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ABSTRACT

The development of alternative technologies such as
the direct Joule effect to pasteurize and sterilize food
products is of great scientific and industrial interest.
Our objective was 1) to gain insight into the ability to
ensure ultra-high-temperature treatment of milk and
2) to investigate the links among thermal, hydraulic,
and electrical phenomena in relation to fouling in a
direct Joule effect heater. The ohmic heater [OH;
E→⊥v→(where E is the electrical field and v is the velocity);
P (power) = 15 kW] was composed of 5 flat rectangular
cells [e (space between the plate and electrode) = 15
mm, w (wall) = 76 mm, and L (length of the plate in
plate heat exchanger or electrode) = 246 mm]—3 active
cells to ensure heating and 2 (at the extremities) for
electrical insulation and the recovery of leakage cur-
rents. In the first step, the thermal performance of the
OH was investigated vs. the flow regimen [50 < Re
(Reynolds number) < 5,000], supplied power (0 < P <
15 kW), and electrical conductivity of fluids (0.1 < σ20°C
< 2 S/m) under clean conditions with model fluids. This
protocol enabled a global thermal approach (thermal
and electrical balance, modeling of the temperature pro-
file of a fluid) and local analysis of the wall temperature
of the electrode. An empirical correlation was estab-
lished to estimate the temperature gradient, Tw − Tb
(where Tw is the wall temperature and Tb is the product
temperature) under clean conditions (without fouling)
and was used to define operating conditions for pure-
volume and direct-resistance heating. In the second
step, the ability of OH to ensure the ultra-high-temper-
ature treatment of whole milk was investigated and
compared with a plate heat exchanger. Special care
was taken to investigate the heat transfer phenomena
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occurring over a range of temperatures from 105 to
138°C. This temperature range corresponds to the part
of the process made critical by protein and mineral
fouling. The objectives were 1) to demonstrate the abil-
ity of an OH to ensure heat treatment of milk, 2) to
study the thermal and hydraulic performance with an
increasing power and temperature difference between
the inlet and outlet of the OH, 3) to define and validate
a criterion to follow heat dissipation efficiency, and 4)
to compare the fouling propensity with the different
configurations. A heat dissipation coefficient, RhCO, was
defined and validated to monitor the fouling propensity
through global electrical and thermal parameters. Fi-
nally, a numerical simulation was developed to analyze
heat profiles (wall, deposit, bulk). Because of an increas-
ing Joule effect in the static deposit, the simulation
showed how wall overheating would definitively cause
fouling to spiral out of control.
Key words: ohmic heating, wall overheating, fouling,
whole milk

INTRODUCTION

Heat treatment remains the oldest and the most fre-
quently used preservation process in the food industry
(heating, pasteurization, sterilization, cooking, and
cooling). To perform these operations, heat exchangers
are still fundamental pieces of equipment throughout
the food processing industry. In spite of great improve-
ments in conventional technologies over the last few
decades, the heat treatment of dairy products remains
a complex operation. First, fouling occurs during heat
treatment and reduces the performance as well as the
duration of the production cycle. Second, industrial and
legal requirements in terms of sterilization level involve
higher temperatures to eliminate all heat-resistant
germs. In this context, any new technologies used to
pasteurize or sterilize food by thermal treatment [geo-
metrical modification, Joule effect heating, ohmic heat-
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ing (OH)] in a continuous process or by nonthermal
treatment (crossflow filtration, high-pressure process,
high-intensity light emission, radiation, cell lysis) are
of great scientific and industrial interest.

Ohmic heating is based on a simple mechanism—the
generation of heat directly inside the product by the
Joule effect. It consists of causing an electrical current
to flow directly through the medium to be treated, flow-
ing between a pair of electrodes. This technique can
be applied to liquids containing free ions, which are
therefore electrical conductors. Constant movement of
electrical charges creates heat in the product according
to Joule’s law. Heat generation is a direct function of
geometry, the electrical conductivity of a given product,
and voltage (Aussudre et al., 1998; Ould-El-Moctar,
1992). Ohmic heating is defined as pure-volume and
direct-resistance heating, as opposed to heating by con-
vection from the hot surface of a heat exchanger. Conse-
quently, the heat transfer coefficient between the hot
wall and the fluid is assumed to be irrelevant because
there is theoretically no hot wall. From a fundamental
point of view, direct-resistance heating of liquids is a
complex physical problem in which strong interactions
between heat transfer, hydrodynamics, and electrical
phenomena can be observed (De Alwis and Fryer, 1990;
Ould-El-Moctar et al., 1993). The nonexistence of a hot
wall should constitute a major advantage for food appli-
cations, thereby avoiding degradation of heat-sensitive
compounds (causing changes in taste, undesirable reac-
tions, or burning) and reducing the fouling of electrode
surfaces (Fillaudeau et al., 2001; Ayadi, 2005). Other
advantages are related to the use of electricity because
energy conversion (electrical into heat energy) is close to
100% and the uniformity of heating is greatly improved.
This technology involves a short thermal inertia and
fast, simple, and precise regulation is possible. Heat
transfer is a function of the electrical and thermal pa-
rameters.

Ohmic heating is a technology that appeared in the
19th century when electrical energy was used for heat-
ing materials with a capacity to flow (Bhat and Joshi,
1998). A limited number of scientific articles dealing
with the OH of milk have been published, mainly at
the beginning of the last century (Anderson and Fin-
kelstein, 1919; Getchell, 1935; Prescott, 1927). Unfortu-
nately, this technology did not succeed because of the
lack of suitable electrode materials and accurate, auto-
matic electrical controls. During the past 10 yr, new and
improved materials and designs for OH have become
available (Aussudre et al., 1998; Berthou and Aussudre,
2000). However, the main scientific works and indus-
trial practices are dedicated to the sterilization of low-
acid food products containing particles in continuous
(Biss et al., 1989; Yang et al., 1997; Eliot-Godereaux
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et al., 2001) and discontinuous processes (Sastry and
Palaniappan, 1992; Zareifard et al., 2003). More re-
cently, some scientific works have investigated the OH
of homogeneous liquids in continuous processes (Ould-
El-Moctar, 1992; El-Hajal, 1997; Fillaudeau, 2004; Ay-
adi, 2005) but have rarely investigated the heat treat-
ment (pasteurization, sterilization) of real products
(Fillaudeau et al., 2001).

