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Summary
Direct ohmic heating (Joule’s heating) is a quite old technology to warm up the food using an electric energy where electric current is passed through a material which gets heated by virtue of its electrical resistance. Unequivocal advantages over conventional indirect heating methods are speed and uniformity of heating. These properties can be used to improve microbiological safety of food or warming up the food without defection of nutritive values.  The other advantage is an easy control of the heating process. On the other side, direct ohmic heating has some problems, for example deposits creation on electrodes (fouling), which prevent wider applications of this technology in food industry. In the case that the fouling will be mitigated, the technology of the direct ohmic heating will find application in the dairy industry to realize an UHT processes, catering and others.
The research of fouling during ohmic heating of food concentrates upon the principle question: what are differences between the fouling in the classical convective and the direct ohmic heating? The other opened questions concern: effects of material properties of electrodes, shape of electrodes, surface properties of electrodes and the effect of power frequency on the process of the ohmic heating of food, corrosion of electrodes, deposit creation on electrodes and on the properties of food like a contamination with metals from electrodes and sensorial properties of heated food.
Presented experiments with the direct ohmic heating of milk identified effects of temperature of the flowing milk, flow rate, current density and material of the electrode (electrodes were made from stainless steel, stainless steel with TiN coating and graphite). It turned out that the deposit creation on electrodes is pertinent to the problem of the electrodes corrosion. Effect of the corrosion of electrodes can be eliminated using higher frequencies (about 10 kHz) from a pulsed power supply. For this purpose a new pulsed power supply for an ohmic heater was developed.
Introduction
General target of the heat processes like pasteurization or sterilization is to protect the food against microbiological changes (high temperature exposition is needed) and on the other side not to endanger quality of the food products too much. High temperature heating with very short temperature exposition is demanded. These conditions can be realized using UHT sterilization method. Classic convective methods to heat the process fluids by using plate heat exchangers are still most popular in food industry. 
Direct ohmic heating (and similar microwave heating or inductive heating) is one of the modern method to realize UHT sterilization process. Advantages over conventional indirect heating methods are speed and uniformity of heating and also an easy control of the heating process. On the other side, direct ohmic heating has problems with fouling and corrosion. 
Technology of the ohmic heating is not new and has been used for over 100 years - JONES, (1897). During 20th century was used regularly but was abandoned due to faradaic and corrosion effects. At the end of the 20th century this technology was rediscovered and has been a subject of many research studies – STIRLING (1987); SKUDDER, BISS (1987); ZHANG, FRYER (1993); ZAREIFARD et al. (2003); ICIER, ILICALI (2005). Research of this technology covers a wide range of applications including thermal processing of solid foods, liquid foods, solid-liquid food mixtures, meats, vegetables.
SAMARANAYAKE, SASTRY (2005), AMATORE et al. (1998), SAMARANAYAKE, SASTRY, ZHANG (2005) focused on faradaic processes during ohmic heating. Fouling creation of milk was studied by AYADI et al. (2004).
But all the time there are opened questions: what is the effect of material properties and shape of electrodes, surface properties of electrodes and the effect of power frequency on the process of the heating of food, fouling creation on electrodes and corrosion of electrodes.
Experimental setup and procedure
A continuous ohmic heater with rectangular cross-section was used for the fouling experiments. Two sides of the rectangular channel acted as electrodes. Electrodes were made of stainless steel, stainless steel with TiN coating and graphite (POCO EDM-1, Poco Graphite inc. USA). Ohmic heater (and electrodes) was 220 mm long; 30 mm wide, the distance between electrodes was constant 10 mm. Surface of electrodes was electrically insulated except a small rectangular area in the center of the heater. Area of the active surface was quite small (0.0012 m2) and thus a high current density (about 2500 A/m2) could be achieved using a small laboratory power source. 
A skim milk was used as the process solution. The solution (5 liters of milk) was kept in a tempered tank and was pumped to the ohmic heater. Flowrate of the process fluid was adjustable using a gate valve. After heating, milk flows through a flow-meter back to the tempered tank. Figure 1 shows schematic of the experimental setup, figure 2 shows photo of the ohmic heater.
To record the experimental data a computer controlled data acquisition system was used. The inlet and outlet temperature, temperature of the electrodes and the temperature of the solution in tempered tank were measured using Pt100 sensors. The electric current, voltage and power were measured using electronic wattmeter (ZES Electronic LMG 95).
The evolution of the fouling was monitored by observing decrease of the electric current passing through the ohmic heater that is caused by the formation of fouling deposits on the electrode surfaces.
The experiments were carried out with three types of electrodes (stainless steel electrodes, stainless steel electrodes with TiN coating and graphite electrodes), three different flowrates of the process fluid and three different current densities. A constant electric current (3 A, 50 Hz) was set at the beginning of all experiments. Duration of experiment was limited by the decrease of electric current below 0.8 A, when a smell of the burned milk appeared and the surface of the fouling layer got brown (maximal duration of the experiments was set to 10800 s).
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Fig. 1 – Experimental setup
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Fig. 2 – Ohmic heater 
Results of the experiments
A typical time course of the power during ohmic heating can be seen in Fig.3. The first part of the course shows approximately constant power (latent phase or lag-phase) while in the second part the power was strongly falling down (falling phase, it means a growing phase of fouling). The latent as well as the falling phase are affected by operational parameters like flowrate or inlet temperature and by material of the electrodes.
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Fig. 3 – Results of the experiments
Experiments confirmed relatively strong effect of electrode material and significant effect of the current density. The fastest drop of power was recorded with electrodes made of stainless steel material especially by the using high values of the current density. While the stainless steel represents the worst case, the best results were achieved using graphite electrodes.
These results show that during ohmic heating of milk electrochemical effects and corrosion of the electrodes are of the same importance as the denaturation of the whey proteins.
Theory of mechanism of the fouling creation during ohmic heating of milk
Although the mechanism and reactions between all milk components are not yet fully understood, a relationship has been described between the denaturation of native   lactoglobuline and fouling of heat exchangers DEJONG (1996), TOYODA et al. (1994). The rate of the denaturation and agglomeration of proteins depend upon temperature and composition of milk and can be described by following equations – TOYODA et al. (1994): 
	Native β-lg (N) ( Denaturated β-lg (D)

