on a hot plate. This procedure
ensured creation of a temperature difference betweecopper ball and the sample, which

was at room temperature, prior to starting an erpet.

Lid Preparation:

For all the experiments, the sample was filled m®236.5 ml (8 0z) capacity
transparent plastic container with an internal gitenof 63 mm and a height of 86 mm
(Taral Plastics, Union City, CA). 6 mm headspacs lgé at the top of the container. This
headspace was within the range of what has betdtpeeviously for Shaka® retorts
(Walden 2010). A special lid (Part # 100826, Resoélgoustic Mixers, Inc., Butte, MT) was
used to seal the container. Instead of using avsoretype of sealing mechanism, the lid

sealed the container by compression at the topeofdntainer throughout its perimeter by
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use of a circular rubber gasket. What providedctirapression between the lid and the
container was a standard hold-down fixture that &ss supplied by Resodyn Acoustic
Mixers, Inc. (Part # 100312). On the top surfacéheflid, two compression fittings were

placed to be able to insert two thermocouple wimgsthe container.

Setup for Data Acquisition:

One thermocouple wire that was sealed in the adpgléwas used to monitor and
record the temperature of the ball throughout greerment. The second thermocouple wire
was used to monitor and record the temperaturieeo§ample throughout an experiment. As
mentioned in the previous section, both thermocesiplere first inserted and sealed through
the lid by use of compression fittings. Both ofdaehermocouples were connected to a data
acquisition system (Model # NI 9213, National Instents, Austin, TX) that was connected
to a PC through a USB port. The data acquisiticatesy was configured to record

temperature data from both thermocouples at a &éegyof 5 data points per second.

Mixer Setup and Operation:

The RAM unit that was used for the experiments avaabRAM (Resodyn Acoustic
Mixers, Inc., Butte, MT), which is a bench-top scalixing unit (Figure 2). At the top of the
LabRAM, a payload plate is used to mount a hold+uéwture. The function of the hold-
down fixture is to secure the sample containermdpaperation of the machine. Once the
sample is loaded into the mixer, a cover need® tpubd around the payload plate to engage a

pin, the status of which is constantly monitoredlioy mixer's PLC. If the pin is not engaged,
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the mixer cannot be operated. To eliminate thef@tence of the thermocouple wires with
the lid, a small port was opened at the side ot &l®ERAM to exit the wires from the mixer.
The control of the LabRAM was accomplished throadgPC software called Ramware
(Resodyn Acoustic Mixers, Inc., Butte, MT). Throutjis software interface, the mixer can
be operated in either auto or manual mode. In auatde, the mixer automatically dials into
the resonance frequency of the system and keepsdfahe resonance frequency throughout
the run time. In the manual mode, the user canrm@te the frequency of operation.
However, since a fundamental principal of this testbgy is to bring the system to its
resonance frequency during operation, all experimaere run in auto mode. Another
parameter that can be adjusted is the ‘% intensityis parameter controls the amount of
reciprocating force exerted onto the system. That&msity has a direct influence on the
amplitude of the reciprocating movement, and heaoghe maximum acceleration that the
payload plate and payload itself is exposed tgelmeral terms, 10% intensity corresponds
roughly to 1@ maximum acceleration, and 100% intensity corredpda approximately

10Qg acceleration.

Sequence of Operation:

Once a sample was prepared and the copper baheedsd to a temperature of ~100
%, the lid was put on the sample container, theéatoer was loaded into the hold-down
fixture, the mixer lid was put around the paylodat@ and the mixing was started through
the Ramware software. The time spent between rargdiie copper ball from the beaker

filled and starting the experiment was criticaldasing this stage, the copper ball started
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cooling off, and the temperature difference betwtdernsample and the copper ball
decreased. Therefore, special care was taken ionmethis time period to the extent
possible (ranged between 15 s and 22 s). Onceittiegnwvas started, the temperature
change in the copper ball was observed througP@enonitor and the mixing was stopped

after the temperature of the copper ball reachgldteau value.

Calculation of the fluid-to-particle heat transteefficient (k):

Based on the lumped capacitance method zatidhculations were performed using

the following equation:

(1)

The left side of this equation can be determineglbtting with respect to time,
fitting the data points to a linear line and conpgthe slope of this line. Thengltan be

calculated using the following equation:

— (@)

This method makes use of multiple data points ratien utilizing only two data points (at

the beginning and end of the experiment) and ustngation 2 directly to calculatg,h
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In addition to calculating the values due to forced convection (mixingy, Values
due to natural (free) convection were also deteeghitnstead of running separate
experiments where essentially no forced mixing taéisg place (0% mixing intensity), data
from the mixing experiments were used, since, flogxperiments, there was an elapsed time
between insertion of the copper ball into the sanfputting the lid on the sample container)
and start of the mixing process. A similar procedas outlined above was carried out to
compute due to natural convection. In addition to calanigthe  due to natural
convection using the experimental data, a thealet&lculation was also carried out for
comparison purposes. The following correlation wsed for computing the theoretical

Nusselt number:

||4$%£ I( )+*

*

+
| wog s (3)
N
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Equation 3 is valid fo( A-" ) and 12 B "#Cand? is assumed to be equal & p,

where p is the film temperature (the average of the bllldftemperature and the ball
surface temperature). For all theoretical calcotetj the average temperature of the banana
puree was used for the bulk fluid temperature,taecaverage between the starting
temperature and final temperature of the coppérdo@ing the period of natural convection
was used for ball surface temperature. Table 2 shbe/values of the fluid properties used

in the theoretical calculations.

Design of Experiments:

The mixer utilized for the experiments can be oafed to any mixing intensity
between 1% and 100%. During preliminary trialsyas noticed that even for a 40% banana
puree sample, a mixing intensity below 10% didindtice a significant amount of mixing.
Therefore, the minimum mixing intensity used wa%l@or samples with higher apparent
viscosities, the minimum mixing intensity was gratiiyiraised until an appreciable amount
of mixing was observed. At the high end, the mixmgnsities ranged from 60% to 100%.
As an example, for a 40% banana puree sample %amndi@ing intensity, the mixing
observed was fairly intense and chaotic. Moreoagithe amount of mixing increased, the
amount of data points for analysis decreased, wtachhave an effect on the robustness of
the data. Therefore, for this particular samplejas determined not to test higher mixing
intensities. The same arguments were considered détermining the mixing intensity

range for all samples. Table 3 summarizes the $ities tested for each sample.
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Results and Discussion

During the experiments, the temperature of the HBuld and the center of the copper
ball were monitored as a function of time. A sangdéa for 40% banana puree mixed at a
mixing intensity of 50% is shown in FigureA.similar graph was plotted for every
experiment. The maximum acceleration that the sampk exposed to has also been plotted
in the same graph to help with understanding tlwecgoof changes in the curvature of the
graph of copper ball temperature as a functiormnoé tFor this experiment, the effective
mixing time (the time from the start of the mixit@the point where the temperature of the
copper ball reached a plateau) was 5 s. Considatinige experiments in the study, the
effective mixing time ranged from 5 s to 48 s. Igufe 4, a plot of with respect
to time can be seen corresponding to the experahdata in Figure 3. A high®Ralue for
the slope confirms a steady kalue for the time span analyzed. To be able topge the
hyp value for this experiment, the constant term inagipn 2 also needed to be known. This
constant term was calculated to be 7303 Krhased on the material properties of the
copper ball. Multiplying (-7303) by (-0.7059), thg value for this experiment was
calculated to be 5155 W/nK. A similar procedure was followed to calculate t, value

for each experiment.

In Figures 5-10, the change in the with respect to the change in the mixing

intensity can be seen for each sample. In gereefadear relationship exists between these
two parameters within the range of mixing interesitplotted. Furthermore, it should be

noted that the obtained values were high compared to what was found éndttire. The
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highest p, value found to be reported in open literaturegioiin-container mixing
application is by Garrotet al (2006), where the highest value obtained was 1950 Wim
K. In the current study,ghvalues ranged between 337 and 5554 ¥¥nEven for the most
viscous sample, it was possible to obtain gvélue above 2500 W/iK when exposed to a
mixing intensity of 100%. This can be attributedhe capability of RAM mixer to induce

effective and intense mixing in a wide range otumsties.

Figure 11 shows a graph similar to Figure 4, butlie part of the experiment before
mixing was started. The time span covers the tiom fdipping the copper ball into the
sample to the time when mixing was started. Ivident from this graph that the slope of
this curve is decreasing for the first part of ¢neph. This can be interpreted as a slightly
decreasing i value over time, since, based on equationpdstthe product of the slope of
this curve and a constant. This is due to thetfadtdipping the copper ball into the sample
causes some amount of forced convection, the affeghich disappears when the ball
comes to rest within the sample. Therefore, toiebte the effect of dipping the ball into the
sample on calculation ofjdue to natural convection, only last 5 secondsnoét

temperature data prior to starting mixing was used.

