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ASSESSING THE POTENTIAL OF USING CHAOTIC ADVECTION FLOW
FOR THERMAL FOOD PROCESSING IN HEATING TUBES

Shuai Tian and M ostafa Barigou”

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

Abstract

Most food materials tend to be viscous and in gan#iow in the laminar regime. In continuous food
sterilisation, the non-uniform velocity profile vdhi characterises viscous flow coupled with a noifioum
temperature distribution result in a wide variatioihproduct sterility and nutritional quality acsoghe tube.
The challenge is to be able to sterilise the fagtads in the core region of the tube without epeycessing too
much the slowest parts near the wall. Chaotic etitve is an alternative to turbulence, and usesstredching
and folding property of chaotic flows to promoteid mixing at low Reynolds numbers. The use oiniml
static mixers or vortex generators to promote fagliaing and, thus, heat transfer and temperataitoumity,
generates large pressure drops but more importdhdge devices are unhygienic. We use a validated
Computational Fluid Dynamics (CFD) model to shoattinechanical vibration is an effective sourcetdatic
advection. The superimposition of a transversenbaic motion on the flow of a single-phase visctugl in

a heating tube, leads to large improvements imtheprocessing uniformity and efficiency compareithva
conventional process with or without an inline istahixer fitted. Results show that high levelsstérility,
processing uniformity and product quality can baiewed in relatively short heating tubes, thus.eptally

obviating the need for a holding stage.

Keywords: CFD, chaotic advection, continuous sterilisatimod quality, food sterility, vibration, viscousofl
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1. Introduction

Radial heat transfer in laminar tube flow is gowstnby slow conduction which leads to a wide radial
temperature distribution that poses a consideralddlenge in many manufacturing processes. Inimoots
food sterilisation the non-uniform velocity profilehich characterises viscous flow coupled with a-oaiform
temperature distribution means that the coldedsparthe fluid at the centre of the tube travel fastest, thus,
resulting in a wide variation of product steriliyd nutritional quality across the tube. The @mjk is to be
able to sterilise the fastest parts in the coréregf the tube without over-processing too muahgtowest parts
near the wall. Increasing the temperature of timei regions of the fluid is highly desirable sattldeally all
parts of the fluid receive equal thermal treatmeriturthermore, better uniformity in the temperatprefile
helps reduce local variations in the fluid rheotadiproperties which cause distortions in the \igjoprofile,
thus making the flow behaviour of the fluid moregictable. To improve the uniformity of the temgere
distribution, methods of increasing radial mixing aequired. This problem has been recognised flang

time but effective technological solutions are stilssing(Jung and Fryer, 1999).

Radial mixing can be achieved by turbulent flow ditions but the usually high fluid viscosities enotered in
practice often make this proposition impracticatl/an uneconomical. Alternatively, the use of ielistatic
mixers (Hobbs and Muzzio, 1997; Saatdjian et24l12) or vortex generators (Chagny et al., 200@yahibited
in hygienic processes because of the risk of conttion for their complex geometries promote fogliand
make them difficult to clean. A considerable numbiiestudies have demonstrated the effects of fingdlow
or mechanical oscillation on the heat flux and Mitssumber in tube flows (Klaczak, 1997; Gundogaha
Carpinlioglu, 1999; Lee and Chang, 2003). Howetls,effects on the radial temperature distributiod the

development of the thermal boundary layer in a tudnee not been reported.

Research has shown that mixing in non-turbulenivdlccan be greatly enhanced by complicated particle
behaviour caused by chaotic advection. Chaotieetibn is a concept derived from nonlinear dynaraies is
widely used as an approach to investigate transmadt mixing problems in fluid flowsA¢ef, 1984; 1990;
Ottino, 1989. In applications where one wants to maximisertte of mixing of flows, advection is used to
accelerate the molecular diffusion process. Thssital way to achieve this is through turbulengeusing
high Reynolds numbers to instigate the formatioradfolmogorov energy cascade from large to smallyed
scales, which results in small-scale structures l#ed to rapid molecular diffusion and flow homaotpation.
Chaotic advection affords a different mechanisnge¢oerate small-scale structures by exploiting thetching
and folding property of chaotic flows whose Lagramgdynamics quickly evolves into a complex flovitpen.
Mixing by chaotic advection is a purely kinematiogess which does not require high Reynolds numbdts
has the advantages over turbulence that it doesatptire the high energy inputs needed to maintiain
Kolmogorov cascade in turbulent mixing and canstthe exploited in situations where high Reynoldsibers
cannot be used. Mechanical vibration is an effectinechanism by which such chaotic advection can be
introduced in viscous flow (Eesa and Barigou, 200ian and Barigou, 2015). In this study, we usaladated
Computational Fluid Dynamics (CFD) model to demoatst the large positive effects that a superimposed
transverse harmonic motion can have on the extehtiaiformity of heat treatment in single-phaseifeantube

flow, and the potential benefits it can have fontomuous in-flow sterilisation of viscous food fls.
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2. Theory
2.1 Temperature-dependent fluid viscosity model
The single-phase fluid used is an incompressildmperature-dependent Newtonian fluid whose visgasit

assumed constant at a given temperature and igliexsdy the well-known Arrhenius relationship:
=k (&) (1)
#=koexp g 7

wherek, is a pre-exponential factdR, is the ideal gas constaritjs temperature anH, is the activation energy
for viscosity. The constantg andE, are determined experimentally and their valuesvioious fluids have
been reported in the literature (e.g. Steffe, 199@hese parameters, as well as other physicaleptiep
(densityp, specific heat capacit§,, and thermal conductivity) were assumed constant and their values are

given in Tablel.