The present work aims to understand the interac-
tions occurring among hydraulic, thermal, and electri-
cal phenomena in relation to fouling in a continuous
ohmic apparatus [3 rectangular cells, e = 15 mm, w =
76 mm, and L = 246 mm, where e is the space between
the plate or electrode, w is the wall, and L is the length
of the plate in a plate heat exchanger (PHE) or elec-
trode; E→⊥v→, where E is the electrical field and v is the
velocity] and to gain insight into the ability to ensure
the UHT treatment of whole milk. In the first step,
overheating of the electrode surface was investigated
with 2 model fluids under clean conditions (without
fouling) to analyze and model the temperature gradient
between the wall (electrode) and fluid vs. the operating
conditions. In the second step, the impact of fouling on
thermal and electrical parameters was studied during
the sterilization of whole milk. Deposition was com-
pared, as observed with a PHE. A heat dissipation coef-
ficient, RhCO, based on global electrical and thermal
parameters, was defined and validated to monitor foul-
ing. Finally, a numerical simulation was developed to
analyze thermal profiles (wall, deposit, fluid) along the
ohmic heater. Because of an increasing Joule effect in
the static deposit, wall overheating can cause fouling
to spiral out of control.

MATERIALS AND METHODS

Experimental Setup

The experimental setup consisted of 3 different sec-
tions: 1) a preheating zone (heater I), 2) a heating zone
with a PHE or ohmic heater (heater II), and 3) a cooling
zone. It included the following elements in series: 2
storage tanks (2.5 m3), a constant level tank, a volumet-
ric feed pump (type K320SD; Inoxpa, Banyoles, Spain;
Qmax = 800 L/h, where Q is the volume flow rate), a
preheater (heater I), a heater (heater II), a tubular
heat exchanger as cooler, and a manual valve at the
installation outlet.

The ohmic heater was composed of 5 rectangular cells
in series (e = 15 mm, w = 76 mm, and L = 246 mm): 3
cells (1, 2, and 3) that ensured heating and 2 (at the
extremities) for electrical insulation and the recovery of
leakage currents (Fillaudeau et al., 2004; Ayadi, 2005).
Electrodes and gaskets were placed between cells to
maintain waterproofing and to enable the flow of the
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product, and 180° junctions ensured a hydraulic connec-
tion between cells. The geometry of the ohmic cells im-
posed an electrical field perpendicular to the flow pat-
tern, E→⊥v→. Temperature regulation at the ohmic heater
outlet was carried out by controlling the electrical
power (15-kW generator, 3-phase system, triangular
connection). The power was controlled by a phase angle
(voltage and current regulation, AC current, 50 Hz)
up to the maximum acceptable voltage and intensity
(Umax = 100 V, Imax = 170 A, where U is the electrical
potential and I is the current). Electrolytic reactions
may occur at the electrode–solution interface if continu-
ous or alternating currents flow through an electrolyte.
Electrolytic reactions can be prevented if the potential
drop at the electrode–solution interface can be kept
below the critical electrode potential, which depends on
the physical and chemical properties of the electrode,
pH values, current frequency, and density (Amatore
et al., 1998; Sastry, 2003; Samaranayake and Sastry,
2005). In our working conditions, electrolysis is unlikely
because of the current frequency (50 Hz) and density
(<5,000 A/m2) used with a specific electrode material
named a dimension-stable anode. Dimension-stable
anode electrodes have been patented (Berthou et al.,
1998) and are made out of titanium with a layer of
noble metal oxides (Ru, Ir, Ta, etc.).

With fouling fluids (whole milk), experiments were
carried out on 2 experimental setups (Fillaudeau et al.,
2001). The first experimental device, used for configu-
ration 1, consisted of a PHE only (V7 type; Vicarb
France, Fontanil-Cornillon, France) equipped with
straight corrugation plates (corrugations perpendicular
to the main flow direction). The second experimental
pilot plant (Experiments 2 to 5) consisted of an associa-
tion between a PHE (V2 type; Vicarb France) equipped
with a 60° corrugation angle and an ohmic heater. The
design of the pilot plant enabled heat treatment to be
carried out with a high degree of autonomy (electrical
power control, temperature regulation, and fluid flow).
In the PHE, a countercurrent fluid flow was created,
and the nitril gaskets allowed operating conditions of
up to 1 MPa and 140°C. In configurations 2 to 5, heat
power was entirely supplied by the ohmic heater.

Measurement of Process Parameters

Specific instrumentation enabled the measurement
of flow rate, temperature, electrical conductivity, volt-
age, intensity, differential pressure, and relative pres-
sure. All flow rates were measured using an electromag-
netic flow meter (type DN25; Khrone, Duisberg, Ger-
many) accurate to within 1% of the full range.
Temperatures were measured by means of platinum
resistance probes (#2327; type Pt 100Ω, precision
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±0.2°C; Sensor-Nite, Kleinostheim, Germany) placed at
the inlet and outlet of each zone. Relative pressure
sensors (manometer, type 4AP30, precision 0.1%;
JUMO, Fulda, Germany) were placed at the inlet and
outlet of the experimental setup, whereas 2 differential
pressure sensors (0 to 25 kPa and 0 to 200 kPa;
Schlumberger, La Defense, France) were used on heat-
ers I and II to monitor the exacerbation of a pressure
drop when fouling occurs. In addition, the electrical
conductivity (conductimeter, type 9111, accurary 0.1%;
Keotron, Lyngby, Denmark) was measured at the inlet
of the loop and at the outlet of the ohmic heater.