Figure 12 shows the theoretical and experimeratitles of  due to natural
convection for all the tested samples. The expertadle values shown in this figure are

the mean of all data points calculated for eacheamaly experiment for a specific sample.

The error bars depict the standard deviation fes¢tmean values. In general, the
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experimental values are higher than the calcultedretical values. However, for 40%,
50%, 60% and 90% banana puree samples, experinaentaheoretical values are close to
each other, suggesting that the experimental valb&sned are representative of the actual
hy, values due to natural convection for these spesdmples. Moreover, the trend of the
experimental {3 values due to natural convection for 40%, 50%, 6886l 90% samples
follow the expected decreasing trend with increg&ianana puree concentration, which is
also the case in the theoretically calculated val&er 70% and 80% banana puree samples,
not only the experimentally calculateg halues are significantly different from the
theoretically calculated values, they also breakdécreasing trend with increasing banana
puree concentration. This can be attributed tddbethat for these two samples, the copper
ball may not have come to rest within the timeframiere data is used to calculatgdue to
natural convection. For these two concentrationsaoiana puree (70% and 80%), the sample
is viscous enough to slow down the copper ball ahiseinserted into the sample compared
to the less viscous samples (50%, 50%, and 60%nbgnaree samples), but it is not viscous
enough, like the 90% banana puree sample, to coeipktop it once dipped into the

sample. Therefore, it is believed that thevalues in Figure 12 for 70% and 80% banana

puree samples are not representing a puree naturatction scenario.

The hy values in Figure 12 can also be incorporatedfmgares 5-10 as values for
the case of 0% mixing intensity. In such a caseitrearity of the trendlines in these graphs
would not hold anymore. Therefore, the linear tiemd in Figures 5-10 should only be used

for the data range presented in these graphshér atords, extrapolation should not be
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attempted. The loss of linearity between thedr the 0% mixing intensity and the first
reported value in Figures 5-10 can be interpreteideffective mixing at that range of

mixing intensities.

In most research studies dealing with determinatidifuid to particle heat transfer
coefficients, it is assumed that the particle isiptetely in contact with a liquid that is
exchanging heat with the particle. For this stutdghould be noted that a headspace of ~ 6
mm was left in the container for all the experinse@uring the mixing process, the air in
this headspace broke down into small air bubblessiély observed), which were
homogenously distributed within the container umtiking was stopped. Therefore, it should
be noted that the surface of the copper ball wasrea with a liquid and air throughout the
mixing process. However, since the volume of athm container was much smaller than the
volume of liquid (banana puree), the presenceraiveiin the surface of the copper ball was

neglected for all calculations.

In addition to presenting the influence of miximgeinsity and sample viscosity on the
fluid to particle heat transfer coefficients, onght attempt to fit the data into an empirical
correlation. In most cases where forced convecgtigmmesent, a convective heat transfer
coefficient correlation would include a term thati function of Reynolds number. Since
Reynolds number is a function of both the veloaityl the apparent viscosity of the fluid that
is subjected to forced convection, these two pat@rmahould easily be determined as a

prerequisite to data fitting. In our case, deterngrthe velocity and apparent viscosity of the

25



samples at a given mixing intensity is not triviBherefore, curve fitting was carried out
using brix of banana puree sample and the mixitensity as the independent variables.
Four different types of equations were considecgd@irve fitting. These were, a first order
polynomial, a second order polynomial, an equaitictme form of y ! < F2GH!!

« JGHG=K LMG N, and y F2GHP JGHG =K L MG N. Considering all the
experimental data points for forced convection,libst fit was obtained with a second order
polynomial. The equation was of the form y! < F2GH . JGHG=K LMGN

« F2GH! 4 F2GHIGHG =K LMGN 5 JGHG =K L MG The constants obtained
by data fitting were, 5334, -409.1, 126.1, 6.77632 and 0.0482 for,cc,, G, &4, G, and g,
respectively. The Rvalue for fitting the experimental data into teecond order polynomial

equation was 0.97.
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Conclusions

Fluid to particle heat transfer coefficients webeained for non-Newtonian food
samples of different apparent viscosities subjetddflesonantAcoustic® Mixing at different
mixing intensitiesA lumped capacitance method was used to determin&Vithin the
range of analysis, increasing the mixing intensityeased the values in a linear fashion.
The  values obtained were relatively high comparedhéo t values presented in relevant
literature (337-5554 W/fK for the current study versus 480-1950 \WKreported by
Garroteet al (2006)). This is due to the high effectivenestghefmixing technology utilized
in these experiments. It may be possible to cotijéetechnology with in-container thermal
process applications, such as retorting, to cr@aiable alternative to end-over-end, axial or
Shaka® retort systems, which are all currently eygdl in the food industry. Despite the
promising results obtained in this study, due ®ribvelty of the ResonantAcoustic® Mixing
technology, more studies should be carried ous$ess the suitability of this technology for

use in thermal processing of foods.
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Symbols

Nu
Pr

Ra

surface area (M)

constant

Specific heat (J/kg K)
Diameter (m)

acceleration due to gravity (9.81 M)/s
Grashof number

heat transfer coefficient (W/i)
Thermal conductivity (W/m K)
mass (kg)

Nusselt number

Prandtl number

Rayleigh number

time (s)

temperaturedg)

overall heat transfer coefficient (W7K)

Greek symbols

Fluid thermal expansion coefficient ¢
Delta

Fluid viscosity (Pa s)
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Fluid density (kg/m)

Subscripts
c copper ball
fp fluid-to-particle
f final
fi film
i initial
bulk fluid
Abbreviations

EOE End-over-end

PC Personal computer

PLC Programmable logic controller
RAM ResonantAcousticMixing

rpm Revolutions per minute
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Table 1.
% Banana puree and apparent viscosity of samples.
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Table 2.
Properties of banana puree samples used for themneatural convection calculations.
Sample co-l;lr:jeurgs:ty Specific heat Densigy Apparent vilscosity (Pas)
(W/m K) (J/kg K) (kg/m”) @ 0.1 s shear rate
40% Banana Puree 0.551 3662 1287 47
50% Banana Puree 0.540 3531 1359 277
60% Banana Puree 0.528 3399 1431 553
70% Banana Puree 0.517 3268 1504 695
80% Banana Puree 0.506 3137 1576 730
90% Banana Puree 0.494 3006 1649 960
Table 3.
Design of experiments.
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Figure 1. Shear rate vs. apparent viscosity graph for adirbdes.
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Figure 3. Time-temperature history of 50% banana puree saanmecopper ball exposed to mixing at an intersig0%.
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Figure 4. Determination of slope to be used in Equation @atloulate k due to forced convection.
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Figure 5. Effect of mixing intensity on# (40% banana puree).
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Figure 6. Effect of mixing intensity on# (50% banana puree).
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Figure 7. Effect of mixing intensity on# (60% banana puree).
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Figure 8. Effect of mixing intensity on# (70% banana puree).
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Figure 9. Effect of mixing intensity on# (80% banana puree).
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Figure 10. Effect of mixing intensity on (90% banana puree).
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Figure 11.Slope of In(T-T ) prior to starting mixing.

46



3+
e x ‘
* (8*+ 1
0% (8*+ 1 l
+ (8*+ 1
S . ¢
—# ( 8%+ 1 A
*"(5
m (5
AS$(5
(5
(5
#(5

Figure 12. Theoretical and experimenta} alues due to natural convection.
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Abstract

In-container mixing is used in the food industryetthance heat transfer during
retorting of in-container products. Planar laseiuiced fluorescence was used to visualize
and quantify mixing by a novel in-container mixiteghnology, ResonantAcoustic® mixing
(RAM). A lab scale RAM unit was used to mix 5 mIiRhodamine 6G into 420 ml of 0.5%,
1.0% and 1.5% CMC solutions at various mixing istges (50%, 75% and 100%). Results
showed that the time to attain a well mixed stateged from 3.0 s to 35.6 s for different
product and process conditions. Mixing intensitys@und to be the most influential factor
in determining the mixing time. Variability in thmixing time decreased with increasing
mixing intensity. RAM was found to be a technoldbgt can be beneficial in reducing the
overall sterilization times during in-containerrdteation applications for a range of product

viscosities.
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Introduction

Mixing is an essential process utilized in manyettgnt manufacturing industries,
including food and pharmaceutical industries. Thgpse of mixing is different for different
applications. It can be for the creation of a hoaraus product such as a juice blend or to

speed up the process of heat transfer to the cehtiee vessel in a steam jacketed vessel.