2.2 Transver se harmonic motion
In its basic form {F), the technique uses transverse mechanical damitaimposed on the tube wall in a
direction perpendicular to the tube axis, as itlistd in Figure H), and the wall displacemenrts described by

the harmonic function:
x = Asin(wt) (2

whereA is the amplitude of vibration,is time, andw is the angular function of the frequency of viboatif,

such thatw = 2nf. The linear transversal velocity of the tube vigthen:

u= % = Awcos(wt) 3)

In the new enhanced form of the technigW&{SR), the tube is continuously oscillated transveysallt the
orientation of oscillation is rotated instantlyanstepwise manner by an angle of 45 degrees aottibe axis,
as depicted in Figure B, The time intervalt, between change of orientation steps, needs tptized for

a given set of process conditions. For the camusticonsidered in this work, a valie~ 10 s was determined
by numerical experimentation, thus, the frequerfcthe step rotationQ, is (and is expected to always be) very
low compared with the frequency of lateral osditias; for example, in this case= 0.1 Hz compared tb= 50

Hz. The effects of2 on the thermal process are further discussed below

Under steady state, the flow regime was alwaysdamwith a Reynolds numbediRe = pwD /u) within the

range 1.4~ 90, whereD is tube diameter an@ is mean axial velocity. When the tube was vildathe

vibration Reynolds numbe(ReV = pA—wD) was within the range 22 1400; so flow remained laminar under all
u

conditions of flow and temperature.
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2.3 Governing equations
The governing transport equations which are théshafsthe CFD model can be written in their gendoam
(Bird et al., 1987), thus:

Continuity: V-U=0 (4)
Momentum: p% = —Vp + V2uU + pg (5)
Energy: pC, % = AV?T + uy? (6)

wherep is fluid pressureg is gravitational acceleratiorJ is the velocity field andy is the second invariant of
1

the shear rate tensor, definedjas E (y: }'/)]Z.

2.4 In-flow sterility and quality
Food sterility and quality levels can be calculatethg the standard Eqgs. (7) and (8), respectively:

F = fot 10T-Trref)/zF gt (7

where,F which is known as the F-value, is an equivalerating time for which the product could be held at a
constant reference temperatufg,, to give the same final concentration of microlpiathogens as a processing
time, t, for which the temperatur&, changes. T, depends on the organism being inactivated or tiieator
organism used in the process, e.g. 121.1 °C fop#teogenC. botulinum, andz is the temperature change
which produces a 10-fold change in reaction raimfthe rate at the reference temperatureze®.10 °C forC.

botulinum (Jung and Fryer, 1999).

Product quality loss is estimated using the codkejaC, also known as the C-value, a parameter defined in

similar way to the F-value, which gives a measurhe extent of nutrient loss in units of time:
C = [, 100Tcren/zc gy ©)

whereT. Is a reference temperature dependant on the nutreter consideration, e.g. 121.1 °C, apnds
the temperature change which produces a 10-folchgehdn reaction rate from the rate at the reference

temperature, e.g. = 48 °C for thiamine destruction (Jung and Fry&99).

It should be noted that Eq. (7) for the F-valueswaiginally derived for a static batch system apglies to
materials where all the food has the same tempertitae profile (Ball and Olson, 1957; Jung anddfry999;
Hui, 2006). In a continuous flow such as the opnesaered here, different fluid elements have ciffé
thermal histories and are subjected to differemelie of microbial lethality. Therefore, as desedbbelow in
Section (3.2), Eq. (7) is integrated along a givleid trajectory whose thermal history is describeg a
computedT(t) profile to give the local value of in-flow stétyf at any given point in the flow within the

computational grid. The same calculation procegdies to in-flow qualityC.
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2.5 Unifor mity of radial distribution of in-flow sterility and quality

The coefficient of variationC,, is used as a measure of sterility and qualitfoumity across the tube and is
usually defined as the ratio of the standard deviav, to the volume-flowrate weighted mean value,or C.

However, it should be noted that when the meanevausmall, such a definition can lead to artiflgidigh

values ofC,. To avoid such erroneous values, we use a mddifiefficient of variation, such that ft

_ _0OF
CV-F - F_Fideal (9)
where F,,,,, is the volume-flowrate weighted mean value achieaa given axial position of an ideal plug

flow having the same inlet conditions of mean vidjoand temperature as the actual laminar flow.

The volume-flowrate weighted mean sterility acrtiss tube, F, is obtained by dividing the tube cross-section
into a large number of celld(= 1860), as shown in Figure 2, which can be idiedtiby their polar coordinates

r andd. The analysis was conducted using this regulidrigiplemented in MATLAB to avoid the difficulties
associated with the complex and varied cell shagehe computational CFD grid. The sterility ankiah
velocity in a given cell are denoted #(r,0) and w(r, 8), respectively, and are considered at their nearly
constant time-average values reached after a idobréime equivalent to the fluid residence timethe tube.
Thus, YV, w(r,0)S(r,8) = Q represents the volumetric flowrate through a celhere S(r,0) is the

cross-sectional area of the cell. The volume-fetemweighted mean sterility is, therefore, given by
F==-YY F@ 60)w(re)s(r6) (10)

In the limit asS(r,8) — 0, i.e. for largeN, the uniformity of the sterility distribution ovée tube cross-section

can be well described by the standard deviation:

i = EELIFG. 00w 0)50.) - P 0056.0)] o

and the coefficient of variatio@,r (Eg. 9).

Similarly, the above relationships can be usedvauate the standard deviation,, and coefficient of variation,

C..c, for the qualityC.