Electrode wall temperatures were measured along
the ohmic heater by 12 thermocouples (ThC; sensor,
type J electrically insulated ThC, #J05X, accuracy
±0.5°C, ThC-0 to ThC-12; Corame, C2M, Mont St-Aig-
nan, France) with nonfouling model fluids (Figure 1).
Electrical power was determined from the voltage mea-
sured between the second and third electrodes (voltme-
ter, 0 to 250 V, Sineax U504; Chauvin Arnoux, Paris,
France) and the intensity on phase 2 of the electrical
transformer (ammeter, 0 to 200 A, type AC22; Camille
Bauer, Wohlen, Switzerland). All signals were electri-
cally conditioned (module SCX-1) and collected using a
data acquisition card (AT-MOI-16E-10; Agilent Techno-
logies, Palo Alto, CA). A NI-DAQ (National Instru-
ments-Data Acquisition; National Instruments, Austin,
TX) software driver enabled configuration and control
of the data acquisition system. Measurements were
saved on a PC (Pentium, 200 MHz) with LabVIEW
software (National Instruments).

Properties of Fluids and Operating Conditions

With Nonfouling Fluids (Water, Sucrose Solu-
tion). Model fluids were, respectively, 1) water and 2)
a sucrose solution (50%, wt/wt). Their physical proper-
ties (ρ, C, λ, �, where ρ is the volume mass, C is the
specific heat capacity, λ is the thermal conductivity,
and � is the viscosity) were measured and compared
with the literature (Norrish, 1967; Weast, 1983–1984).
Electrical conductivities (σ) were adjusted by sodium
chloride adjunction (3 conductivities per solution) and
described vs. temperature (Table 1). Electrical conduc-
tivity of the solutions was included within the range of
values of liquid food products (Fillaudeau, 2004).

Thermal performance of the ohmic heater was inves-
tigated vs. the flow regimen (50 < Re < 5,000, where Re
is the Reynolds number), the power supplied (0 < P <
15 kW), and the electrical conductivity of fluids (0.1 <
σ20°C < 2 S/m). This protocol enabled a global thermal
approach (thermal and electrical balance, modeling of
the temperature profile of the fluid) and a local analysis
of the wall temperature of the electrode (Figure 1). The
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Figure 1. Thermocouple (ThC) location at the electrode surface vs. length and height (position = x, y; g = gravity) for experiments with
model fluids (dimensions xmax = 738 mm and ymax = 76 mm; positions x = 186, 306, 432, 552, and 678 mm and y = 25, 37.5, and 50 mm).
Tbe = product inlet temperature (°C); U = electrical potential (V); Q = volume flow rate (m3/s); g = gravity (m/s2).

temperature difference, Tw − Tb (where Tw is the wall
temperature and Tb is the product temperature), under
fouling-free conditions was then described by an empiri-
cal correlation.

With a Fouling Fluid (Whole Milk). The experi-
mental fluid was whole milk (Danone, Bailleul, France).
The thermal dependencies of physical properties (den-
sity, viscosity, thermal conductivity, specific heat capac-
ity, electrical conductivity, and viscosity) were taken
from the literature (Alais, 1975; Bertsch, 1981; El-Ha-
jal, 1997) and are reported in Table 2.

A perfect knowledge of fouling that occurs within
indirect UHT sterilization is essential to improve the
design of this type of apparatus, as well as to compare
it with other heating technologies. In this work, 5 differ-
ent experiments were carried out whose experimental
configurations and conditions are described in Table 3.
Milk was sterilized according to the following steps:

1. Preheating from T0 to T1.
2. Homogenization at a pressure close to 20 MPa.
3. Heating from T1 to T2 in the heat recovery section

(heater I),

Table 1. Electrical conductivities of model fluids1

Fluid Conductivity

Water G1: σ = 1.207 + 0.0216 (T − 20)
G2: σ = 4.277 + 0.0964 (T − 20)
G3: σ = 15.76 + 0.349 (T − 20)

Sucrose solution, 50% (wt/wt) G1: σ = 1.307 + 0.0311 (T − 20) + 0.0004 (T2 − 202)
G2: σ = 4.174 + 0.0945 (T − 20) + 0.0012 (T2 − 202)
G3: σ = 8.096 + 0.1801 (T − 20) + 0.0024 (T2 − 202)

1Electrical conductivity (σ, mS/cm) between 20 and 80°C; T = temperature (°C); G1, G2, and G3 are
reference solutions differing in electrical conductivity.
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4. Heating from T2 to T3 in heater II (a PHE with a
hot water loop under pressure, or an ohmic
heater).

5. Cooling to T4 in the cooling section.

A counterpressure was maintained close to 550 kPa
in heater II (hottest point of the process) to prevent any
boiling. Configuration 1 was carried out on a conven-
tional PHE (V7 type; Vicarb France) and was used as
a reference to analyze the deposit distribution (dry
weight) and its chemical composition (lipid, protein,
and mineral contents) vs. the bulb temperature. The
temperature was regulated by increasing the water loop
flow rate to modify the temperature profile. In configu-
rations 2 to 5, heater I remained a PHE but with a
smaller surface area (V2 type; Vicarb France) and space
between the plates (which increased its sensitivity to
fouling), and heater II was replaced by an ohmic heater.
Electrical (2.7 < Pelec < 9.5 kW), thermal (7.3 < T3 − T2
< 44.5°C, and 0.34 < Tw − Tb < 1.91°C), and hydraulic
(7,350 > Re > 3,540) constraints were progressively in-
creased in the ohmic heater to evaluate its behavior
during fouling by a real product (whole milk).
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Table 2. Physical and thermal properties of whole milk vs. temperature1

Property Equation Temperature

Volume mass, kg/m3 ρ = 1035.66 − 0.2737�T − 2.255�10−3�T2 65 < T < 140°C
Viscosity, mPa�s ln(�) = +0.666 − 1.951�10−2�T + 3.92�10−5�T2

+ LM�(−4.37�10−2 + 1.674�10−3�T − 9.53�10−6�T2) 70 < T < 135°C
+ LM2�(9.83�10−3 − 1.739�10−4�T + 9.75�10−7�T2)

Specific heat capacity, J/kg per K C = 3692 + 2.976�T 53 < T < 143°C
Thermal conductivity, W/m per K λ = 0.511 + 2.4881�10−3�T − 1.5551�10−5�T2 20 < T < 130°C
Electrical conductivity, S/m σ = 0.5295 + 0.0119�(T − 25) 20 < T < 140°C

1From Alais (1975), Bertsch (1981), and El-Hajal (1997). ρ = volume mass; T = temperature; � = viscosity;
LM = lipid content; C = specific heat capacity; λ = thermal conductivity; σ = electrical conductivity.