The need to predict and control results of mipngcesses has prompted researchers
to visualize and quantify mixing processes of vasigcales. Many techniques have been
developed to carry out such studies, such as Ragpler, phase Doppler and hot-wire
anemometry; particle image velocimetry (PIV); plaleser induced fluorescence (PLIF);
and near infrared (NIR) spectroscopy. Anemomettinegues are used for single point
measurements, while PIV, PLIF, and NIR spectrosdepliniques are capable of whole-field
measurements (Cullen 2009). The PLIF techniquechvisi used in this study, relies on using
a camera to image local fluorescence caused byatinti of a sample seeded with a
fluorescent organic substance. Details of the #aocence theory, dye, laser, camera and
sheet optics selection, and image processing metloodPLIF analysis in aqueous flows
have been described by Crimaldi (2008). The PLtkhneque has been successfully utilized
for visualization of flow in stirred vessels (Gaglet al. 1990; Houcineet al. 1996; Guillard
et al.2000a,b,c; Fakt al.2001; Arratia and Muzzio 2004; Szaddial. 2004; Arratiaet al.
2006; Zadghaffaret al. 2009; Huet al. 2010, 2012; Zhangt al. 2013), in jet nozzles (van
Cruyningenret al. 1990; Guillardet al. 1998; Huet al. 2009) and in static mixers (Jaffer and

Wood 1998; Wadley and Dawson 2005; Lehwetl@l 2010).
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Aforementioned mixing methods are all relevanti® food industry. However, in-
container mixing is yet another method utilizedesmsively in the food industry, especially

while containers filled with product and subseqlies¢aled are going through a retorting

process. The purpose of in-container mixing duting thermal process step is to shorten the

thermal process time, by inducing forced convectuwthin the container. To date, in-
container mixing has been successfully commer@dlin a few different ways: axial
rotation, end-over-end rotation, and reciprocatimgyement. Axial rotation refers to axial
rotation of cans in a horizontal plane and alsa spiral motion along the perimeter of a
horizontal retort. FMC Sterilmatic is an examplesath a retort. End-over-end (EOE)
rotation refers to rotation of food containers atmaentral horizontal axis. Stock Rotomat
retorts make use of EOE agitation to increase #a thansfer rate within the container.
Reciprocating movement refers to linear motionaftainers in a horizontal plane. The
amplitude and frequency of this linear motion caradjusted based on the product
characteristics. Shaka® is a retort system thatesiake of reciprocating movement. The

frequency used in Shaka® retorts usually range éatwl40 and 180 cycles per minute,

while the stroke length is nominally 15 cm, whi@nalso be adjusted based on the product

properties (Higgins 2012). The intensity of agdatin a Shaka® system can be expressed as

a single value by calculating the maximum accelendor a combination of stroke length
and frequency of reciprocating motion (Walden 20I®)s maximum acceleration can then
be expressed as multiplesgpfacceleration due to gravity — 9.81 Ay/8ased on the

operating range quoted above, Shaka® systems wgeulerate maximum acceleration

values in the range of Z33although tests have been performed at maximuele@dions
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approaching 4¢(Walden 2010). In one study (Walden 2010), thaka® retort was
compared to a rotary EOE and a static retort systéimresults presented as heat up and
cool down times for a 5% bentonite solution undergaehermal sterilization in a 73x110

mm can with 8 mm headspace. When heat up and oaol tmes were combined, the total
processing time (excluding hold time) were repoded.32 min, 25 min, and 10 min, for a
static retort, EOE rotary retort, and Shaka® retespectively. The dramatic reduction in the
total processing times for the EOE and Shaka® trey@tems is a result of effective mixing
in the container during the thermal process. Algtoamploying a certain mixing technology
might have a high impact on overall thermal proressmes, prior to employing such a
technology, it is essential to study and understhadeffect of certain product and process
parameters on the effectiveness of mixing. For gtanin a patent granted to Clifcomet al.
(1950), the inventors studied the most optimum @semg parameters for EOE mixing and
have concluded that the frequency of rotation sthbel set to result in a centrifugal force one
half to one and one half times the weight of thedpict to achieve maximum mixing. Since
then, many studies have been published that haalewligh testing effectiveness of different
mixing parameters on different products and inedléht containers. Holdsworth and
Simpson (2008) have compiled most of these studisthe respective processing

conditions and presented them in a table format.

In the current study, the effectiveness of a nawelontainer mixing technology,
ResonantAcoustic® Mixing (RAM), was studied. Simila the Shaka® technology, RAM

utilizes reciprocating movement to induce mixingainontainer. However, compared to the
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Shaka® technology, RAM can be considered a shopliarde and high frequency
reciprocating movement in the vertical directio®NR mixers operate at a nominal
frequency of 60 Hz, which can vary slightly depewgdon the resonance frequency of the
whole system, including the product being mixede @mplitude of the movement is 0.5”
(1.27 cm) or less. Such a reciprocating movementldviesult in a maximum acceleration in
the order of 10§. Compared to the Shaka® process, this corresgorasaximum
acceleration 30-50 times higher. RAM technologyi@ads such high acceleration values by
utilizing a special spring-mass arrangement thatesight to resonance for optimum
performance. The system continuously tracks then@sce frequency by use of an
accelerometer mounted on the payload plate andraatically dials into that frequency. As
the system operates at its resonance frequencigrites and hence maximum acceleration
exerted onto the system can be adjusted to cahahixing intensity. Details of the RAM

technology have been outlined by Hoeteal. (2007).

As an effective in-container mixing technology, RAMs a high potential for use in
in-container sterilization processes. Unfortunagtethe best of our knowledge, there is no
open literature available to aid the understandingixing taking place in a RAM unit, other
than what is shared by Resodyn Acoustic Mixers, émctheir website
(www.resodynmixers.com). Therefore, the objectif/éhes study was to visualize mixing
patterns in a RAM unit by utilizing PLIF and to anidly the time it takes to achieve a mixed

state for products of different viscosities andiéferent processing conditions.
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Materials and Methods
Fluorescent Dye Preparation:

The fluorescent dye used was prepared from pofeder of Rhodamine 6G
with~95% dye content (Sigma-Aldrich, St. Louis, MO prepare desired solutions of
Rhodamine 6G, ~0.5 g of dye powder was dissolvedd00 ml de-ionized water to prepare
an initial concentration of 500,000 ug/l. This gan was then used to prepare all of the
concentrations of interest (20,000, 10,000, 5,@0800, 1,500, 1,000, and 500 pg/l). The
choice of the range was based on concentratiodgeoéxpected to be observed throughout

the mixing process and is explained further inftll®wing section.

Sample Preparation:

Carboxymethylcellulose (Hercules Chemical Co, L&langdong, China) was used
as a thickening agent to obtain samples of diffeapparent viscosities. 0.5%, 1.0%, and
1.5% (w/w) carboxymethylcellulose (CMC) solutiomswater were prepared to cover the
viscosity range of the food products typically dew@th in the food industry. Apparent
viscosity information for 0.5% CMC solution as aftion of shear rate (5 - 125)swas
obtained using a Haake RheoStress 600 with a Pet3&bs. For 1.0% and 1.5% CMC
solutions, apparent viscosity for the same shdarreange was measured using a Haake

Viscotester 550 with a FL10 sensor.

473 ml capacity polypropylene containers with aerimal diameter of 83 mm and a

height of 92 mm (Taral Plastics, Union City, CA)reeised to contain the samples for both
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calibration and mixing experiments. In PLIF studiesibration experiments are conducted
for two main purposes:
- to ensure a linear response of grey scale valaertoentration
- to account for variability due to experimental getu pixel to pixel grey scale
values by obtaining a unique calibration curvedach pixel in the region of
interest (ROI)

For calibration experiments, a uniform mixtureGNIC solution and dye solution was
prepared by adding 5 ml of dye solution to 495 MCMC solution in a 1000 ml beaker and
mixing it manually with a spoon. 425 g of this misx¢ was then transferred into a container
and sealed with a lid in order to measure fluonese®f the sample. A total of 24 samples
were prepared for calibration experiments, by unilg mixing each CMC solution (0.5, 1.0,
and 1.5%) with each dye solution (0, 500, 1,0080Q, 2,500, 5,000, 10,000, 20,000 ug/l).
Mixing the dye solution into the CMC solution essalty diluted the dye concentration by
100 folds, resulting in final dye concentrationpb, 10, 15, 25, 50, 100, and 200 ug/l). The
intent was to test final dye concentrations up@0 fg/l, which was the dye concentration
added to CMC solutions for the mixing experimeriswever, a significant amount of
saturation was observed beyond 200 pg/l, whichhg tlee calibration curves were capped to

a maximum of 200 pgl/l.

For the mixing experiments, 210 g of CMC solutveas filled into a container,
followed by 5 ml of 500 pg/l dye solution, which svénen followed by 210 g of CMC

solution. With the amount of CMC and dye solutiadsled to the container, the headspace at
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the top of the container was measured to be ~6 nmeirftent of adding the dye solution
between the two parts of the CMC solution was &at&@ a concentrated layer of dye solution
in the middle of the container prior to startingexperiment. During the last step (addition of
210 g of CMC solution), some unintentional mixingcorred between the dye and CMC
solution. The extent of this mixing was more fog #amples prepared with 0.5% CMC
solution compared to the ones prepared with 1.0%5%% CMC solution. The design of
experiments was setup as a full factorial of tt{Ed&&C concentrations (0.5, 1.0, and 1.5%
CMC solutions) and three mixing intensities (50%%6{ and 100%). All mixing experiments

were run in triplicates, resulting in a total of @fperiments.

