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Abstract: The development of alternative technasegiike direct Joule effect heater to
pasteurise and sterilise liquid food product inoatmuous process is of great scientific and
industrial interest. Heat treatment by direct Joaféect exhibits numerous advantages
because rapid heating kinetics or homogeneousttesdiment is required. However, fouling

of electrode surfaces in this kind of apparatusxsensively problematic compared to
conventional heat exchangers. In present studgvwaaontinuous ohmic heating apparatus
(Emmepiemme®, Piacenza, Italy) in which an altéweatlectrical current is applied directly

to the falling jet between the two stainless skdektrodes is investigated. Conventional
fouling measurements (pressure drop, heat tramsfalectrical parameters) could not be
used in such heater. Heat treatment of model daiogduct is reported and fouling is

investigated with an innovative fouling sensor gsiot wire technique.

Keywords: Joule effect, ohmic heating, fouling, s@m jet, heat transfer, dairy product

1. INTRODUCTION

Heat treatment remains the oldest and the mostiérty used process in the food industry (heatiagteurisation,
sterilisation, cooking and cooling). To performstliiperation, heat exchangers are fundamental eguiprm spite

of great improvement in conventional technologiesrothe last few decades, heat treatment of daiogycts

remains a complex operation. Firstly fouling occdusing heat treatment and reduces the processrp@fices as
well as the duration of the production cycle. Settgnindustrial and legal requirements in termsstdrilisation

level involve higher temperatures in order to efiate all thermal-resistant germs. In this contthé,development
of new technologies to pasteurise or sterilise f@gdcontinuous process by thermal treatment (geonoabt
modification, joule effect heating, ohmic heatimay)by non-thermal treatment (cross-flow filtratidrigh pressure
process, high intensity light emission, radiatiosl] lyses) is of great scientific and industriatierests.

Ohmic heating is based on a simple mechanism: teergée heat directly inside the product by Joufecef It
consists of causing an electric current to flovedily through the flowing media between a pairlet&odes. This
technique can be applied to liquids containing fiees, and therefore which are electric conduct@snstant
movement of electrical charges creates heat inptbduct according to Joule’s law. Heat generat®om idirect
function of geometry, the electrical conductivitfyabgiven product and voltage. Ohmic heating isieely volume
and direct resistance heating, in opposition totingaby convection from a hot surface heat exchangs a
consequence, the heat transfer coefficient betwleminot wall and the fluid is supposed to be iratd as there is
theoretically no hot wall. From a fundamental poaftview, direct resistance heating of liquids i@mnplex
physical problem in which strong interactions ofahéransfer, hydrodynamic and electric phenomena lma
observed (Ould-El-Moctar et al., 1993). The norstice of hot wall should constitute a major adagatfor food
applications thereby avoiding the degradation efrio sensitive compounds through overheating (chamgaste,
undesirable reactions, burning) and reducing thdirfg of electrode surface. Other advantages alaegk to
electricity use because energy conversion (eletticheat energy) is close to 100% and the unifiyrof heating



is greatly improved. This technology gives a shiogrmal inertia and fast, simple and precise rdigulas possible.
Heat transfer is formulated through electric arefitinal parameters.

Fouling stands as a complex and misunderstood phems. Continuous or batch processes are carrieith dodd
industry and fouling occurs in the equipment withaeye widespread of kinetics (from minutes up éarg) and
propensity (from micrometers up to centimetres)e thntrol and understanding of fouling phenomeraf svident
industrial interest: reduction of process perforoem energetic consumption and water managementitdfiog
fouling during ohmic heating and the consequerdriley processes can provide useful informatiorofmrational
decision-makers in dairy products plants. Foulisgusually not visible from outside the industriabgessing
equipment, and thus can only be ascertained freneffiects, such as by measuring heat transfers, (B895;
Lalande etal., 1989) or pressure drops (Burton, 1968; Delpla®95 which in the case of small, local deposits
may not be significant enough to allow an operatiatecision to be made. Other sophisticated methasle been
developed to monitor fouling such as silicon sesg8tenberg eal, 1988), micro-strip monitoring technique (Root
and Kaufman, 1992), photo-thermal deflection metffegfimori etal., 1987), optical techniques (Withers, 1996),
ultrasonic method (Withers, 1996, Pereira et &06) or flux-meters (Davies et., 1997). Unfortunately, most of
them (i) require important instrumentation; (iileanot always adapted to non-transparent equipnfi@htare not
compatible with an industrial environment sinceythee often restricted to laboratory use and (fe)reot adapted to
cleaning requirements encountered in the food itngd3anknecht and Melo, 2003).

In present work, a new continuous ohmic heatingaegtpis, by using fluid jet is investigated. Thealeped design
is based on the elimination of hot surfaces by fiyodj the product-wall interface. It consists inpapng an

alternative electrical current directly in the ifiaf) jet between two stainless steel electrodes if@hr2008).

Conventional fouling measurements (pressure dregt ttansfer or electrical parameters) could naidesl in such
heater. Our study focussed on heat treatment ofelnaairy product and fouling monitoring wit an inaive

fouling sensor.