3. CFD model

3.1 Simulations

3.1.1 Geometries and meshing

Three-dimensional simulations were set up and d®gdcusing the commercial software package ANSYS
Workbench 14.5. The flow geometries were created meshed using the software ICEM, while flow
specification, solving and post-processing wergatformed using CFX 14.5. In its basic form, tfemmetry

consisted of a straight tube 30 mm in diameter 24@0 mm in length with three surface boundarieket,n



197 outlet, and wall (Figure tJ). The geometry was meshed with hexahedral cell@ optimise the mesh size it
198  was necessary to carry out a mesh-independencyg; shisl was done by performing a number of simaoladi
199  with different mesh sizes, starting from a coarssimand refining it until results were no longepetedent on
200 the mesh size. The mesh thus achieved containadxamately 4000 hexahedral cells per centimetreubé
201 length and around 1000 cells across the tube segfieing a mesh size in the core region of abootmd. The
202 mesh size near the wall was progressively reducathdo 0.1 mm to enhance mesh resolution in thgoreof
203 high velocity and temperature gradients. The tpalf the mesh measured by its orthogonality andpage
204  was over 0.75, well above the generally acceptetdnmim value of 0.4 for a good mesh.

205

206  Other simulations were conducted using the samgpsetth 48 segments of the helical Kenics statixeni
207 inserted to fill the whole tube, as illustratedrigure 1¢l). The mixer consists of left and right twistinglical
208  elements with a standard length to diameter rédtib.%; detailed dimensions are given in Table Z.shbuld be
209 noted that a mesh-independence study was condémtezhch one of the flow geometries used. Verg fin
210 inflation layers of hexahedral cells were generatedund the helical surfaces, so that the mesh was
211 progressively reduced down to 0.15 mm at theseaseisfand at the pipe wall to accurately captureéhecity
212 and temperature gradients in these regions.

213

214
215 3.1.2 Boundary conditions

1

216 In all simulations, a uniform temperatufg = 20°C and a mass flowraten = 0.0281 kgs™' were specified at

217  the heating tube inlet, and a zero gauge pressaseset at the outlet. The mass flowrate was chimsgive a
218 mean flow velocityw = 4.0 cm s™!, which is typical of values used in the processihgiscous food materials
219 (Jung and Fryer, 1999; Steffe, 1996). A constamifoum wall temperature and a no-slip condition ever
220  assigned at the heating tube wall. In food prdngssvall temperatures lower than 180 °C are uguadkd in
221 practice; hereJ,, was set at 140C. The temperature and velocity profiles at the @kthe heating tube were
222 used as the inlet boundary conditions for the Imgiduibe. In addition, the holding tube wall wasdafied as
223 adiabatic with a no-slip condition, and a zero gapgessure was set at the outlet. Where a statier was
224 used, the helical surface was assumed adiabatiar. vilbratory flow, the mesh displacement was speifising
225 Eqg. (2), and a harmonic velocity function defingdHy. (3) was applied at the tube wall.

226
227 3.1.3 Numerical scheme

228  The CFD code uses a finite-volume-based methodstwatise the governing transport Egs. (4), (5), (8n this

229 method, the variable value at an integration po'zﬁiﬁJ , is calculated from the variable value at the ugaiode,

230 ¢, . and the variable gradieftg , thus:
231
232 ¢l.p = ¢up + BVpAr (12)

233
234  wherep is a blend factor andr is the vector from the upwind node to the integrapoint. Withg = 0, the

235 scheme is first order accurate and does not resualbn-physical variable values. On the other havith g =

236 1, the scheme is second order accurate but it raayltrin non-physical values. In the so-calledgti

6



237 Resolution Advection Scheme’ implemented here, vihikeie of 5 is calculated locally to be as close to 1 as
238 possible without resulting in non-physical variabalues (Barth and Jesperson, 1989). This scheme i
239  therefore intended to satisfy the requirementsodti laccuracy and boundedness.

240
241 Simulations involving steady flow were conductedhe steady-state mode, whereas simulations o#tidmal

242  flow were conducted in the transient mode. Famaadversely moving boundary, the mesh deformatpion
243 in CFX was used which allows the specificationtaf tnotion of nodes on boundary regions of the me3the
244 motion of all remaining nodes is determined bysbecalled displacement diffusion model which isigesd to
245 preserve the relative mesh distribution of thdahinesh.

246
247 The transient scheme used for the solution to marchme was the ‘Second Order Backward Euler Saiem

248  The simulation was solved over the entire meardessie time of the fluid which is determined by thbe
249 length and mean flow velocity. For example, fdulbe length of 2400 mm and flow velocity of 4.0 efh as
250 used here, the mean fluid residence time in the tal60 s. This time duration was divided into adime
251 steps, the size of which (1.6667%1€) was determined by dividing the vibration cyaieian optimised number
252 of 12 equal time steps. Using a larger numbeinoé tsteps per vibration cycle did not change theutation
253 results but prolonged the simulations considerablymaller time steps were also tested but did rudyre any
254  significant improvement in results, however, thenpoitational cost was dramatically increased.

255
256 Convergence of the numerical solution was assumeghwhe root mean squares (RMS) of the residuals of

257 mass, momentum and energy all reached dDeach time step which is a good level of acougigen the
258  complexity of the problem. Achieving this level@dnvergence typically required 8-12 iterations free step
259  for vibrational flow and about 50 iterations foreatly flow. In practice, however, most of the et
260  generally reached residual RMS values well beloavsghecified target.

261

262 3.2 Sterility and quality profiles: Lagrangian particle tracking

263 In a continuous flow process, different fluid elerteewill have different thermal histories and via subjected
264  to different levels of microbial lethality. To callate local values of sterility at the exit, a kagjan particle
265  tracking method was used. Thus, the function af-emy coupled particle tracking was implementedhia
266 CFD code to predict fluid trajectories along thegu Unlike two-way coupling (i.e. full coupling)hich takes
267 into account not only the effect of particles omtimuous phase flow but also the influence of cardus phase
268  flow on particles, one-way coupling simply preditk® particles’ path lines as a post-process basethe
269 computed flow field (Mostofa et al., 2010). Oneyw@upling does not allow particles to affect contius
270 phase flow and therefore gives a much more acctnadking of fluid flow than full coupling. Thuspassless
271 microscopic fluid particles (um) particles were introduced at the tube inlet #relr trajectories and, hence,
272 their temperature and velocity histories, were réed. Thus, these massless particles are asswonfizithfully
273  track the motion of the microorganisms and theingerature history. In the case of vibrated floegduse of
274  the harmonic motion of the tube wall, some parsiciear the wall may move outside the numerical domad
275 are, therefore, ignored by the solver. In addjtemme fluid particles become trapped in the slawing fluid
276 in the boundary layer and, thus, acquire extrentaly velocities and do not reach the exit by the ehdhe

277 simulation. In other words, some numerical lealohgarticles is unavoidable despite using a siiak-step.
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In order to ensure that in vibrated flow a suffici@umber of fluid particles were successfully ked so that the
flow field could be completely mapped, a large nemifld) of such particles were introduced. The
temperature and velocity histories of such paiclere then used to calculate the sterility andityuarofiles

along the tube using a MATLAB code.