Experimental Setup:

A depiction of the experimental setup can be sedéigure 2. A Nd:YAG laser
(RayPower 450) operating in the continuous wave J@GWde was used for the experiments.
Classified as a Class 3B laser source, the maxipmwer of the laser at 532 nm is listed as
450 mW. The laser operated in a near TEMOO mode&hniesulted in a laser beam output
with a Gaussian cross-section. Three light shetflight sheet base module, angle
modules 1 and 4) were placed in front of the |&&am to convert the beam into a sheet. The
laser source and all related components were a@uatdimom Dantec Dynamics Inc.

(Holtsville, NY). For all experiments, the laserswaperated at the maximum power setting
(450 mW). The laser light sheet path was set soahit crossed the sample container

through its side, following a path to the centethaf cross section and out through the other
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side. This setup provided maximum planar coveraigf@mthe container. The thickness of

the light sheet was measured as 1 mm at the ceintiee light sheet.

A lab scale RAM unit (LabRAM) from Resodyn Acousiixers, Inc. (Butte, MT)
was used as the mixing source (Figure 2). A paypat at the top of the unit was used to
mount a hold-down fixture. The function of the halown fixture was to secure the sample
container during operation of the mixer. Once amamwas loaded into the mixer, a cast
acrylic, transparent cover was placed around thgbaand the payload plate to engage a
pin. The status of the pin was constantly monitdrgthe mixer’'s PLC to ensure that the
cover was present while the mixer was in operatiothe pin was not engaged, the mixer
could not be operated. This meant that the lasstdiad to pass through the LabRAM cover
and the container wall prior to reaching the samphe control of the LabRAM was
accomplished by use of an OEM software interfateotligh this software interface, the
mixer could be operated in either auto or manuadenén auto mode, the mixer
automatically dials into the resonance frequencpefsystem and keeps track of this
resonance frequency throughout the run time. Imthrual mode, the user can input the
frequency of operation. However, since a fundameamtaciple of this technology is to bring
the system to its resonance frequency during operall mixing experiments were
conducted in auto mode. Another parameter usecofatrol of the mixer was the ‘%
intensity’. This parameter controls the amounteafiprocating force exerted onto the system.
The ‘% intensity’ has a direct influence on the &itnge of the reciprocating movement, and

hence, on the maximum acceleration that the payhtatd and payload itself (container with
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its constituents) is exposed to. 10% intensityesponds to approximately d @haximum

acceleration, and 100% intensity corresponds tocapately 10@ maximum acceleration.

A high-speed camera (Model # TM-6740GE, JAI Inan Sose, CA) was placed at a
90%angle from the line connecting the sample contaiméhe laser source. The camera was
connected to a laptop for configuration and operatA filter (Item # 9080C0541, Dantec
Dynamics Inc., Holtsville, NY) was placed in frasftthe camera to suppress scattered laser
light and transmit the light at the fluorescent @l@ngth. For calibration studies, a single
image was captured for each sample. For mixingesuthe frequency of images captured
was adjusted based on the mixing intensity used fmarticular mixing experiment. If the
mixing intensity was 50%, then the camera wasaseépture 30 frames per second (fps), and
if the mixing intensity was 75% or 100%, the camwes set to capture 60 fps. All images
were captured as 8-bit grey scale (values rangomg D to 255), with a size of 640x480

pixels.

Image Processing and Quantification of Mixedness:

Captured images were analyzed using the MatlalgeénPaocessing Toolbox and
Computer Vision System Toolbox (MathWorks, Inc.tisl MA). During the mixing
experiments, the location of the container witlerehce to a fixed 640x480 background
frame changed due to the vertical reciprocatingenuent of the container. Therefore, for

analyzing the images, a program was written towraghe inside of the container as the
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ROI, crop this ROI, and compute the standard dewiand mean from each captured image.

Standard deviation and mean values were then osepintifying the mixedness over time.

Wadley and Dawson (2005) used ‘Coefficient of ®aan’ (CoV) as a measure of
mixedness, where CoV is defined as the ratio afdsied deviation to mean. In an equation

form:

RST (8)

|

where,9 is the standard deviation akils the mean. Though not named as CoV, other
researchers (Masuad al. 2008; Carroll and Hidrovo 2012) also used the saquation for
guantification of mixedness. Wadley and Dawson §0ted that a CoV value of 0.05 is
considered well mixed, and a value of 0.01 veryl wexed. These values assume a CoV
value of 0.00 for the case of uniform solutionst&ing a CoV of 0.00 for uniform
solutions is nearly impossible without implementany post-process correction, as some
amount of difference in the grey scale intensitlf @ observed from pixel to pixel due to
many factors, including a non-uniform laser shb&tkiness and absorption of light along its
pathway while it crosses the sample container. 8fbeg, correction methods have been
developed to eliminate this variability (Crimaldi@). The correction methods assume a
fixed relative location between the sample contafR©I), camera, and the laser sheet. In
this study, the camera and the laser sheet wererstgy, but the ROI moved up and down

with a peak amplitude of ~0.0127 m and at a frequefe-60 Hz. Therefore, it is not
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feasible to apply such a correction and the resleuld keep this in mind when interpreting

the final CoV values obtained in the mixing expemts.
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Results and Discussion
CMC Solutions:

Apparent viscosity values of CMC solutions as acfiom of shear rate and the fitted
power-law equations can be seen in Figure 1. Batasuaniam (1993) has observed a shear
thinning behavior for CMC solutions in water. Instistudy, a similar shear thinning behavior

was observed for all three CMC solutions.

Calibration Experiments:

Images captured for the calibration experimentseveeopped to extract the ROIs,
and the mean grey scale values from the ROIs wette@ against the corresponding dye
concentration in the samples. Figures 3-5 showethabbration curves for the three CMC
concentrations. For all three curves, a lineattiaahip within the range of analysis (0-200
ng/l) is evident from the high®alues. However, a slight deviation from lineadgn be
seen beyond a dye concentration of 100 pg/l.titpgcal to observe a deviation from
linearity at high dye concentrations due to satonatlf the goal of this study was to
determine absolute concentrations of the dye &réifit segments of the ROI, even slight
deviations from linearity would have been signifitaHowever, the goal of this study was to
visualize the mixing process in a RAM unit and taqtify the time it takes to get to a mixed
state in the container. Therefore, while it is imtpot to ensure that variations in the dye
concentration result in variations in the grey scadlue, it is not critical to have a perfectly
linear relationship between these two variablesngaring the three calibration graphs, it

can be seen that the slope of the line decreaslesnereasing CMC concentration. This can
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be attributed to the less translucent nature ostteation with increase in the amount of

CMC, which causes more attenuation in the emitigaréscent light.

It is important to note the CoV values from thélration images, as these are
images taken from uniform mixtures and these Covesreflect the inherent variability in
the pixel to pixel grey scale values. For low dgaentrations (0-15 pg/l) CoV was low
(between 0.07 and 0.08). For higher dye conceatrat{25-200 ug/l), higher CoV values
were obtained (0.09-0.14), possibly due to satoman the images. CoV values for the dye
concentration range of 0-10 pg/l is particularlypmntant because for the mixing
experiments, when a state of complete mixednesshieved, the dye concentration in the
solution should be 5.9 pg/l (mixing 5 ml of 500 pdye solution into 420 ml of CMC
solution). Therefore, a CoV of 0.08 should indicateery well mixed solution when

analyzing the images from the mixing experiments.

Mixing Experiments:

Change in CoV as a function of mixing time for%.,51.0%, and 1.5% CMC
solutions are depicted in Figures 6-8, respectivehalyzing the trends in the graphs, a
decline in CoV was observed over time down to gageCoV value (Coy,), beyond which
the CoV value stayed approximately constant. Theomoscillations in CoV can be
attributed to the headspace in the containers (- laring the mixing process, the air in
the headspace broke down into small air bubblegyahdispersed throughout the container.

The amount of air bubbles that aligned with theldaheet at any given time affected the

62



CoV value for the image captured at that instambe. elapsed time from the start of the
mixing process to an instance where the contaioeteats were well mixed,{} was
qguantified for each mixing experiment. The starthef mix time was determined by
analyzing the images and detecting the first imalgere movement was observed in the
sample. The first instance where the contentsettntainer were well mixed was detected
by analyzing the time versus CoV graph for an expent. The first step was to determine
the CoV, value by analyzing the graph. Dividing C@¥y 0.95 and analyzing the CoV trend
to capture when the CoV value of Gg0.95 was achieved, was determined to be the first

instance where the contents of the container wetknmixed.