2. MATERIALS AND METHODS
2.1 Ohmic heating cell by fluid jet.

This new continuous ohmic heating apparatus (Emmpie®, Piacenza, Italy) includes three modules: dreat
assembly, power supply and control panel. Heatmsists of the application of an alternative eleatrcurrent
directly to the falling jet between two stainlesses electrodes.

The cell design is based on the elimination of pheduct-wall interface in the heating zone. Thenfldomain
consists of a cylindrical glass tub&£0.145m, length=0,155m, tickness=0.005m) connettethe electrodes;
which are tightly held in position using rubberg@and four iron bars with nuts and bolts. In tiesting zone the
essential temperature rise occurs because thentdeasity in the holding zone is negligible congehto that in the
fluid jet. The inlet, a round jet of small crosszten through which liquid leaves from the nozife(f1=0.013m), is
connected to the phase. The outlet, a conical tackep(h=0,045m,a=45°) through which the liquid is taken out, is
connected to the mass. The electric power waseppking a 50 kW generator. This power supply deivipolar
potential pulses. Electrolysis is prevented by tise of high frequency alternating voltage (up t&k25 with
switching voltage up to 3500V). The delivered tensivas measured by a high voltage probe with laegeiwidth
to ensure that transients and fast signals edgédevicaptured (Tektronix P6015A, 75MHz, attenuattDO0X,
Oregon, USA). The current was measured using &cuprobe (Pearson, 20MHz, California, USA) witkeafied
rise time which ensures the intact seizure of thesients and the faces of signals of fast rise.flead level
detection inside the ohmic heater, two load cellsemused. The length of the jet is controlled araintained
constant by working two air valves that depressuadizpressurizing the ohmic cell (Ghnimiagt 2008).

All the experimental parameters were recorded &etgue on a data logger (PCMCIA type Il) connecteda
computer (Eurotherm Chessel 4180M type, West SusHex

2.2 Experimental set-up and operating conditions.

The pilot-plant test rig used in fouling experimeig shown in Figure 1. It consisted of three pditsa preheating
zone with a conventional PHE, (ii) a heating zori#n whe ohmic heating cell and (iii) a cooling zomith a tubular



heat exchanger. In addition, a storage tank’2anconstant level tank and a volumetric feed pgR({M Moineau,
Vanves, France) were necessary to perform the iexpets. A manual counter-pressure valve at thetatiet
allowed the pressure in the pilot-plant to be naiimed at 2bar. The flow-rate was measured using an
electromagnetic flowmeter (Khrone, type IFM 10807¥dh a precision of 1% of the full range. Temparat were
measured by means of platinum resistance probes¢&lite, type: Pt 100) placed at the inlet andebwf each
zone. The precision of temperature measurement3@asC for the platinum resistance probes and @D f8r the
thermocouples. Relative pressure was measuredwétiometers (JUMO, type 4AP30, Fulda, Germany)eirlet

and outlet of each zone with a precision of 0.1%

An aqueous solution of native whey proteins (it Armor proteins, France) with chloride sodium @@.8/t/wt)

in water, were formulated to study deposit thiclnegolution in fouled ohmic cell. The compositiohtiee whey
protein powder was essentiaflylactoglobulin (more than 65%w/w-lactalbumin (less than 10%w/w), fat (less
than 5% w/w) and lactose (less than 10%w/w). Thdehtiuid obtained at a constant pH value and \as kept in

a storage tank for approximately 12 h at 4°C ireoftd prevent bacterial proliferation. As reportgdDelplace et
al. (1994), the use of such a model fluid enablesodiyible fouling experiments. During experimetite flowrate
was fixed at 206L/h and the inlet and outlet terapees of the ohmic heater were fixed respectie¢lg2°C and

91°C.
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Fig. 1. Scheme of experimental set-up — Tempergro®e of fluid. .
2.3Fouling sensor.

During the last two decades, the hot wire techniljag been scrutinized and validated as an accoretieod of

controlling milk coagulation or gelation of macrolacular food constituents and several scientificksdiave been
published on this subject. However investigatioagehbeen limited to static fluids (batch procesgjar isothermal
conditions. In the same way, no direct measureraktite wall temperature at the fluid-product intexé has been
carried out. In the present work, a thermal serisased on the hot wire sensor associated withfheatbulk and

wall temperature measurements (Fillaudeaal.e2005), was investigated in order to monitor fiogiiphenomena in
a continuous ohmic heating system. The thermalosenas made of two platinum probes (Heraeus, ptdBe
02327, class B, L=25mm]=3mm) and one thermocouple (Thermo-electric, typeek MTS-56025-2500-1500,
@=250um). One platinum probe acted as a sheatbiedife sensor. A platinum wire with ceramic andirsess

steel sheathes ensured the electric insulationdsetwhe stainless and the platinum hot wire. Teentbcouple was



stuck half way along the platinum probe and meaktne wall temperature at the sensor — productemosit
interface. The second platinum probe measureduhetemperature. The hot wire was connected toectcurrent
generator (0-50mA). The electric current (1), poEn(U), bulk temperature ¢J and wall temperature ) were

recorded and the heat power (P, 0-250mW) and thxe(d, 0-2kW/m?2) calculated (Fillaudeau, 2006a). An ev@wv

of the heat transfer in the probe and the prodeadd to a calculation of the evolution of the dégbgckness in the
ohmic cell as follows:

4

Fig. 2. Principle of fouling sensor.
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Each sensor signal (I, U, TT,) was converted using a specific conversion caté falog Device, module 6B)
and recorded on a computer (PC type 386) with fipeacquisition software. After calibration and wur
experimental conditions, the expected precisiorevier temperature;0.5°C, electric current0.1% and potential,
+0.1% respectively.