4. Validation of computational model

Though CFX is a generally well validated code &s ividely used, the computational work reportedeheas
further validated where possible either by companiasults with theoretical solutions or experimémata
where possible. The intention here was to try gsalidate the CFD model as much as possible so as to

maximise confidence in the numerical results. Vdugous stages of the validation process are destidelow.

The modelling by CFD of non-Newtonian power-lawidks flow under forced vibration without heat tragrsf
was reported and experimentally validated in owvigus studies (Deshpande and Barigou, 2001; Eeda a
Barigou, 2008). Comparison with experiment showet CFD is able to predict such complex flows vath
very good accuracy within approximately £10%, undewide range of vibration conditions. We haveoals
reported in our recent work (Tian and Barigou, J0dé&tailed theoretical as well as experimentaldagions of
temperature and heat transfer predictions in:téady flow through a straight tube with wall heatnsfer, of a
Newtonian fluid with temperature-independent andhwiemperature-dependent viscosity; (ii) steadywflo
through a straight tube with wall heat transfer, af non-Newtonian power-law fluid with

temperature-independent viscosity.

Here, we validate our predictions of temperaturairzg} the classic analytical solution (Jakob, 19#8)the
laminar flow of an isoviscous (i.e. temperaturedpendent viscosity) single-phase Newtonian fluiddlgh a
straight heating tube, and compare them to sinmatesults from Jung and Fryer (1999) executed with
different code (FIDAP), for the process conditi@mwn in Table 3. Both sets of simulations shosedznt
agreement with theory in Figure 3.  We then vaédatr predictions of sterility and quality in thense heating
tube against simulation results from Jung and F($69). The axial sterility and quality profilatong the

tube are compared in Figure 4, showing excellerdeagent between the two simulations.

There are, however, no experimental data availabléhe temperature profile in flows with heat tfenavhen
subject to vibration. Nonetheless, given the dgoelagreement of our CFD predictions of flow arehth
transfer characteristics with theory and experimlergsults in all the above stages of the valigapoocess, in
addition to the excellent agreement of our foodilgieand quality predictions to simulation resfrom Jung
and Fryer (1999), we believe that the present CREahis sufficiently robust and reliable for therposes of

studying the effects of vibration on the thermalqassing of viscous fluids.

5. RESULTSAND DISCUSSION
In this work, we consider four tube flow configueats, as shown in Figure 1: (i) steady flow throaghtraight
tube as used in a conventional sterilization pred8B); (ii) steady flow through a straight tube fittatbng its

whole length with a Kenics static mixé8R-KM); (iii) steady flow through a straight tube withperimposed
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transverse oscillation®/€); and (iv) steady flow through a straight tubejeuated to transverse oscillations with

angular step rotation of oscillation orientatiMHSR).

5.1 Effect of vibration on radial temperature profile
The radial temperature contours obtained at the Xt under vibration are compared to the stedatgs

contours with and without a Kenics static mixefFigure 5. The volume-flowrate weighted mean temipeeais

calculated using Eq. (10) wifRin lieu of F, and the axial profiles off are compared in Figure 6.

In steady laminar flowSF), heat is transferred radially by conduction; efere, in this relatively short tubé €
2.4 m), only fluid flowing near the tube wall isgaificantly heated whereas the vast majority of thud
remains at more or less the inlet temperature. tiktpaf the inner parts of the flow is a very slpwcess and
significant levels can only be achieved in longediifes. The Kenics static mixeSK-KM) produces
substantially improved radial and axial temperatprefiles, but results are considerably inferior ttmse
provided by vibratory flow. In addition, the Kerimixer caused a much higher pressure drop thadystlow

or flow with vibration (about six to seven folds).

The velocity vector distributions in Figure 5 shalwat, whilst in steady flow there is little or nadial fluid
motion, under vibration a secondary radial flowsigperimposed on the main axial flow, which is muobre
vigorous than that generated by the Kenics mixd@the presence of strong vortical structures is blesggparent
generating a spiralling fluid motion along the tub& his secondary flow which introduces a significahaotic
advection flow, causes continuous radial mixingwiot fluid flowing from the tube wall to the ceatand back
in four spiralling loops, thus, generating a stralegree of radial convection which results in theasj-uniform
temperature profiles observed across the tube.s fddial flow increases in strength as vibratiotensifies
(data not shown). In this case, the mean resuligntity in the radial planefr , is ~ zero foiSF, ~ 2.1 cm 3
for SF-KM, and ~ 1.1 cmSfor VF and VF-SR. Even thoughu is larger for the Kenics mixer, the
secondary flow generated has a strong rotationaipoment which is not as effective for radial mixiag the

flow generated by the wall oscillations.

A four-fold enhancement in wall heat transfer wis® abserved, which is attributed primarily to thieruption
of the thermal boundary layer caused by the swgrflaid motion induced by vorticity. These effectspend
on the intensity of vibration and the rheology toé fluid; more viscous fluids require a more engegeébration
but the effects appear to be more sensitive taathplitude than the frequency of wall oscillatiofie$a and
Barigou, 2010).