In Figures 6-8, it can be observed that for mopeexnents, the CoV value reached a
plateau at around 0.10, though plateau valuesghsas 0.17 can be seen. The increase in the
plateau values can be attributed to dispersiorir difidobles and their appearance with respect
to the sample. In Figure 9, air bubbles can be searsample during the mixing process.

Clearly, the darker shades of the air bubbles wiend to increase the CoV value.

Table 1 shows the,tvalues for each mixing experiment. Mixing timesged
between 3.0 s and 35.6 s considering all the exyseris conducted. These results were
analyzed with a two factor with replication ANOVAr(alysis of variance) test with the
confidence level set to 95% € 0.05). P-values obtained from the ANOVA anaysir %
CMC in solution, mixing intensity, and interactiohthese two factors were 1.5x3,0

4.8x10™, and 4.3x186, respectively. These results can be interpreted éisree of these
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factors having an impact o with a confidence level of 95%. The extremely IBwalue

for the mixing intensity can be interpreted asrthiging intensity being the most influential
factor for t,. For a similar scale setup, ltial. (2010) experimented with different
concentrations of glycerol solutions (5-80% v/vilarsed an impeller type agitator (100
rpm) in a lab scale tank to mix in a fluorescerg @yto a glycerol solution. They determined
the mixing time to range between 17.3 s and 89whseye higher mix times were required

for increased concentrations of glycerol.

Figure 10 depicts the mean of the triplicate rejosts for each mixing intensity and
CMC concentration combination. This graph indisdtee significant influence of mixing
intensity on 4. It also shows that as the mixing intensity inse=a the influence of CMC
concentration on,tgoes down. In addition to these observation$)aufd be noted that at
50% mixing intensity, a higher,value was observed for 0.5% CMC solution tharl{6fso
CMC solution. This is not intuitive as longer mimes were expected with increase in CMC

concentration.

Table 2 shows the standard deviation in thealues for the three replicates. For
experiments where 50% mixing intensity was usedpnarease in standard deviation was
observed with an increase in CMC concentrations Tridicates that the results become more
and more unpredictable as the mixing intensity e@ses and product apparent viscosity
increases. At 100% mixing intensity, the standardation values for all three CMC

concentrations are relatively low (L.0), with no obvious trend. This can be interpieds
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more uniform and predictable mixing taking placéigh mixing intensities, regardless of
the CMC concentration (within the concentrationgeustudied). To expand on this
observation, it can be concluded that at high ngxintensities, predictable and reproducible

results can be obtained for products of a wide easfgriscosities.

Figure 11 represents images during mixing of &1GMC solution with Rhodamine
6G at a mixing intensity of 50%. The first snapshas taken before mixing was initiated.
As it can be seen from the subsequent images, ghogourred only at the top of the
container initially, until a stream of liquid praggsed further downwards to the bottom of the
container. From that point on, mixing continuedhet top and bottom of the container,
however, some stagnant zones were observed atlded the container towards the middle
section vertically. This stagnant volume got smaied smaller over time and eventually a
uniform mixture was obtained. To compare the pregjmn of mixing in a low mixing
intensity experiment to a high mixing intensity ekment, images from mixing of a 1.5%
CMC solution with Rhodamine 6G at a mixing intepsif 100% is shown in Figure 12.
Progression of mixing was found to be similar tattbbserved for the same viscosity sample

mixed at 50% mixing intensity (Figure 11).
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Conclusions

Planar laser induced fluorescence was used tolasuand quantify mixing in a
RenonantAcoustic® mixer. The time to get to a wahed state ranged from 3.0 s to 35.6 s.
At low mixing intensities (~25% mixing intensity),ixmg was observed only at the top of
the container volume. For mixing intensities stddrethis work (50%, 75% and 100%),
progression of mixing appeared to be the same.ngigtarted at the top of the container and
channeled to the bottom of the container while tongazones in the middle, where stagnation
was observed. Eventually, the mixing regimes atapeand bottom of the container
progressed further inwards and eliminated the staigregimes. Less variability was
observed in the time to achieve a uniform mixtigé¢he mixing intensity was increased. The
RAM technology shows promise for use in thermalilstation of foodstuff in containers,
although more research is needed to understahnhitations and to set operational

boundaries to ensure reproducible results.
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Table 1.
Mixing time (in seconds) for all mixing experiments
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Figure 1. Shear rate vs. apparent viscosity for CMC samples.




LASER SOURCE LIGHT SHEET
BASE MODULE

ANGLE MODULES
~ (land 4)

OLD-DOWN KNOB

PAYLOAD PLATE

FILTER
HIGH SPEED
CAMERA 2

LabRAM

LAFTOP COMPUTER

Figure 2. Setup for the PLIF experiments.
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Figure 3. Calibration curve for dye in 0.5% CMC solution.
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Figure 5. Calibration curve for dye in 1.5% CMC solution.
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Figure 9. Air bubbles dispersed in a sample.
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Figure 10. Mixing intensity vs. average mixing time for thengples.
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Figure 11.Progression of mixing over time for a 1.5% CMCusioin mixed at a mixing intensity of 50%.
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Figure 12.Progression of mixing over time for a 1.5% CMCQCusimin mixed at a mixing intensity of 100%.
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Abstract

A comparison study was carried out for thermal pssing times in three different
modes of retort operation. Still retort simulatipnpcessing with a motion simulating that in
a Shaka® retort, and ResonantAcoustic® Mixing (RAMggrated processing were used to
process banana puree samples at different brixesghanging from 16.6 to 41.5). Thermal
processing times ranged from 76.6 minutes to 9@nites for still retort simulation, from
6.8 minutes to 76.5 minutes for processing withadiom simulating that in a Shaka® retort,
and from 4.3 minutes to 15.4 minutes for RAM intggd processing. While a significant
amount of reduction in thermal process times (Uli%) was observed for processing with
motion simulating that in a Shaka® retort for baan@gaoree samples with a brix value
between 16.6 and 29.1, this effectiveness dropparply/ (down to 16%) for samples with
higher brix values (33.2 — 41.5). For the RAM intdgd processing, the applied mixing
technology was found to be effective in reducing ttrermal process times throughout the

tested range of product viscosities.
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Introduction

Sterilization of food products is an important steplelivering safe food that is shelf-
stable at ambient storage conditions. Most statilin processes use high temperature to
destroy pathogenic microorganisms. Due to possielemental effects of high temperature
sterilization, food manufacturers and academicleng developed new processing
technologies to minimize the heat load into a pobavhile still rendering it safe for
consumption. One of the most significant of theseetbpments was the agitation of
containers during a thermal process. Agitationarftainers induces forced convection in the
product, which facilitates faster heating and aogplof the product. Two of the most widely
used agitation methods in the food industry are@ret-end (EOE) rotation, where
containers are loaded vertically into a retorter@d the crate rotates around a central
horizontal axis; and axial rotation, where cansratated about its axis (Tucker 2004). The
effect of these agitation methods on the heatimgsi cooling times, and/or overall thermal
process times of different products has been thgsuof many studies (Holdsworth and
Simpson 2008). Factors such as product viscosty ® liquid ratio (for particulate
products), headspace, retort temperature, andiagispeed have been tested to understand
how the operational parameters in these retortd tebe set to induce maximum amount of
mixing within the container. Clifcorat al (1950) showed that for EOE retorts, the product
quality improved with increasing retort temperatanel rotation speeds. Conletyal (1951)
also performed studies with an EOE retort at variamiation speeds and identified that there
appears to be an optimum rotational speed, beydmchwhe amount of mixing in the

container decreased. Naveh and Kopelman (1980)noeeti comparison studies between an
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EOE retort and a retort in which cans are subjetdexkial rotation, testing the effect of
processing factors such as headspace and rotagea sThey concluded that the heat
transfer coefficientvalues were 2 to 3 times great¢he EOE retort. They also concluded
that increasing the headspace from 0% to 3% inedethee heat transfer coefficient three
times as much as that attained when further incrgdke headspace from 3% to 11%. In
terms of rotation speed, they observed differesultse for the heating part of the process and
cooling part of the process. While, the heat transbefficient increased with increasing
rotation speed (0-120 rpm) during heating, asymptatiues were reached at 40-70 rpm
during the cooling process. In addition to theritare cited here, several more research
studies were carried out, most of which were coetpih a table format by Holdsworth and

Simpson (2008).