In each case, heaters I and II were studied indepen-
dently. The operating conditions and experimental
measurements are reported in Tables 4 and 5, respec-
tively. For the PHE, the overall heat transfer coeffi-
cient, hg, and pressure drop, DP, were recorded. At the
end of each experiment, the PHE was dismantled and
the dry weight of the deposit was measured when pres-
ent in sufficient quantity. For the ohmic heater, the heat
dissipation coefficient, RhCO, was monitored to compare
the electrical and thermal performance, as was the
pressure drop. In each experiment, an initial starting
period was carried out using water. With the ohmic
heater, the electrical conductivity of water was pre-
viously adjusted by sodium chloride adjunction as close
as possible to that of milk to avoid over- or underheat-
ing. In configurations 4 and 5, the exchange surface of
heater I was increased from 1.32 to 2.4 m2 to reduce
its sensitivity to fouling. In configuration 4, a long run
was carried out, but milk was recycled after 7 h; the
objective was to observe whether the deposit properties
in the ohmic heater evolved with time under constant
thermal and hydraulic conditions. In configuration 5,
the objective was to generate heavy fouling of the ohmic
heater; to do so the flow rate was strongly reduced to
increase the differences of temperature, T3 − T2
(44.5°C), wall overheating, Tw − Tb (+1.9°C under clean

Table 3. Experimental conditions and configurations 1 to 5 during UHT treatment of whole milk1

Configuration

Condition 1 2 3 4 5

Heater I V7 (32/1) V2 (11/3) V2 (11/3) V2 (21/3) V2 (21/3)
Heater II V7 (22/1) OH (5/1) OH (5/1) OH (5/1) OH (5/1)
Q, L/h 510 298 272 273 178
Time, min 560 335 277 710 195
T0, °C 5.0 9.5 7.8 8.0 7.0
T1, °C 72.0 65.5 60.0 81.0 48.9
T2, °C 120 132 116 106 93.7
T3, °C 138 139 137 134 138
T4, °C 87.0 72.0 122 108 96.5

1For heaters I and II: name (number of passes/number of channels per pass). OH = ohmic heater; Q =
volume flow rate; T = temperature.
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conditions), and residence time (28.3 s) and to work
with a high electrical current (133 A).

Numerical Simulation: SPC Version 1.0 Software
and Simulated Conditions

The software SPC version 1.0 (INRA, Paris, France)
simulates the thermal performance of continuous pro-
cesses during the stabilization of complex liquid food
products. The aim of the software is 1) to simulate the
thermal (temperature of the fluid, deposit, and wall)
and hydraulic (pressure drop) performance of heat ex-
changers, 2) to take into account the impact of fouling,
3) to include the qualitative evolution of the product
through chemical or biochemical kinetics, and 4) to com-
pare the efficiency and working conditions of several
technologies: a) cocurrent and b) countercurrent tubu-
lar heat exchangers, c) indirect and d) direct E→⊥v→, and
e) E→//v→Joule effect heaters. The source code used was
based on the theoretical analysis of the different techno-
logies. To analyze the problems, the differential equa-
tions governing heat transfer were established. The
equations governing the conservation of mass, momen-
tum, and energy for an incompressible fluid were pro-
grammed. The differential equations were then solved
numerically by one-dimensional resolution vs. the
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Table 4. Experimental results in heater I (plate heat exchanger)1

Configuration

Result 1 2 3 4 5

T2 − T1, °C 48.0 66.4 55.6 25.4 44.8
RT, s 63.7 19.9 21.8 41.5 63.5
v, m/s 0.25 0.14 0.13 0.13 0.085
Re 4,050 1,500 1,150 1,170 540
Pther, W 28,161 22,816 17,317 7,981 9,043
DP0, Pa ≈260 ≈20 ≈17 ≈30 ≈22
DP/DP0 1→1.7 1→3.7 1→4.6 1→1.2 1→1.3
Rh 1→1.3 1→1.25 1→1.22 1→1.5 1→1.25

1First figure corresponds to the beginning and the second to the end of the experiment. T = temperature;
RT = mean residence time; v = velocity; Re = Reynolds number; Pther = thermal power; DP = pressure drop;
Rh = reduced heat transfer coefficient.

length of the apparatus. A Runge–Kutta method with
constant step was used because it provides a good com-
promise between accuracy and speed for convergence
criteria based on thermal and mass balance.

Simulated conditions were the pasteurization of
whole milk (heating from 50 to 92°C, Q = 200 L/h, RT =
15 to 16 s, where RT is mean residence time) with a
variable deposit at the electrode surface. The ohmic
heater was composed of 3 rectangular cells in series
(e = 15 mm, w = 76 mm, and L = 246 mm), and a
discretization with 100 steps along the length was per-
formed. The SPC version 1.0 software provides local
values of thermal and hydraulic parameters as well as
dimensionless numbers and physical properties of the
fluid. The hypotheses and boundary conditions used to
solve the problem are as follows:

• The geometry of the channel is uniform (L = 246
mm, w = 76 mm, and e = 15 mm) and the 3 active
cells are located in series.