3. RESULTS AND DISCUSSION

Fouling experiments were performed under specifigerating conditions. Typical fouling conditionsgahown in
Fig. 3 and hydrodynamic, thermal and electric J@ds are reported in Table 1. Ohmic heating presseteral
advantages, but for efficient implementation in fined industry, different factors such as foulingensity have to
be considered and accurately quantified. Howevemio heating within a fluid jet makes fouling meemment at
electrodes surface almost impossible. Experimeatsathstrate that pressure drop measurements anesistamt.
Heat dissipation coefficient, Rb (Fillaudeau etal., 2006b) based on electrical and thermal power il
significant for ohmic heater with large electrodeaabut is inaccurate in cell system.

Table 1 hydrodynamic, thermal and electric varialiethe ohmic heating cell

Hydrodynamic variables Pressure drop in the ohmic cell, (mbar) 5.70 £0.15
Flowrate, (I.H) 206 +3
Thermal variables Inlet Temperature, (°C) 62 +0.4°C
Outlet Temperature, (°C) 91 +0.4°C
Electric variables Tension, (V) 3500 £10
Intensity, (A) 2.15 +0.02

Fig. 4 presents the calculated thickness of protieiposit generated by model dairy product. Initialue (with
water) is close to zero in agreement with measunémecision. Fouling mechanism started instantlyhie ohmic
cell and holding tube without induction period ippmsition with conventional heat exchangers (Degplal995).
The thickness evolved linearly up to 2.2mm withih@urs. However, such deposit thickness remainigilglg in
cell system and can not significantly modify hydi@uelectrical and thermal performances of celpaatus. A



visual observation of ohmic heater showed thatethesis substantial fouling at mass electrode surfdoeprotein
deposit was observed on phase electrode. This wasdattributed to (i) comparatively higher tempera (91°C) at
mass electrode and (ii) strongly different flow tpat between inlet (nozzle) and outlet (conicalepacle).

Thereby, fouling and cleaning during ohmic heatiriglairy products, even with jet cell, should beleated and
on-line monitored with an adapted method.
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Fig. 3. Evolution of inlet/outlet temperatures dluivrate in the ohmic heating cell versus time ctiies present the
thermal sensor under clean and fouled conditions.
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Fig. 4. On-line fouling and cleaning monitoring hgt wire method at the outlet of the continuous ihineater.

Although the online monitoring of fouling kinetitlsrough global or local measurement is essentidhiry process
industry; the cleaning procedure and thereforeetimination of the deposit formed is just as impatt Cleaning in
Place (CIP), costly in terms of both money and tifwater and chemical consumption, production sergrgy
consumption, etc.), should remove foreign substarftem equipment surfaces so that they are phygical
chemically and biologically cleaned. However, tHeaaing mechanisms are poorly understood, modeited
controlled. Fig. 4 illustrates the monitoring oéahing step (water rinsing and alkaline solutioBGHC) through a
local measurement (fouling sensor). The calcul#tézkness of fouling is plotted versus time. A ghdecrease of



thickness is noticeable which demonstrated a higétics of deposit removal. In our investigatedditian, a single
chemical cleaning using 2%wt/wt caustic solutiormswufficient to completely remove macro-fouling.

4. CONCLUSIONS

The development of alternative (thermal or nonitred) technologies to pasteurise or sterilise ligiadd in a
continuous process is of great scientific and itrialsnterest. Although direct Joule effect tectogy appears both
simple and advantageous, several difficulties aeoentered in its application. In fact, if a temrgtere gradient
between bulk and electrode surface or if deposilexttrode surface takes place, electrode temperatarts rising.
The Joule effect inside the deposit causes oveigafithe wall that makes fouling spiral out of toh because the
fouling mechanism undergoes a "snowball effect"e Tbuling build-up causes an increase in the etegwer
required due to the fact that the deposit on addetisurfaces acts as an additional electricaltegsis. In this study,
a fouling sensor based on the hot wire technigue wadidated as an accurate method of on-line mongdouling
and cleaning phenomena during continuous ohmicirtgediy using fluid jet. In addition, this experinieh
investigation highlights the potential applicatiof this innovated ohmic heating technology for gaaroduct
stabilisation. Further studies must be initiatée lanalysis of the kinetics of protein deposit fatimn according to
operating conditions such as inlet temperaturdéoov fegime in the ohmic cell.
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