In the last decade, a new type of in-containetatigh technology was developed for
use in thermal processing of foods. This technagl&gpwn as Shaka®, makes use of linear
reciprocating movement to agitate the contentsafraainer during thermal processing in a
retort. The frequency of the reciprocating movemesad in Shaka® retorts usually range
between 140 and 180 cycles per minute, while ttekatlength is nominally 15 cm.
However,these values are adjusted based on thegirpperties (Higgins 2012). The
reciprocating movement in a Shaka® retort is initbezontal direction. The intensity of
agitation in a Shaka® retort can be expressedsagyée value by calculating the maximum
acceleration for a combination of stroke length firquency of reciprocating motion

(Walden 2010). This maximum acceleration can treexpressed as multiplesgf
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(acceleration due to gravity — 9.81 Ay/8ased on the operating range quoted above,
Shaka® systems would generate maximum acceleratioes in the range of 233although
tests have been performed at maximum acceleratigm®aching 44 (Walden 2010). It

has been claimed that by shaking cans and jaraglsterilization, the Shaka® process can
dramatically reduce the time to heat up and couirdthe product, to the point where a 400 g
product can be commercially sterilized in about@iseven minutes versus ninety minutes in
a still retort (Dunn 2009). In another study repdrby Angalet (2011), five different

products were run in three different processingesys: Shaka®, EOE retort, and still retort.
Four of these products were placed in 300x406ans and one product was placed in a
pouch. In terms of retort temperature, 121 °C wseslun both still and EOE retorts, and 130
°C was used in the Shaka® retort. The results wegerted in terms of total processing
times for each product in each retort system. Hgraducts in metal cans, ~90% reduction
in processing time was achieved for the Shaka®tretith respect to the EOE retort, and
~95% reduction was achieved for the Shaka® retdtt mspect to the still retort. For the
product processed in pouches, these numbers we#é a0 ~85%, respectively. These
findings suggest that Shaka® retort is capabledficing thermal process times dramatically
with respect to other existing retort technologléswever, the effect of product viscosity on
the effectiveness of the Shaka® retort is not cléae to the fact that only a small number of

literature is available pertaining to this techrgylo

ResonantAcoustic® mixing (RAM), is another in-c@ner mixing technology,

which, to the best of our knowledge, has not yenhatilized in the food industry.
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Developed by Resodyn Acoustic Mixers, Inc. (Bukd,), this technology is similar to
Shaka® in the sense that both technologies utiézgrocating movement to induce mixing
in a container. However, RAM is a short amplitudd &igh frequency reciprocating
movement in the vertical direction. RAM mixers cgterat a nominal frequency of 60 Hz,
which can vary slightly depending on the resondreguency of the whole system,

including the product being mixed. The amplitudéhef movement is 0.5” (1.27 cm) or less.
Such a reciprocating movement would result in aimar acceleration in the order of 0
Compared to the Shaka® process, this corresporal8@50 times higher acceleration.

RAM technology achieves such high accelerationeshy utilizing a special spring-mass
arrangement that is brought to resonance for optirparformance. The system continuously
tracks the resonance frequency by use of an acoeéter mounted on the payload plate and
automatically dials into that frequency. As thetegs operates at its resonance frequency, the
force, and hence maximum acceleration exerted thietsystem can be adjusted to control
the mixing intensity. Details of the RAM technololggve been outlined by Hovet al.

(2007). As an effective in-container mixing techoml, RAM has a high potential for use in

in-container sterilization processes.

The objective of this study was to conduct a camspa study of thermal process
times for products of different viscosities proassm the following three setups:

A thermal process simulating that in a still retort

A thermal process with motion simulating that iSleaka® retort

A thermal process with RAM integrated motion
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Materials and Methods
Product Vessel and Connections:

A jacketed and sealable vessel made out of 316hlata steel (Part # 900611,
Resodyn Acoustic Mixers, Inc., Butte, MT) was ussdhe container in which thermal
process studies were carried out for the threemifft modes of operation. Figure 1 shows a
rendered and transparent view of this jacketedeldssm two different angles. The product
vessel (8 0z.) within the jacketed vessel had ghtaf 3.5” (89 mm) and an internal
diameter of 2.4” (61 mm). The lid was secured ®whssel with four bolts with wing nuts.
To provide liquid tight seals under pressure, twings were placed in the assembly, one
between the product vessel and the outer vesskbraa between the product vessel and the

lid.

1/8” (3.175 mm) NPT ports were used for supply erldaust of steam/cooling water.
Y4" (6.35 mm) outer diameter stainless steel braltesks with 1/8” (3.175 mm) NPT male
connections were secured to these ports, whiclvatlanovement of the vessel assembly

during the thermal process experiments with motion.

The three ports on the lid were used for insertivegmocouples into the product
vessel. Two of these ports were 1/8” (3.175 mm) m@ssion fittings and one was a 1/8”
NPT port. Two type K sheathed thermocouples (Modehber M12MKIN-1/8-U-6, Omega
Engineering, Stamford, CT) were inserted throughdbmpression fittings and sealed by

securing the nut on the fitting. One of these tlerowuples measured the product temperature
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close to the wall, while the other one measuregtbduct temperature at the center of the
product vessel. A gland assembly with two type &rthocouple wires (Model number
MTG-24T(K)-A4-G,72/6BWT, Conax Technologies, BuffiaNY) was inserted into the 1/8”

NPT port on the lid to measure temperature at nanideations within the product vessel.

Assemblies for Motion Supply:

A lab scale RAM unit (LabRAM) from Resodyn Acousiixers, Inc. (Butte, MT)
was used as the mixing source for RAM integratedntial processing (Figure 2). The vessel
assembly was mounted on top of the payload platieeih.abRAM through bolt holes on the
base of the vessel assembly (Figure 1). The coaotrible LabRAM was accomplished by use
of an OEM software interface. Through this softwiaterface, the mixer could be operated
in either auto or manual mode. In auto mode, theemautomatically dials into the resonance
frequency of the system and keeps track of thisnasce frequency throughout the run time.
In the manual mode, the user can input the frequehoperation. However, since a
fundamental principle of this technology is to lgrithe system to its resonance frequency
during operation, all mixing experiments were castdd in auto mode. Another parameter
used for control of the mixer was the ‘% intensifjhis parameter controls the amount of
reciprocating force exerted onto the system. Thent#nsity’ has a direct influence on the
amplitude of the reciprocating movement, and heaoghe maximum acceleration that the
payload plate and payload itself (jacketed vess#l g constituents) is exposed to. 10%
intensity corresponds to approximatelygIfiaximum acceleration, and 100% intensity

corresponds to approximately IPMaximum acceleration.
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To simulate the motion in a Shaka® retort durimgrinal processing, a linear motion
machine (Model number XTB3810S-S-R03D, Dunkermatdri@ear Systems Limited,
Essex, UK) was used (Figure 2). This linear motiaachine (LMM) moves the forcer on a
magnetic thrust rod to provide reciprocating movente a payload mounted on the forcer.
The payload is directly mounted onto the forcer. the current study, a payload plate
similar to the one on the LabRAM was fabricated amalinted onto the forcer. The vessel
assembly was then mounted onto this payload pl&ie control of the LMM was
accomplished through a visual interface on a cob®, where the operator was prompted
to input a stroke length and a frequency of mogidar to starting the machine. For all
experiments in this study that simulated motioa ®haka® retort, these values were set to

6” (15 cm) and 180 cycles per minute, respectively.

Setup for Control of Heating/Cooling Media:

Steam and water were used for heating and coofitige product, respectively. The
control of these utilities was managed through mahwalves as depicted in Figure 3. A three
way valve was used to introduce either steam olirapwvater into the jacket of the vessel. A
pressure regulator was used to regulate the pees$tine incoming steam. For all
experiments, the regulator was set to introducanst@to the jacket at a pressure of 15 psig
(1 bar). For cooling water, both warm and cold watere used to temper the water going
into the jacket. During start-up of cooling, onlamn water was used for 30 seconds. Then,
the cold water valve was also opened to mix warchahd water going into the jacket. After

another 30 seconds, the warm water valve was shadrttinue cooling with cold water. A
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needle valve (Model number EN20SS, Deltrol FluiddRicts, Bellwood, IL) was used at the
discharge side of the vessel jacket to controbtheunt of steam/condensate mixture or
cooling water exiting from the jacket. During thealing phase, the needle valve was
adjusted to graduation # 6 on the red band (alcmspletely closed) to be able to hold
pressure in the jacket while discharging condensateigh the valve. During the cooling
phase, the valve was completely opened to allowimmax flow rate of water through the

jacket.

Sample Preparation:

Banana puree that is concentrated to 41.5° brim(gercially available product)
through an evaporation process and subsequentgrrm extend its shelf life was used to
prepare all the samples. First, the banana puredghasved in a refrigerator. Then, this
concentrated banana puree was mixed with wataffatent ratios to obtain samples of
different apparent viscosities. A whisk was usethto the water and the puree until a
uniform mixture was obtained. All samples were &ftoom temperature to equilibrate their
temperature prior to conducting the experimentgeS8asamples were prepared by utilizing
the above procedure. Table 1 shows the % of 4ki%bhanana puree in these samples along
with their K (consistency coefficient), n (flow bahor index), and apparent viscosity (at a
shear rate of 100% values for temperatures within the range of beernal process. The
samples were either poured or spooned into theuptaassel for thermal processing of the
sample. ~6 mm headspace was left in the producehves®n filled with a sample. For

highly viscous samples (80%, 90% and 100% banareemoncentrations), the amount of

94



headspace in the product vessel was an approxmaiitce the product did not completely
fill all the voids in the vessel and was not ledkedd the top. The weight of product in the
vessel was 235 g, 240 g, 245 g, 250 g, 255 g, 266ad)265 g for 40%, 50%, 60%, 70%,
80%, 90%, and 100% banana puree samples, respec@amsidering the commercially
available viscous food products that are subjeeitteer a pasteurization or a sterilization
process (concentrated milk, soups, sauces, médas3even samples used for this study

should cover most, if not all, of these productstdrest in terms of their viscosity range.