Table 5. Experimental results in heater II (plate heat exchanger and ohmic heater)1

Configuration

Result 1 2 3 4 5

Tw − Tb at t = 0, °C — 0.34 0.96 1.41 1.91
T3 − T2, °C 18.0 7.3 21.6 27.7 44.5
RT, s 43.8 16.9 18.6 18.5 28.3
v, m/s 0.25 0.073 0.066 0.066 0.043
Re 5,930 7,350 6,070 5,690 3,540
U, V — 24.4 36.7 43.7 41.5
I, A — 65.1 112.7 126.7 133.1
Pther, W 10,741 2,538 6,857 8,805 9230
Pelec, W — 2,754 7,178 9,591 9575
EE, % — 92.2 95.5 91.8 96.4
DP0, Pa ≈180 ≈10 ≈10 ≈10 ≈10
DP/DP0 1→1.7 NS NS NS NS
rd + rp, Ω — 0.65→0.65 0.55→0.6 0.6→0.6 0.5→1.3
RhCO — 1→0.96 1→0.99 1→0.93 1→0.72

1First figure corresponds to the beginning and the second to the end of experiment. Tw = wall temperature;
Tb = product temperature; T = temperature; RT = mean residence time; v = velocity; Re = Reynolds number;
U = electrical potential; I = current; Pther = thermal power; Pelec = electrical power; EE = energy efficiency;
DP = pressure drop; rd = deposit electrical resistance; rp = product electrical resistance; RhCO = heat
dissipation coefficient.
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• The thickness of the deposit is assumed to be con-
stant along the electrode surface (0 < ed < 4 mm),

• All physical properties are assumed to depend on
temperature, except the thermal and electrical
conductivities of the deposit (λther = 0.6 W/m/K,
σ20°C = 0015 S/m).

• The fluid is considered to form a homogeneous
mixture with constant and uniform velocities (no
velocity profiles, piston model) along the ap-
paratus.

• The wall of the heater is assumed to be adiabatic.
• At the channel entrance, the temperature and

velocity exhibit a uniform distribution.
• The heat transfer coefficient between the deposit

(subject to the Joule effect) and the fluid is given
by the correlation of Churchill and Ozoë (1973),
as cited in Brienza et al. (1983).

• Tw− Tb is null under fouling-free conditions (ed =
0 mm).
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RESULTS AND DISCUSSION

Study of Wall Temperature Without Fouling

Temperature Profile and Energy Balance. The
thermal performance of the ohmic heater was investi-
gated vs. the flow regimen (50 < Re < 5000), power
supplied (0 < P < 15 kW), and electrical conductivity of
the fluids (0.1 < σ20°C < 2 S/m). This protocol enabled a
global thermal approach (thermal and electrical bal-
ance, modeling of the temperature profile of the fluid)
and a local analysis of the wall temperature of the elec-
trode. For OH, the equation of conservation of energy
(Eq. [1]) was solved under several assumptions to deter-
mine an analytical expression (Eq. [2]) of the tempera-
ture profile (Fillaudeau, 2004):

ρ�C�
dT
dt = ∇ • (λ�∇T) + σ�|∇U|2 + ΦV [1]

Tb(x) =
1
m�

⎡
⎢
⎣
(1 + m�Tbe)�exp

⎛
⎜
⎝

m�σ0�SP�E2

Q�ρ�C �x
⎞
⎟
⎠

− 1
⎤
⎥
⎦

[2]

First, the thermal and electrical balance was estab-
lished with 160 working conditions. The equality be-
tween thermal and electrical powers, (Pelec − Pther/Pther)
< ±5%, showed that the energy conversion was close
to 100%:

Q�ρ�C�dT = [3]

σ0�(1 + m�T)�E2�SP�dx with E = U/e.

Second, the analytical expression of the temperature
profile, Tb, and measurements of the wall temperature,
Tw, (ThC-0 to ThC-12) enabled the comparison and dis-
cussion of temperature profiles (Tb, Tw) vs. the axial
position and the height (Figure 2). The temperature
gradient, Tw − Tb ≈ Tw − Tblin constitutes an important
criterion. The temperature gradient, Tw − Tb, increases
vs. the heat power and decreases with the Reynolds
number. This point is fundamental but requires being
checked and modeled if the heat treatment of the foul-
ing fluid is to be considered. Usually, the thermal pro-
files, Tb(x) and Tw(x), are parallel curves, which indicate
a temperature gradient, Tw − Tb, that is almost constant
along the heater. However, under specific flow and heat
conditions, a strong divergence of temperature profiles,
Tw(x) and Tb(x), was observed, characterized by differ-
ent wall temperatures at the bottom and the top of a
section (Ould El Moctar et al., 1993; El Hajal et al.,
1998). In fact, the thermophysical properties of a liquid
in flow are dependent on temperature, and the tempera-
ture field in turn depends on the residence time. Natu-
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ral convection can occur and generate additional move-
ment to the main flow, and implies a mixed convection
regimen. In the conditions studied here, we considered
that mixed convection occurred if the standard devia-
tion of wall temperatures in the same section (e.g., ThC-
5, ThC-6, and ThC-7) was greater than 5 times the ThC
precision (Beuf et al., 2001).

Analysis of Wall Overheating. The temperature
gradient, Tw − Tb, should remain as shallow as possible
for the successful treatment of fouling liquid food. The
main goal is to reach a temperature difference equal to
or lower than those commonly generated with a PHE
(<+0.5°C, most of the time +0.2 or +0.3°C). Conse-
quently, the quantification and modeling of the temper-
ature gradient appears essential. In Figure 3, the evolu-
tion of the temperature gradient, Tw − Tb, is reported for
all experimental conditions (flow regimen, heat power,
and electrical conductivity), excluding mixed convection
phenomena. An increase in the temperature gradient,
Tw − Tb (maximal value close to +10°C), was observed
when the heat power was increased and the flow regi-
men decreased. For a given flow regimen, the evolution
of Tw − Tb exhibited a linear shape vs. the heat fouling
power. The slope, a = (Tw − Tb)/P (Eq. [4]), was calculated
and an empirical correlation established for 50 < Re <
4,500, 0 < P < 10+4 W, and 0.1 < σ20°C < 2 S/m, which
enabled the temperature gradient, Tw − Tb, to be esti-
mated and pure-volume and direct-resistance heating
(Tw − Tb < 0.5°C) to be defined:

α =
Tw − Tb

P
= 0.0405�Re−0.65 with R2 = 0.8963. [4]

UHT Sterilization of Whole Milk

The aim of this work was to gain insight into the
ability of OH to ensure the UHT treatment of whole
milk compared with a heat exchanger system. Special
care was taken to investigate the heat transfer phenom-
ena, that occur over a range of temperatures from 105
to 138°C. This temperature range corresponds to the
critical part of the process causing protein and mineral
fouling. The objectives were 1) to show the suitability
of OH in the heat treatment of milk, 2) to study the
thermal and hydraulic performance with increasing
power and temperature differences between the inlet
and outlet of the ohmic heater, 3) to define and validate
a criterion to follow the heat dissipation efficiency, and
4) to compare the fouling propensity with different con-
figurations.

Heat Dissipation Coefficient, RhCO. The definition
of the heat dissipation coefficient in the ohmic heater,
RhCO, was based on the following assumption: “The
contact between a fluid (food product) and a surface



FILLAUDEAU ET AL.4482

Figure 2. Temperature profiles for fluid [Tb(x) − Tbe, Tblin(x) − Tbe, and Tw(x) − Tbe] vs. length (x) and heat power [sucrose solution, 50%
(wt/wt); electrical conductivity, G3; Q = 700 L/h; Tbe = 20°C]. Tb(x) = thermal profile of the product; Tbe = product inlet temperature; Tw(x) =
thermal profile of the wall; ThC = thermocouple; Tb = product temperature; Tblin = linear thermal profile; Tw = wall temperature; P1, P2,
and P3 = heat power at 2.1, 3.9, and 8.3 kw.

(electrode) implies the occurrence of interactions. These
interactions may induce a deposit on the surface whose
growth kinetics may be driven by a temperature differ-
ence or chemical reactions due to temperature. If the
deposition occurs then the thermal and electrical prop-
erties of the deposit will have consequences on heat
transfer mechanism as well as on process performance”
(Fillandeau et al., 2001).

Ohmic heating presents several advantages, but for
efficient implementation in the food industry, different
factors such as the fouling propensity and electrical
conductivity of deposits have to be considered and accu-
rately quantified. When fouling occurs, additional elec-
trical resistance can be created at the surface of the
electrodes, resulting in a new electrical system. This
layer is motionless and the Joule effect occurs there,
just as it does in the flowing product. In any case, the
electrical resistance of the layer will determine the per-
formance of the system. In this new formulation (Eq.
[5]), the first term corresponds to heat generated in the
deposit and the second to that in the flowing product:

Pelec = I2�(rd + r) = I2�
⎛
⎜
⎝

1
σd

�
ed

S +
1
σ

�
e − ed

S

⎞
⎟
⎠
. [5]

Heat generated in this layer may be transferred to the
fluid through heat convection or may induce reactions
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inside the deposit by a temperature increase. The bal-
ance will be a complex equilibrium between the proper-
ties of the layer (electrical and thermal conductivity,
temperature sensitivity) and the heat transfer coeffi-
cient, depending on the hydraulic conditions.

An increase in electrical resistance from fouling in-
duces a potential drop. The fluid is also less well heated,
implying an increase in the global voltage required to
maintain performance levels. If the deposit constitutes
electrical resistance, the electrical consumption should
be increased to deliver the same thermal power. To
follow the fouling effect in the ohmic heater, a criterion
is defined—the heat dissipation coefficient, RhCO (Eq.
[6])—based on electrical (I, U) and thermal (Q, ρ, C, T2,
T3) power. This ratio is considered under clean condi-
tions (t = 0) vs. time (t). If a deviation of the heat dissipa-
tion coefficient, RhCO, is observed, this means that foul-
ing induces additional energy dissipation:

RhCO =

⎛
⎜
⎝

Pelec

Pther

⎞
⎟
⎠ t=0

⎛
⎜
⎝

Pelec

Pther

⎞
⎟
⎠ t

. [6]

Configuration 1: Fouling of a PHE. Plate heat
exchangers are commonly used in UHT treatment of
milk because of their compactness and high thermal
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Figure 3. Temperature difference (Tw − Tb) vs. heat power and flow regimen [water and sucrose solution, 50% (wt/wt); electrical
conductivities, G1, G2, and G3; x = 432 mm; Tw = ThC-7]; Tw = wall temperature; Tb = product temperature.

performance. Knowing how fouling occurs in indirect
UHT sterilization has been essential for improving the
design of this type of apparatus and especially for in-
creasing its working time between cleanings (Lalande
et al., 1984; Tissier et al., 1984). The fouling of PHE
surfaces during the heat treatment of milk has been
studied in terms of kinetics of formation and chemical
composition (Lyster, 1965; Burton, 1968; Tissier et al.,
1984). Two kinds of deposits can be distinguished: types
A and B (Lyster, 1965; Burton, 1968). A type A deposit
is created at temperatures close to 100°C. It is composed
of proteins (50 to 60%), minerals (30 to 35%), and fat
(around 1%). It has a spongy appearance and a creamy
white color. The type B deposit appears at temperatures
exceeding 105°C. The deposit composition is identified
as minerals (70%) and a small proportion of proteins
(15 to 20%) and fat (4 to 8%). It strongly adheres to the
surface and is hard, dense, and compact. Tissier et al.
(1984) determined the following average compositions
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of protein deposits: For type A, the composition was
62% β-LG, 9% Ig, 9% α-LA, and 9% κ-CN; for type B,
it was 50% κ-CN and 27% αsl-CN.