Simple transverse oscillationg k), however, produce four salient vortices whiclptcald fluid inside, hamper
radial mixing and reduce temperature uniformity. h&l angular step changes in the plane of osciiai®
imposed Y F-SR), the vortex centres are made to move around,eheaaising cold fluid inside these regions to
mix with hotter fluid flowing inwards from the waland a much improved temperature profile resultbdth
radial (Figure 5) and axial (Figure 6) directiond he value of the step rotation frequeryis somewhat
significant in achieving the highest mean tempeeatit the tube exit, the best temperature unifgrmadross

radius and the best wall heat transfer coefficiedthe optimum value of) is a function of the process



359 parameters. Numerical experiments within the ra@ge 0.067- 0.2 Hz (i.e.At = 5 — 15 s), revealed a
360 maximum difference of ~ 8C in mean exit temperature. However, sterility godlity calculations introduce
361  further sensitivities because of their exponeritiaih and so, even small differences in temperataretranslate

362 into much more significant differences in the Fualand C-value. Optimum conditions can in prachee

363 determined by adjusting the value @fupwards from zero until the cold vortex regiondefiaa process which
364 may require a certain amount of trial and error.

365
366 It should be noted that in this work amplitude #mdjuency have been kept deliberately low to deitnatesthat

367  the principle works at easily manageable levelsibfation intensity. If higher vibration intengt are used,
368 these should lead to even stronger effects (upmaeeslimit). Optimum vibration conditions (ampliteidand
369 frequency) will depend on a number of factors idoldg fluid rheology and physical properties, floveratube
370 diameter, wall and inlet temperatures. Some nwakrexperimentation is required to determine such
371 conditions for a given situation. Here, we seldcparameters such as fluid viscosity, temperatungse
372 length, diameter etc. which represent a realistaustrial situation, but at the same time did natkenthe
373 computations too costly. A detailed parametricgtaf the problem would require numerous simulationAs
374  the main purpose of our current investigation isléoonstrate the benefits of this chaotic advedéahnique
375  for continuous food sterilisation, such a detagealy is beyond the scope of this paper.

376

377 5.2 Effect of vibration on thermal boundary layer

378 Results show that transverse oscillations gredtigcathermal boundary layer development, as degidh
379 Figure 7. In steady flow, the azimuthally-averagadl temperature profile shows little change aberwhole
380 tube length as the thermal boundary layer devekspsemely slowly. With the Kenics mixer fitted,eth
381 situation improves considerably. UndéF-SR, however, the thermal entrance length (~ 0.9 rdyasnatically
382 reduced by an order of magnitude compared to #edgtstate (~ 11 m), witiF-SR being clearly superior to
383 VF. This further confirms that the full effects dfet oscillations are felt in the early stages of flbev and,
384  consequently, the tube length required for a givemmal process could be greatly reduced. Thdsetsfare
385 also captured in Figure 6 showing the fast andtantial rise in mean fluid temperature along thHeetgenerated
386 by vibratory flow compared to steady flow with anithout a static mixer.

387

388 5.3 Effect of vibration on food sterility

389 In a safe sterilisation process, all of the fluidighreceive the required minimum level of steriliza The
390 fluid flowing along the tube centreline, being tlastest, is the slowest to reach such a levelesflisy. This
391 situation is much worse for viscous fluids flowimgthe laminar regime.  The challenge facing amtinuous
392 process of this kind, therefore, is to ensure thatfluid at the centre is safe without overcookiog much the
393 slow moving fluid near the hot tube wall. Low admbds with a sterility value greater than 2.52 raime
394 usually considered safe. Such a value is basatieofethality of the organism@lostridium botulinum, but in
395 practice many pathogens are more heat resistantaradues of 5- 12 min are typically used (Steffe and
396 Daubert, 2006). Such F-values usually requireeenély long processing tubes which can run into heofsl of
397 metres (Jung and Fryer, 1999).

398
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The radial temperature history profiles obtained@HD (Figure 5) were used to compute the radiailisye
distributions across the exit section of the heptinbe using the Lagrangian particle tracking atbor
described above. In these calculations, the thimih) region adjacent to the hot wall, where fluadocity is
very small, was ignored as it contains extremelgdd--values (in this regiof tends to infinity). Contours of
the radial distribution of sterility at the exitctimn of the heating tube are shown in Figure 8tfiar four flow
regimes studied. The transverse oscillations hadkienics mixer introduce a certain degree of asgtryrin

the sterility distribution around the tube axis. onSequently, the tube cross-section was dividea 15t shells

of equal width and an azimuthally averaged F-valuas calculated to represent each shell. Thus,

azimuthally-averaged radial sterility profiles weratained at the tube exit and are compared inr€igu

In steady flowF « 1072 over about 80% of the tube radius, and increagpsrentially towards the wall
reaching extremely high values, many orders of ritade greater than the value at the centre (hdreede of a
log scale). Due to better radial mixing, the outell region wherd- rises steeply is much narrower for the
other three flow regimes, thus strongly diminishitegyimpact on the heat treatment of the fluid. e ™-SR
technique produces the highest loEavalues and, as shown in Table 4, the mean sfefilit_sz is much
greater than for the other flow regimdd.7.5 x Fgp; 21.7 X Fep_gum; 5.3 X Fyp).  The uniformity of the radial

F distribution across the tube section is also #& I, ~ 1.09), significantly better than fotF (C,.r ~ 1.33)
and substantially better than f8F-KM (C,.r ~ 1.58) and5F (C.r ~ 3.75). As a result of the remarkable radial
uniformity of sterility achieved by F-SR, the mean valué® across the tube, is close to the Io€afalues; in
particular, the ratio off to F, the value at the centre, which is conventionadlyarded as the coldest point, is ~
1.0 (note in vibrated flow the coldest point is tamated at the centre); in steady flow, however~ 8x10" x F.
The static mixer shows segregation areas of vemHevalues and the four cold vortex regions are alsparent
in the VF contours as regions of low sterility (Figure 8ytlkhis regime still outperforms th8F-KM

configuration, yielding a mean F-value which isesg¥ times greater (Table 4).