  2D ( A (agglomerates forming)
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These equations could be valid also at direct ohmic heating, however they alone are not able to explain observed fouling rates and relationship between the lag phase, electric current density, frequency, and properties of the electrode surface.
Several hypotheses specific for the direct ohmic heating can be discussed:
Singularities of the electric field
Roughness of electrode surface – sharp edges form singularities of electric field, with the possible risk of local overheating. Thus a microlayer of deposits can be formed by thermal denaturation of proteins according to the previous Eqs. (1-3). As soon as this layer exceeds a critical thickness (and a critical electrical resistance) the lag phase ends and the much faster growing phase begins promoted by the additional heat source from this serially connected additional resistor. It seems that this hypothesis is not correct; because our experiments performed with polished and rough stainless steel electrodes do not exhibit too different results.
Corrosion and mass transport from electrodes to the process solution
Electrochemical reactions in the system electrode and electrolyte (redox reactions and electrochemical corrosion processes) start immediately after the power supply is connected. A primary micro layer can be formed on electrodes owing to oxidation or reduction reactions at relatively high values of the current density. This layer forms a part of electric circuit as an additional electric resistance. Because the relative electric resistance value of the primary micro layer is quite high, more electric energy is dissipated into heat in this layer, thus promoting biochemical changes in whey proteins.
Reactions of the stainless steel material corrosion in the ohmic heater were summarized by ASSIRY et al. (2006)
1. Electrolytic decomposition of water:

Cathode (C)
:
2H+ (aq) + 2e- ( H2 (g)




(5)

Anode
 (A)
:
2H2O (l) ( O2 (g) + 4H+(aq) + 4e-



(6)

Globally
:

2H2O (l) ( 2H2 (g) + O2 (g)



(7)
2. Corrosion of stainless steel electrodes:

Cathode (C)
:
2H+ (aq) + 2e- ( H2 (g)




(8)

Anode
 (A)
:
Fe (s) ( Fe2+ (aq) + 2e-




(9)




Cr (s) ( Cr3+ (aq) + 3e-




(10)




Ni (s) ( Ni2+ (aq) + 2e-




(11)




Mo(s) ( Mo3+ (aq) + 3e-




(12)
Metal which is migrating into the medium can be oxidized and can start new secondary reactions. For example Fe2+ or Fe3+ can be responsible like catalyzers.
This hypothesis corresponds with experiments quite well. It explains relatively strong effect of material from whom are the electrodes made and the significant effect of the current density.
In the figure 4 photographs of the electrodes from stainless steel (A), coated stainless steel (B) and graphite (C) can be seen.
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	A
Stainless steel electrode
	B
TiN coated stainless steel el.
	C
Graphite electrode