Fouling of the heat exchanger was observed during
the experiments through the pressure drop and overall
heat transfer coefficient measurements. Pressure drops
give a useful indication of the geometrical change
within flow channels when fouling takes place. How-
ever, because the change in pressure drop with time
can be completely different among trials performed un-
der the same conditions (Delplace et al., 1994), the over-
all heat transfer coefficient seemed to be the most repre-
sentative measured consequence of the fouling layer
formed on heat transfer surfaces. In heaters I and II,
the results showed that the thermal and hydraulic per-
formance and the analysis of the deposit were similar
to previous works (Delplace, 1995). The pressure drop
and thermal resistance increase in classical shapes,
including an induction, a fouling, and postfouling period
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Figure 4. Dry weight of deposit in heater I vs. bulk temperature (not quantified in configurations 4 and 5). Comparison of configurations
1 (Lalande et al., 1984; Tissier et al., 1984), 2, and 3, and temperature range included in the ohmic heater (OH).

(Delplace, 1995; Delplace and Leuliet, 1995). In this
configuration, the duration of the experiment is limited
by the exacerbation of the pressure drop.

Configurations 2 to 5: Fouling of the Ohmic
Heater. In heater I (PHE), the change in pressure drop
with time (Table 4) exhibits a classical shape for a PHE
(configuration 1) and supports data from the literature
(Lalande et al., 1984; Delplace, 1995; Delplace and Leu-
liet, 1995) showing that fouling increases with tempera-
ture and decreases with a larger heat exchange surface
area and space between plates. The heat transfer resis-
tance, Rh, evolves in the same way as pressure drops
because of the effect of fouling intensity. Configurations
2 to 5 confirmed that an efficient energy recovery unit
should be used in association with an ohmic heater to
carry out long tests (Table 4). Figure 4 represents the
evolution of deposit dry weight along heater I vs. bulk
temperature. When the temperature was greater than
100°C, the fouling propensity drastically increased. We
did not observe 2 separate peaks, as mentionned by
Lalande et al. (1984), but did observe a regular increase
in the amount of deposit with temperature, as reported
by Burton (1968).

In contrast, in heater II (the ohmic heater) the perfor-
mance remained constant, as shown in Table 5. The
temperature regulation through electrical parameters
(intensity, tension) was nearly perfect, even during the
transition from water to milk. Slight overheating (+2°C
to the regulated value) was observed for 10 min in con-
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figuration 3, which was the consequence of a conductiv-
ity change between the water and milk. At this point,
the power supplied by the ohmic heater provided accept-
able performance. First, the variation in the pressure
drop with time in heater II was not significant (Table
5), with the value remaining smaller than 2 kPa. The
constant value of the pressure drop in the ohmic heater
may be explained by the large space between the plates
(e = 15 mm) in comparison with the PHE (Vicarb, type
V2, with e = 2.5 mm). Energy efficiency was remarkable,
remaining higher than 90%. The heat dissipation coef-
ficient, RhCO, with a value close to 1 (precision ±0.1),
showed that there was no significant deviation of elec-
trical consumption (except in configuration 5) in spite
of the existence of a layer of deposit at the surface of the
electrode. As shown in Figures 5A to 5C, a propensity to
fouling was observed in cell 3, in agreement with the
operating conditions. Fouling appeared to be homoge-
neous along the electrode surface. Experiment 4 demon-
strated that deposit properties remained constant even
during long runs (7 h under fouling conditions, followed
by 5 h with recycled milk) when process parameters
were well controlled. In contrast, configuration 5 dem-
onstrated a rapid and irreversible fall of the thermal
and electrical parameters (Figure 6) linked to fouling
intensity and thermal degradation at the electrode sur-
face (Fillaudeau et al., 2001). Figure 5D (cell 3, configu-
ration 5) shows thermal degradation of the deposit, with
the appearance of small, blackened craters (burning).
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Figure 5. Observation of fouling generated by whole milk in cell 3 of the ohmic heater after Experiments 2 (A), 3 (B), 4 (C), and 5 (D).

The following explanations are proposed concerning 1)
the observation of fouling at the electrode surface and
2) the deviation of RhCO in the last configuration. The
existing literature (Lalande et al., 1984; Delplace and
Leuliet, 1995; Delplace et al., 1997) has demonstrated
that for PHE, the fouling propensity increases with the
bulk temperature and the temperature difference, Tw −
Tb. Wall overheating under fouling-free conditions was
deduced from Equation 4. The values calculated (Table
5) ranged from 0.34 to 1.91°C, constituting a signifi-
cantly high value compared with conventional PHE.
When fouling occurs, a Joule effect takes place in the
static deposit. The heat generated in this layer should
be transferred to the fluid by convection, but in fact, it
induced an increase in the wall temperature (Fil-
laudeau et al., 2001; Ayadi et al., 2004). A physical
threshold was reached when the heat generated inside
the deposit could not be evacuated, and a drift of the
electrical and thermal parameters was observed (RhCO

collapse), which indicated thermal degradation of the
deposit (burning due to the Joule effect).
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Configurations 1 and 4: Observation of the De-
posit. Configurations 1 and 4, which were similar long
runs with 2 different technologies (PHE and OH), were
compared in the temperature range of 105 to 138°C.
Several parameters were held constant, such as the flow
rate:surface area ratio (potential fouling area, potential
amount of deposit) and the velocity of the temperature
increase (+0.7°C/s) in heater I. Flow regimens (Re
≈6,000) were similar in heater II, but they were not
really comparable because of the large geometrical dif-
ferences. The reduced pressure drop, reduced heat
transfer resistance, and heat dissipation coefficient in
heater II for configuration 1 increased drastically,
whereas in configuration 4, they remained constant.
This illustrates that during UHT treatment of milk,
the PHE was much more sensitive to fouling than the
ohmic heater. In the ohmic heater, the heat transfer
resistance and pressure drop remained constant and
stable with time in spite of deposits being observed at
the surface of the electrodes.

In configuration 4, the deposit in the ohmic heater
was compared to classical fouling occurring in the PHE
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Figure 6. Heat dissipation coefficient vs. time in the ohmic heater (configurations 2 to 5). RhCO = heat dissipation coefficient; Q = volume
flow rate (m3/s).