As the fluid flows in parallel layers with littleénradial mixing, F is clearly not a reliable measure of sterility in
steady flow, so that high mean values do not neciégsmply a safe level of sterility because oétlack of
uniformity. Even with the Kenics mixer the tempera history along the tube results in many scatter
pockets where the local F-value is ~ 20 times smélflan F. The use of an average F-value is, however, much
more justifiable in a radially well-mixed flow sues the vibrated flonwMF-SR) considered here, where chaotic
advection ensures that fluid elements continuoasihange radial position along the tube, thus,omang the
residence time distribution substantially, as shomwirigure 10, and consequently the radial tempegaand

sterility distributions.

There is also a huge difference between the foginres of flow in the axial growth of the mean Fual as
shown in Figure 11. In steady flow and in steddyvfwith Kenics mixerF rises relatively very slowly along
the tube. Under vibration, however, radial mixgwgsures that the fluid at the tube centre is heatgch more
rapidly, thus causing to grow exponentially rapidly witlz, the effect is much more pronounced YoF-SR
than forVF, however. Thus, it follows that a given levelmoéan sterility can be achieved in much shorter

tubes when flow is vibrated. For example, for pinecess conditions considered here, as shown urd-ig2,

11



439 achieving the mean sterility value of 37.6 s olgdimithVF-SR in the 2.4 m long tube, would require a heater
440  which has a length of ~ 7.7 m wigk, ~ 3.8m withSF-KM and ~ 2.9 m with/F.

441
442 However, as pointed out earlier, it is importanhtde that the use of mean temperature and meadlitystean be

443 seriously misleading. Indeed, any assessment impadson should be made on the basis of the minimum
444  sterility value attained in the flow. For the caspresented in Figure 12, the minimum sterilitiiaged in the
445  VF-SR tube which is 2.4 m long B, = 12.5 s. To achieve this minimum value, simoladi yielded tube
446 lengths of approximately 26.0 m f8F, 4.0 m forSF-KM and 3.2 m fo F.

447

448 5.4 Effectsof vibration on food quality

449 For a given level of sterility, the aim is to mirisa food quality loss, i.e. the C-value definedabm Eq. (8), to
450 preserve nutritional value. Thus, comparison dligy loss is only meaningful when based on eqtexilgy.

451 Initially, we make such a comparison on the bakeqgoial F and then on the basis of eq&a),.

452
453 Contours of the radial distribution of quality fire four flow regimes studied are compared in Fegls, for a

454  given mean sterilityF = 37.6 s, which is the value achieved M-SR at the exit of the 2.4 m tube. As
455 discussed above, to achieve this same mean stesitie longer tubes are required faff, SF-KM andVF
456 (Figure 12). The corresponding radial profilesasimuthally-averaged C-value in these tubes are @istted
457 in Figure 14. ClearlyyF-SR produces by far the lowest C-values and the maigbnum profile (C,.c values are
458  given in Table 5), outperforming by far the traoiital steady flow process as well as the Kenics mix&he
459 axial profiles of the mean C-value depicted in Fégu5 show that, for a giveR, the VF-SR technique
460 produces a much lower average quality loss compar8d andSF-KM.

461

462  Again a comparison on the basis of the minimumilgfevalue F.,, = 12.5 s foVF-SR, shows that the longer
463  tube lengths needed for the other flow configuratidiscussed above (i.e. 26.0 m$bt, 4.0 m forSF-KM and
464 3.2 m forVF) cause even much larger losses of food quality: 169.4 s forSF, 47.5 s forSF-KM and 38.4 s
465  for VF.

466

467  These results were obtained using= 48 °C for thiamine denaturation, as stated iotiSe 2.4. However,
468  values quoted in the literature lie in the range-3D °C. Therefore, a sensitivity analysis usipgalues of 30
469 °C and 40 °C, was conducted. Contours and pradfeabe C-value were obtained which are closelyilsinto
470  those depicted in Figures 315 forz. = 48 °C. The uniformity of the radial distributi@f the local C-value
471  for each flow configuration improved significanths z. increased, i.e. th€,.c value decreased by ~ 20% for
472  VF-SR andVF, and by ~ 25% foSF and ~ 40% foiSF-KM. The axial profiles of the mean quality led to
473 different values ofC at the tube exit, as shown in Figure 15. Suchofilp is only moderately affected tzy
474 in the case of vibrated flow (~ 2015%), but is considerably affected in the casstefdy flow and steady flow
475  with a Kenics mixer (~ 25%). However, for a giwadue ofz; results afforded by the vibration technique are
476  far superior to those of conventional processirgnevhen a static mixer is used.

477

478 5.5 Vibration in the context of a heat-hold-cool system

12
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Industrial processes do not aim to achieve theiredjlevel of food sterility in the heating tubeln continuous
aseptic processing, a heat-hold-cool system is allynused. There is a clear quality advantagenifiaw
sterilisation at higher temperatures and for shotitees i.e. HTST, because the activation energytfie
reactions which cause microbial destruction, iterility, are higher than those which result in lifyaloss
(Holdsworth, 1992). Sterilisation reactions prateel00 times faster than loss of quality reactions.
Therefore, compared to in-can processing the tieeded for sterilisation is reduced and the amofiquality

loss is also reduced (Hallstrom et al., 1988).