Fig. 4 – Electrodes after fouling test
The corrosion effects can be suppressed either by using noble material like gold or platinum for electrodes or by using increased frequency above the 50 Hz. The positive effect of higher frequencies was known for a long time SAMARANAYAKE - SASTRY (2005), however only nowadays has been studied in details, first of all the effect of the shape of pulses, see SAMARANAYAKE – SASTRY – ZHANG (2005). For this purpose a new power supply based on full bridge of the power MOSFETs, which are driven by full bridge power MOSFETs controller was developed. This design enables not only to adjust the feeding frequency but also an optimal delay between pulses that is necessary for discharge of an electric double-layer at the electrode surface.
Model of the ohmic heater to describe the processes in the fouling layer
While the fouling layer plays only a passive role of a thermal resistance at the classic convective heating, it turns to be an additional volumetric heat source at the direct ohmic heating. It means that by current passing through the fouling layer, the heat can be generated. The fouling layer has an electrical conductivity whose value is lower than liquid (about 0.007 – 0.03 S.m-1 – this value was deduced from experiments), and therefore an overheating can be expected.
Purpose of the following model is to quantify the overheating effect, affected first of all by the thickness of fouling layer, but also by the convective heat transfer in liquid flowing nearby the layer. Our model is quite simple and relies upon partial differential equations for steady state electric potential U, temperature T and velocity of liquid u. Velocity field can be described by using Navier-Stoke’s equations (13), temperature field by using Fourier-Kirchhoff’s equation (14-liquid, 15-fouling layer) and electric field by Laplace’s equation (16-liquid,17-fouling layer):
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The system of equations was solved numerically in 2D by the small FEM solver FEMINA, for the following parameters of a wide rectangular heating channel shown in Fig.2:
Width of channel (distance of planar electrodes) = 10 mm
Channel length (distance from inlet, where a uniform temperature T = 70 °C is assumed) = 40 mm
Thickness of electrode = 1.5 mm (material stainless steel, (=15 W.m-1.K-1)
Flowrate of liquid (milk) = 36 ml/s 
Specific electric conductivity of milk (=1.05 S/m
Specific electric conductivity of fouling layer (f =0.015 S/m
Thermal conductivity of milk (= 0.547 W.m-1.K-1
Thermal conductivity of fouling layer: same as milk
Density of milk ( = 1036 kg.m-3
Specific heat capacity of milk cp = 3.96 kJ.kg-1.K-1
Thickness of the fouling layer was adjusted to 0 mm, 0.1 mm, 0.5mm, 0.7mm and 1 mm. For simulation a constant values of the inlet temperature and fixed voltage between electrodes (in reality voltage during experiments increase about 12 %) were set.
Temperatures profiles for thickness of the fouling layer 0 mm and 0.5 mm are shown in figure 5 and 6. The horizontal lines 
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Fig. 5 – temperature profile for non fouling situation 
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Fig. 6 – temp. profile for thickness of the fouling layer 0,5 mm


The results and a relative importance of overheating can be expressed in terms of dimensionless parameters, see Fig.7. The ratio between thickness of the fouling layer and height of the channel (distance between electrodes) on x axis and a criterion establishing ratio of temperatures at heating with and without fouling layer (19,20) on the y axis. Graphic visualization is shown below.
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Fig. 7 – Generalized graphic visualization of the mathematical simulation
It can be seen that the fouling layer can be really overheated during ohmic heating. This overheating is the most significant for lower values of the thickness of the fouling layer.
The results of the simulation shows that the overheating in the fouling layer can really constitute starting mechanism of the active fouling. 
Conclusions
Results of the experiments show strong effect of electrode material and significant effect of the current density. The fastest drop of power was recorded with electrodes made of stainless steel material especially by the using high values of the current density.
Numerical simulation showed that even a relative thin layer of deposits can be overheated, and could accelerate changes in whey proteins leading to the final growing phase of fouling.
Suggested working hypothesis can be summarized as follows: During the lag-phase the corrosion of electrodes due to faradaic processes takes place, resulting in an initial microlayer of deposits. This layer presents inner volumetric source of heat. The microlayer is overheated owing to the electric current passing through. This cause gets started denaturation of the whey proteins in milk and formation of aggregates, sticking at electrodes. It makes itself power falling down.
To check this hypothesis of the fouling creation a new power supply with variable frequencies will be used. Future work will be devoted to study of power frequency effect on faradaic processes and fouling forming by direct ohmic heating of foods.
Nomenclature
	cp
	Specific heat capacity of milk
	[J.kg-1.K-1]

	CN,D,A
	Concentration - native, denaturated, aggregated proteins
	[kg.m-3]

	h
	Thickness of the fouling layer
	[m]

	H
	Distance between electrodes (height of the channel)
	[m]

	k
	Rate constant for protein reactions 
	

	S
	Area
	[m2]

	t
	Time 
	[s]

	T
	Temperature
	[K]; [°C]

	u
	Velocity of the fluid
	[m.s-1]

	U
	Voltage
	[V]

	ε
	Criterion establishing ratio of temperatures at heating with and without fouling layer
	[-]

	η
	The ratio between thickness of the fouling layer and height of the channel
	[-]

	κ
	Specific electric conductivity of milk
	[S.m-1]

	κf
	Specific electric conductivity of the fouling layer
	[S.m-1]

	λ
	Thermal conductivity of milk
	[W.m-1.K-1]

	λf
	Thermal conductivity of the fouling layer
	[W.m-1.K-1]

	ρ
	Density of milk
	[kg.m-3]
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