Data Recording, Thermal Process Parameters, ahdlitgtCalculation:

All thermocouples were connected to a data adiuissystem (Model # NI 9213,
National Instruments, Austin, TX) that was connddtea PC through a USB port. The data
acquisition system was configured to record tentpegadata from all thermocouples at a
frequency of one data point per second. As the ¢eatpre values were being transmitted to
the PC, accumulated lethality based on each thevupde reading was also being calculated
and displayed on the screen. The following equatias used for calculating incremental
lethality:

XYX 7
W _II ] >

where, F is the incremental lethality (min), The instantaneous temperature (°G); i the
reference temperature (°C), z is the temperatrease necessary to reduce decimal
reduction time of the target microorganismby 1@f@IC), and t is the time interval (min).
In this equation, z and.¢f are constant values. A of 0.167 min (1 s) was used for

calculating F, since thermocouple readings wererte once per second. The calculated
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incremental F values were then added for each thavaple to display the accumulated
lethality throughout the thermal process. For thieent study, 93.3 °C (200 °F) and 8.9 °C
(16 °C) were used ford and z, respectively. These values are commeraialyl values for
thermal process calculation of acidified bananaeuecipes. The target accumulated
lethality was set to 40 min. Credit for lethalitycamulation was given as soon as heating
was started in an experiment, and continued tdking was stopped (as soon as an
accumulated lethality value of 40 min was reacledtfe lowest of four accumulated

lethality readings).

Visual Appearance of Samples:

A pre-process picture was taken for all seven $esnpost-process pictures were
also taken at the end of each experiment to contparthree different processing modes
against the pre-process sample and between thezssallV pictures were taken at the same
spot in the same lighting conditions to avoid Maitity in images due to environmental

factors.
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Results and Discussion

For each experiment, temperature and lethalitgg dased on the four thermocouples
was plotted against elapsed time to depict the éeatpre and lethality profiles within the
product vessel throughout the thermal process.nalgprocess times were determined as the
sum of the heating time for an F value of 40 mibécachieved, and the cooling time until
the highest thermocouple reading was beloWw@5-igures 4, 5 and 6 show the time-
temperature profiles for the 40%, 90% and 100% bamaree samples processed in a still
retort simulation process, respectively. Profilesrf 50%, 60%, 70% and 80% banana puree
samples are not shown for this method of processinge only slight differences were
observed for the respective temperature and lgghaiofiles for samples between 40% and
90% banana puree concentrations. For these sartiesial process times varied between
75 and 80 minutes. For the 100% banana puree sathelshape of the temperature curve
for the thermocouple near the wall of the vessgjuife 6) was significantly different from
the ones for 40% to 90% banana puree samplesh&hmal process time for this sample
was also significantly higher (90 min). This candtibuted to the difference in the apparent
viscosity of the samples (Table 1). Also evidentrirthe observed consistency of the
samples during sample preparation, the fluiditthef sample decreases significantly from
90% to 100% banana puree concentration. Basedeooberved temperature profiles, it can
be concluded that the 100% banana puree sampledieh@ore like a solid than a liquid,
where no natural convection took place within thedpict vessel during the thermal process

simulating that in a still retort.
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Figures 7-13 show the temperature and lethalibilps for the seven samples
processed with motion of the product vessel siimdahat in a Shaka® retort. Comparing
Figure 7 to Figure 4, a significant difference waserved in the temperature and lethality
profiles of 40% banana puree sample processec itwih modes (still vs. Shaka® retort
simulation). The temperature gradient within thedquct vessel (Figure 4) was eliminated to
a large extent when exposed to a motion simuldhiagin a Shaka® retort (Figure 7). Sharp
decreases and increases in temperature were otdserye readings of both loose
thermocouples, which suggest that these thermoesupbved within the product vessel
with the reciprocating movement of the vessel, #wadl some temperature variation existed
within the product vessel. This temperature vasiatvas more prominent up to an average
product temperature of 8&, possibly because of the higher apparent visesst the lower
temperatures. For 50% banana puree sample (FiguaesBnilar profile to that in Figure 7
was observed. The most significant difference betweigure 7 and Figure 8 was the lag in
the temperature reading from the center thermoeocminpared to the temperature reading
from the other three thermocouples during heatmy@oling of the sample within the
temperature range of 2& to 80%. The magnitude of this lag, however, was notigant
enough to cause an increase in the overall thgoroakss time of the sample. In Figures 9-
13, the temperature and lethality profiles of 60%6, 80%, 90% and 100% banana puree
samples processed with motion simulating that$thaka® retort can be seen. Unlike the
mostly uniform temperature profiles within the puotivessel seen in Figures 7 and 8, a
wider variability within the temperature profile®im the four thermocouples was observed

with increasing banana puree concentration. Tmsbeaattributed to less effective mixing
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occurring within the product vessel as the visgositthe product increased with increasing
banana puree concentration. For 40%, 50%, 60%7@¥gdbanana puree samples, while
convective heat transfer within the product wasdbminant mode of heat transfer,
conduction heat transfer became more and more @oinas the concentration of banana
puree further increased (80%, 90% and 100%). Temtyer profiles observed in Figures 7-
13 and comparison of these profiles to the onésgares 4-6 suggest that while the type of
motion induced in Shaka® retorts could be highfeaive in reducing the thermal process
times, this effectiveness was found to be highlyesielent on the viscosity of the sample

being processed.

Figures 14-20 show the temperature and lethatifilps of all seven samples
processed in a RAM integrated setup. For sampléswpi to 80% banana puree
concentration (Figures 14-17), no significant viloiawas observed in the temperature
profiles of the four thermocouples, suggesting #iatost instantaneous mixing was
occurring in the product vessel during the heaéind cooling phases. For 80% and 90%
banana puree samples (Figures 18-19), some flimtsah thermocouple readings could be
seen, although practically the same amount of loedtwas delivered to the whole product
volume, which is evident from the narrow F valuega obtained based on the time-
temperature history from the four thermocouples.the 100% banana puree sample
processed in a RAM integrated setup (Figure 28jgmificant amount of lag in the center
thermocouple reading was observed compared teetdtirg from the wall thermocouple. It

can thus be concluded that the effective convetteat transfer within the product vessel
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diminished for the 100% banana puree sample predessa RAM integrated setup,
compared to the convective heat transfer achiavedmples with lower concentrations of
banana puree (40%-90%). Nevertheless, when Figuvea® compared to Figures 6 and 13,
83% and 80% reduction in thermal process time wakzed for the RAM integrated thermal
process compared to the still retort simulation tanthe thermal process with motion
simulating that in a Shaka® retort, respectivelyefefore, it can be concluded that even for
samples with high apparent viscosities (similaa ttD0% banana puree sample), a RAM
integrated thermal process is highly effectiveaduction of thermal process time when

compared to existing retort technologies.

Thermal process times for all experiments areguriesl in Table 2, along with the %
reduction in thermal process times for Shaka® satewal process with respect to still retort
simulation, and for RAM integrated thermal procesth respect to Shaka® simulated
process. With increasing product viscosity, a desireg trend was observed for % reduction
in thermal process times for Shaka® simulated moedth respect to still retort simulation,
and an increasing trend was observed for % reduatithermal process time for RAM
integrated thermal process with respect to Shakan®lated process. This indicates that the
effectiveness of the Shaka® simulated process dsedewith increasing product viscosity
when compared to a still retort process, wherdmsetfectiveness of the RAM integrated
thermal process increased with increasing prodiscosgity when compared to a Shaka®
simulated process. Figure 21 shows a graphicaéseptation of the thermal process times

for all three modes of processing. For the sttibriesimulation, only a slight increase was
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observed in processing times with increasing prodiscosity. A similar trend was also
observed for the RAM integrated thermal processvéi@r, for the Shaka® simulated
process, first two phases of a sigmoid type of euwith a lag phase and an exponential
phase was observed. A similar sigmoid curve caexipected for all methods of thermal
process studied in this work, and other methodbkerimal process, such as with EOE or
axial agitation. Even for a still retort, if theqoluct viscosity is low enough, natural (free)
convection can have a significant influence in icidg mixing within a container. Therefore,
the magnitude of the lag, exponential, and plapdeses, along with the viscosity range
where these phases can be observed, is uniquehoresihod of thermal process. Based on
the trends in Figure 21, the points for the sétbrt simulation seemed to fall between the
exponential phase and the plateau phase of theogigrarve. For the RAM integrated
thermal process, most points seemed to fall withénlag phase of the sigmoid curve, with
transition into the exponential phase at a bridhb. For the Shaka® simulated thermal
process, the points seemed to start at the lage@rasgo through the exponential phase
within the viscosity range presented. In other 8ptHe lag phase was observed to be much
shorter for the Shaka® simulated thermal procebgmweompared to the RAM integrated

thermal process.