HTST processes involve heating to the requiredilisigion temperature, holding the product at swch
temperature for long enough to ensure sufficienhggen spore destruction, and then cooling to pzioka
temperature. In practice, to ensure product safegylength of the holding tube is usually caltedbbased on
the assumption of Newtonian laminar flow with dltbe fluid flowing at the centreline maximum veiiyg i.e.
twice the mean velocity. Inevitably, such a comatve approach leads to very long holding tubeshenorder
of hundreds of metres, and very long residencestirtteus, contradicting the HTST assumption and i)

food of poor quality.

The results discussed above have shown\faBR can achieve much highét values in a relatively short
tube compared witlsF (~ 117 folds in a 2.4 m tube, see Table 4). dudth be noted that in a conventional
steady-state process, relatively little lethalgyaccumulated in the heater, and most of the itydslachieved in
the holding tube. However, given the fast riséeimperature accompanied by the fast rise achieved by the
VF-SR technique in the heater, a holding stage may eatdzessary. This represents an additional sigunifi
improvement in the sterilization process. In casksre higherF values are required at the exit of the heating
stage, a longer vibrated heating tube could be.us&te exponential variation of with z, shown in Figure 11,
indicates that a large increase in could be achieved through only a relatively sriadrease in tube length.
However, we need to assess whether an increa8eimbetter achieved by using a longer vibratedéreat by

using a holding tube instead.

The axial profiles of mean sterility in the heatitudpe and holding tube are shown in Figure 16. a#erage
sterility value of 37.6 s is reached at the enthefheating stage. Adding a holding tube of 2.lemgth yields
a total average sterility of ~ 250 s. The samee/abuld be achieved by extending YHe-SR heating tube by
only an extra ~ 0.6 m. At the same time, the daset increase in the mean C-value would be ~ ft8 the

holding tube and ~ 32 s for the extended heatrairelatively short extension of the heater agsghe same

mean sterility with a much reduced loss of quality.

The advantages of extending the vibrated heatibg twer using a holding tube become even moreirsgrik
when comparing on the basis of minimum sterilityJsing a holding tube of 2.4 m length will incredsg,
from 12.5 s at the exit of the heater to ~ 190véith the corresponding exit mean C-value risingrfrd6.5 s to
104.9 s. In contrast, computations show that ghime minimum sterility could be achieved by extegdhe
heating tube by only ~ 0.43 m, with an accumulededrage quality at exit of 48.5 s. Therefore,ah de
clearly seen that a heating tube extension of 48ould increase the minimum level of sterility by8.4 s ,
the same as a holding tube of 2.4 m length, but witich less loss of quality (22 s compared with 75.
These results demonstrate that there are consldebbabefits in using an extended heater and thatiost
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applications a holding stage may not be necestary-SR heater is used.

The cooler gives the opposite scenario to the heata a normal steady flow process, the cooliragsttends to
contribute some additional lethality and, henceajsea some additional quality loss as the matedalscat a
finite rate. Thus, the aim is to cool at the fastete possible to preserve as much of the proguality as
possible. The wall is maintained at a low tempegaand peripheral fluid in this region cools rdgpidvhilst at
the centre the temperature of the fluid continueside slowly over a considerable length of tubbefore
responding to the cooling effect. In a coolinggubibration would be expected to produce similesichble

effects to those observed in the heater, i.e. fidgmit radial mixing resulting in enhanced heansfer at the

wall, a nearly uniform radial temperature distribnf and much shorter cooling tubes compared to the

steady-state configuration with or without the irgibn of a static mixer. Detailed simulations of@nplete

heat-hold-process are beyond the scope of thisr jzaqoewill be the subject of a further study.

6. CONCLUSIONS

The superimposition of a forced lateral vibratiomguces a secondary chaotic advection flow whiahsea
significant radial fluid mixing. In a heating tulwéth an isothermal wall, this leads to a nearlyfanm radial
temperature profile, a rapid development in therttz boundary layer, and a several-fold increagsadial heat
transfer. These effects are governed by a numfdactors including, the intensity of vibration seosity (and

more generally rheology) of the fluid, materialdhghput, wall temperature and tube diameter.

The case study presented here shows that whentigibris used, high sterility levels can be achieved
relatively short heating tubes. The disruptionthaf thermal boundary layer lowers the temperatuthe wall
region, thus, greatly reducing overcooking of thedoict. Because of the radial mixing induced,fthiel also
receives a nearly uniform heat treatment, so thatlyrt quality loss is minimised compared to cotiveral
steady flow with or without the use of a Kenicstistmixer. The combination of these benefits swggehat
the use of a holding tube in a traditional heatlhmdol process can be avoided in a vibrated proaedsthe
whole process could be made much shorter. Vibratieerefore, seems to create processing conditi@isare
much more in agreement with the HTST assumptiorchwiie often contradicted in conventional steadyvflo

processing.
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NOMENCLATURE

A Vibration amplitude, m

C Quality value, s

c Volume-flowrate weighted mean quality value, s
C,  Specific heat capacity, J kg™

C.c Coefficient of variation of quality value, (-)

C.r Coefficient of variation of sterility value, (-)

Ea Activation energy for viscosity, J mbl
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Local sterility value, s

m T

mn  Minimum sterility value, s

T

Volume-flowrate weighted mean sterility value, s

—

Vibration frequency, Hz
Pre-exponential factor, Pa s
L Tube length, m
r Radial position, m
R Tube radius, m
Gas constant, J mbK™
t Time, s
At Time interval of angular step rotation, s
T Temperature;C
Tin Inlet temperature,C
T Volume-flowrate weighted mean temperatuif@,
T,  Wall temperatureSC
Uy, Mean resultant velocity in radial plane, ths
w  Axial velocity, m &

w  Mean axial velocity, ms

X Wall displacement, m

z Axial position, m

Greek symbols

u Temperature-dependent viscosity of Newtonian fliid s
Density, kg it

p
! Thermal conductivity, W fhK™

w Angular vibration frequency, rad's
Q

Frequency of step rotation of oscillation orieiaat Hz
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FIGURE AND TABLE CAPTIONS

Figure 1. Flow configurationsa) flow through a tube subjected to transverse lagimhs {/F); (b)
flow through a tube subjected to transverse osiciia with step rotation of vibration orientation
(VF-SR); (c) steady flow through a tub&K); (d) steady flow through a tube fitted with a Kenitatis
mixer (SF-KM), showing 4 elements out of 48.

Figure 2. lllustration of grid used on MATLAB favaluation of volume-flowrate weighted mean
temperature, sterility and quality over tube crssstion (total number of cells, = 1860 cells).

Figure 3. Validation of CFD-predicted temperatprefiles of an isoviscous fluid in steady-stateaflo
in a heating tube against theory (Jakob, 1949)samdlation results from Jung & Fryer (1999), foeth
processing conditions of Table 3.

Figure 4. Validation of CFD-predicted axial pre8l of sterility and quality of an isoviscous fluid
steady-state flow in a heating tube against siroratesults from Jung & Fryer (1999), for the
processing conditions of Table 3.

Figure 5. Radial temperature and velocity vectstridhutions at the exit section of the heatingetub

Figure 6. Axial profile of mean temperature in tteating tube.

Figure 7. Axial contour plot of azimuthally-aveeajtemperature in the heating tubea) $F; (b)
SF-KM; (c) VF; (d) VF-SR.

Figure 8. Radial contour plot of F-value at thé& e&ction of the heating tube.

Figure 9. Radial profile of azimuthally-averageddiue at the exit section of the heating tube.
Figure 10. Fluid residence time distribution ie theating tube

Figure 11. Axial profile of mean F-value in theakiag tube.

Figure 12. Axial profile of mean F-value in hegtitubes with different flow regimes achieving the
same mean sterility?( = 37.6 s) at the exit section.

Figure 13. Radial contour plot of C-value at thét section of heating tubes with different flow
regimes achieving the same mean sterilfy 37.6 s) at the exit section (note that the r@ldur in
the SF plot is ~ four-fold greater than the top end & Htale).

Figure 14. Radial profile of azimuthally-averagedialue at the exit section of heating tubes with
different flow regimes achieving the same meariléte(F = 37.6 s) at the exit section.

Figure 15. Axial profile of mean C-value in heagtitubes with different flow regimes achieving the
same mean sterility( = 37.6 s) at the exit section.

Figure 16. Development of mean F-value along hgatnd holding tubes.
Table 1. Process parameters used in simulations.

Table 2. Dimensions of Kenics static mixer (Figl(d)).

Table 3. Process parameters used for CFD valid&liong and Fryer, 1999).
Table 4. Mean sterility and quality in the heatioge = 2400 mm).

Table 5. Mean quality corresponding to the samamsterility at exitf = 37.6 s).
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Figure 1. Flow configurationsa) flow through a tube subjected to transverse lagichs {F); (b)
flow through a tube subjected to transverse osidha with step rotation of vibration orientation
(VF-SR); (c) steady flow through a tub&K); (d) steady flow through a tube fitted with a Kenitatis
mixer (SF-KM), showing 4 elements out of 48.
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Figure 3. Validation of CFD-predicted temperatprefiles of an isoviscous fluid in steady-stateaflo

in a heating tube against theory (Jakob, 1949)samdlation results from Jung & Fryer (1999), foeth

processing conditions of Table 3.
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Figure 4. Validation of CFD-predicted axial presl of sterility and quality of an isoviscous fluid
steady-state flow in a heating tube against siroratesults from Jung & Fryer (1999), for the

processing conditions of Table 3.
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Figure 12. Axial profile of mean F-value in hegtitubes with different flow regimes achieving the
same mean sterility( = 37.6 s) at the exit section.
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Figure 14. Radial profile of azimuthally-averagéevalue at the exit section of heating tubes with
different flow regimes achieving the same meariléte(F = 37.6 s) at the exit section.
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Table 1.

Process parameters used in simulations.

L D Tn Tw @ ko Ea Ry p C ! 1 = kyexp (:g_r) (Pas)
(mm) (m) (°C) (°C) (msY) (Pas) (Imol) (ImolrK? (kgm? @kg'K?YH (Wm'K?H 20°C 14G°C
2400 0.03 20 140 0.04 5.0 x 10 35000 8.314 998 4180 0.668 0.868 0.0134

Table 2. Dimensions of Kenics static mixer (Figli(d)).
Segment length Gap width Element length  Mixer diameter  Element thickness  Twist angle
(mm) (mm) (mm) (mm) (mm) (rad)
50 2.5 45 30 1
Table 3. Process parameters used for CFD validéliong & Fryer, 1999).
Flowrate Density Viscosity Specific heat Thermal Inlet Heating Heating
conductivity temperature temperature length
m'hY)  (kgm?)  (Pas) (Ikg'KY (Wm'K? (°C) (°C) (m)
0.1 998 0.001 4180 0.6 60 140 12
Table 4. Mean sterility and quality in the heatinbe = 2400 mm).
SF SF-KM VF VF-SR
F (s) 0.32 1.2 7.2 37.6
Cor () 3.75 1.58 1.33 1.09
C (s) 4.7 10.8 15.0 26.0
Cuc () 1.69 0.28 0.27 0.14
Table 5.  Mean quality corresponding to the samamsterility at exitf = 37.6 s).
SF SF-KM VF VF-SR
C (s) 47.8 39.2 29.1 26.0
Cuc () 1.45 0.27 0.23 0.14
L (m) 7.7 3.8 2.9 2.4
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Highlights

Transverse vibration induces strong chaotic advection in viscous flow

Chaotic advection enhances wall heat transfer and radial temperature uniformity
Chaotic advection enables high levels of sterility to be achieved in short heating tubes
Chaotic advection leads to quasi-uniform sterility with minimum loss of quality

Thermal processing with chaotic advection flow may obviate the need for a holding stage