In Figures 22-28, pictures of the samples befarkadter processing are presented for
each concentration of banana puree. In Figure@8paring the still retort simulation
sample to the pre-process sample, a color chang®bserved. This color change was more

prominent at the wall of the vessel and decreas@atensity towards the center of the
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product vessel. This observation corresponds wehé lethality variation observed in
Figure 4. For the Shaka® simulation and RAM intégplgprocess samples in Figure 22, no
noticeable color change was observed when comparde pre-process sample.
Observations in Figures 23 and 24 (for 50% and 6@#%@ana puree samples, respectively)
were similar to the ones from Figure 22. Startinthwigure 25, significant color changes
were observed for the samples processed with aamsiimulating that in a Shaka® retort
when compared to the respective pre-process sanjisscolor change was more
prominent with increasing concentrations of banaun@e and the Shaka® simulated post-
process samples looked less and less like theaap@re-process samples, and more and
more like the respective still retort simulated pém with increasing product viscosity
(Figures 25, 26, 27 and 28). For the RAM integrdhetmal process samples in Figures 25-
28, no noticeable difference was observed in cotuen compared to the respective pre-
process samples. All these visual observation®lzded well to the thermal process times

presented in Figure 21.

102



Conclusions

Thermal processing times and visual appearancesefgnd post-process samples
from three different modes of retort processingan@mpared for a wide range of apparent
viscosities (278-5728 mPa s at 24 C and at a sia¢aof 100 3) of products. These three
different modes of retort processing were stilbresimulation, processing with a motion
simulating that in a Shaka® retort, and RAM intégdathermal processing. Based on the
obtained results, it can be concluded that it sspe to reduce the thermal process times
within the studied range of viscosities by inducimixing via integration of RAM into a
retort system. For process mode with motion sinmgethat in a Shaka® retort, the
magnitude of reduction in thermal process time$ wespect to thermal process times in a
still retort simulated process fell sharply duéass of effectiveness of mixing within the

container as the viscosity of the product increased
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Table 1.

K, n, and apparent viscosity (at a shear rate 6fstpvalues of samples throughout the thermal prosgperature range.
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Table 2.

Thermal process times for three modes of retortgssing.
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Insert for O-ring between

Maximum
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O-ring between

Sheathed thermf)couple lid and product for outer vessel and
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threaded
bolts with
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Figure 1. Vessel assembly for thermal processing of products

Product vessel
(8 o0z. capacity)

108



Figure 2. Assemblies for motion supply.

109
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%" OD steam rated hose
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Steam
pressure regulator
Pl Steam
%" OD pipe

Figure 3. Control of heating/cooling media.
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Figure 4. Temperature and F value curves for still retoetitial process simulation (40% banana puree).
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Figure 5. Temperature and F value curves for still retoetitial process simulation (90% banana puree).
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Figure 6. Temperature and F value curves for still retoetitinal process simulation (100% banana puree).
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Figure 7. Temperature and F value curves for Shaka® rdtertal process simulation (40% banana puree).
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Figure 8. Temperature and F value curves for Shaka® rdtertial process simulation (50% banana puree).
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Figure 9. Temperature and F value curves for Shaka® rdtertal process simulation (60% banana puree).
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Figure 10. Temperature and F value curves for Shaka® retertiial process simulation (70% banana puree).
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Figure 11. Temperature and F value curves for Shaka® rdtertrial process simulation (80% banana puree).
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Figure 12. Temperature and F value curves for Shaka® retertiial process simulation (90% banana puree).
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Figure 13. Temperature and F value curves for Shaka® rdtertial process simulation (100% banana puree).
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Figure 14. Temperature and F value curves for RAM integr#tedmal processing (40% banana puree).
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Figure 15. Temperature and F value curves for RAM integrétedmal processing (50% banana puree).
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Figure 16. Temperature and F value curves for RAM integr#tedmal processing (60% banana puree).
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Figure 17. Temperature and F value curves for RAM integr#tedmal processing (70% banana puree).
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Figure 18. Temperature and F value curves for RAM integr#tedmal processing (80% banana puree).
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Figure 19. Temperature and F value curves for RAM integr#tedmal processing (90% banana puree).
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Figure 20. Temperature and F value curves for RAM integr#itedmal processing (100% banana puree).
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Figure 21. Thermal process time comparison for all three marfeoperation.
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Pre-process

Still retort
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Shaka® retort
simulation

Figure 22.Pre and post-process samples for 40% banana puree.

RAM integrated
thermal process
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Figure 23.Pre and post-process samples for 50% banana puree.

RAM integrated
thermal process
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Figure 24.Pre and post-process samples for 60% banana puree.

RAM integrated
thermal process
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Figure 25.Pre and post-process samples for 70% banana puree.

RAM integrated
thermal process
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Figure 26.Pre and post-process samples for 80% banana puree.

RAM integrated
thermal process
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Figure 27.Pre and post-process samples for 90% banana puree.

RAM integrated
thermal process
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Figure 28.Pre and post-process samples for 100% banana puree.

RAM integrated
thermal process

135



CONCLUDING REMARKS

A new in-container mixing technology, ResonantAstm® Mixing (RAM), was
assessed for use in in-container thermal procqdgcapons in the food industry. Product
viscosity and mixing intensity were the two factoomsidered during this assessment. For
most experiments, different concentrations of barfaree were used to obtain products of
different apparent viscosities. Where transparevay needed in the sample, different
concentrations of CMC were prepared. In additioagsessing the RAM technology,
experiments were carried out to compare the pedaom of RAM to other existing retorting

techniques (still retort process and Shaka® prgeegsrms of thermal process times.

Results showed that fluid to particle heat transtefficient values of over 2500
W/m? K can be achieved even for a highly viscous proamparent viscosity of 2670 cP at
25 °C and at a shear rate of 10. 8ased on the literature available for heat fiems
coefficient values obtained in agitating retortg;ishigh numbers were not found, even for

products of lower viscosities.

Visualization experiments were carried out usirgplanar laser induced
fluorescence technique (PLIF) to understand thgnession of mixing in a RAM unit. It was
found that mixing starts at the top of the contgipeogresses to the bottom without covering
the middle of the container, and finally progressethe middle through expansion of the top

and bottom mixing regimes. In terms of mixing timegquired to properly mix two miscible
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fluids, values ranged between 3.0 and 35.6 s, dipgon the viscosity of the product and

the mixing intensity used.

Comparison studies for thermal process times redehlat at a wide range of product
viscosities, a RAM integrated thermal process ealuce the processing times anywhere
from 83% to 94% with respect to the processing sinea still retort, indicating that the
mixing is effective throughout the testing rangheTorresponding numbers ranged from
16% to 91% for a Shaka® simulation process with@etsto processing times in a still retort,
indicating that Shaka® can be highly effective with certain viscosity range, with

decreasing effectiveness at higher viscosities.

The results obtained in this study revealed thaWRAtegrated thermal processing
can potentially be superior to the current agitatechnologies used in retort applications.
However, these results should only be taken aslarpnary assessment for this technology,
due to the novelty of the technology and the lichimber of experiments carried out in this
study. Recommendations are listed in the next@edétr future work that would be valuable
in further assessing the capabilities and limitaiof this technology for use in thermal

process applications.
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RECOMMENDATIONS FOR FUTURE WORK

This study has only covered product viscosity amdng intensity as process
variables for assessing the use of RAM technolagg-container food thermal process
application. There are many other process varighkgsshould be varied and tested with this

technology.

The effect of amount of headspace in a containghemffectiveness of mixing is an
important aspect that should be considered foréustudies. This study could be carried in
two dimensions, where the product viscosity is &seed in addition to the headspace to

understand whether or not interaction effects exist

The thermal process time comparison studies wareedabut at the same steam
pressure (1 bar) for all three technologies. Siitagas demonstrated in this study that, it is
possible to heat up and cool down products ragldhyng thermal processing with an
integrated RAM unit, the effect of higher steam pematures on thermal process times and

final product quality could be studied.

Rotary agitation technologies, such as end-overagdaxial rotation could be used
in a study to compare with the RAM integrated tha&rprocessing. The viscosity range for
such a study might need to be adjusted based oasiig values reported in literature where

these rotary agitation technologies perform well.
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The current study has dealt with homogenous preduben assessing the RAM
technology. Its effectiveness on particulate presigould be assessed in a similar fashion,
paying close attention to the integrity of partschdter thermal processing. Optimization of
experiments could also be carried out for partteupaoducts based on achieved thermal

process time reduction and integrity of particlediierent mixing intensities.
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