(configuration 1). Between 105 and 120°C (ohmic cells
1 and 2), the deposit formed appeared similar to a type
A deposit. It was voluminous and spongy like a protein
deposit. Its average thickness was 0.5 mm and its outer
surface seemed to form curls, parallel to the fluid flow.
The color of the deposit was creamy white. From 120°C
up to 135°C (ohmic cell 3, Figure 5C), the appearance
of the deposit changed markedly. It corresponded to a
type B deposit (i.e., it was hard, dense, and had cracks).
It adhered strongly to the wall, as would a fine mineral
deposit called "milkstone," with a color varying from
gray to yellow. Consequently, major fouling occurred
in the ohmic heater without significant deviation of its
hydrodynamic, thermal, or electrical parameters.

Numerical Investigation of Electrode and Deposit
Overheating with Fouling

Overheating of poorly conducting liquids adjacent to
hot surfaces not only causes burning or degradation of
the liquids, but also leads to heat exchanger fouling.
The local temperature in a direct Joule effect heater
is then fundamental and can be determined either by
physical measurement (i.e., magnetic resonance im-
aging; Ye et al., 2003) or by numerical simulation using
a control volume code (Ould El Moctar et al., 1993).

The temperature profiles of fluid, Tb, deposit, Td, and
electrode surface, Tw, vs. heat exchanger length with a
deposit thickness ranging from 0 to 4 mm was simulated
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with the SPC version 1.0 software. For an element dx,
the joules generated inside the deposit are proportional
to its thickness: Heat generated in this layer should
be transferred to the fluid by convection. The thermal
balance among the fluid, the deposit, and the electrode
results from the physical (ρ, C, λ, �) and electrical (σ)
properties of the fluid and the deposit. In addition, the
flow conditions at the deposit–fluid interface define the
magnitude of the heat convection coefficient. The mean
temperature gradients between the electrode surface
and bulk milk, Tw − Tb, and between the deposit surface
and bulk milk, Td − Tb, plotted for an ohmic heater vs.
the deposit thickness (Figure 7) exhibit an exponential
shape. The Joule effect inside the deposit causes over-
heating of the wall that makes fouling spiral out of
control, because the fouling mechanism undergoes a
“snowball effect.” This phenomenon appears to be spe-
cific to the ohmic heater (direct Joule effect and E→⊥v→)
and is related to a strong interaction between the Joule
effect inside the deposit and the convective transfer at
its surface.

Delplace et al. (1997) reported that the denaturation
kinetics of whey protein were temperature dependent
and demonstrated that in a PHE, denatured protein
in the thermal boundary layer is involved in deposit
formation, with a contribution of local hydrodynamics.
In a realistic configuration with an ohmic heater, a
velocity difference between the fluid flowing in the core
and the fluid flowing close to the electrode (boundary
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Figure 7. Evolution of the mean temperature differences, Tw − Tb and Td − Tb, along the ohmic heater vs. the deposit thickness (fluid,
whole milk; Q = 200 L/h; Tbe = 50°C; Tbs = 92°C). Software used was SPC, version 1.0 (INRA). DT = Td − Tb; Td = deposit temperature; Tb =
product temperature; Tw = wall temperature; DJE = direct Joule effect.

layer) does exist; thus, the temperature gradient in
clean conditions (without fouling; Eq. [4]) can generate
a driving force to initiate fouling. Numerical simulation
consolidates the experimental results obtained during
heat treatment of whole milk, showing that instability
of the thermal and electrical parameters is systemati-
cally created by fouling at the electrode surface because
of an increase in the deposit and wall temperatures.

CONCLUSIONS

The development of alternative (thermal or nonther-
mal) technologies to pasteurize or sterilize food in a
continuous process is of great scientific and industrial
interest. Moreover, the fouling of apparatus during pas-
teurization and sterilization (e.g., of dairy products)
remains a severe and recurrent problem in the food
industry. Heat treatment by the direct Joule effect ex-
hibits numerous advantages because rapid heating ki-
netics or homogeneous heat treatment is required.
Ohmic heating needs to be investigated with model
fluids (under fouling-free conditions) and with real flu-
ids (with fouling). In this work, the thermal, electrical,
and hydraulic performance of a continuous ohmic appa-
ratus (3 rectangular cells, e = 15 mm, w = 76 mm, and
L = 246 mm, E→⊥v→) is reported under fouling-free condi-
tions and with fouling caused by whole milk. Fouling
at the electrode surface was observed and compared
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with the conventional type A and B deposits identified
in a PHE. In addition, a numerical calculation of tem-
perature profiles (bulk, deposit, and wall) along the
ohmic heater was performed for different fouling thick-
nesses.

The technology investigated shows that several phe-
nomena should be avoided during OH of fouling liq-
uid food:

• Appearance of mixed convection. Under a laminar
flow regimen, a velocity difference between the
fluid flowing in the core and the fluid flowing close
to the electrode (boundary layer) exists, and the
resultant temperature gradient can generate free
convection superimposed on the main stream. The
results show acceleration of the fluid close to the
electrodes, emphasizing the effect of residence
time and the mixed convection mechanism (Ould
El Moctar et al., 1993; El-Hajal et al., 1998). Con-
sequently, mixed convection increases the hetero-
geneity of the heat treatment and generates wall
overheating along a section. The temperature gra-
dient, Tw − Tb, constitutes a driving force of fouling
and should be maintained as low as possible, as
opposed to mixed convection.

• A steep temperature gradient between the fluid
and electrode, Tw − Tb. Control of the temperature
difference is essential because overheating of
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poorly conducting liquids adjacent to hot surfaces
not only causes burning or degradation of the liq-
uids, but exacerbates fouling. An empirical corre-
lation was established to estimate the tempera-
ture gradient, Tw − Tb, under clean conditions. It
defines the operating conditions needed to obtain
pure-volume and direct-resistance heating.

• Growth of the fouling deposit. The numerical sim-
ulation of working conditions with a deposit dem-
onstrates the difficulty of heating a fouling liquid
food by the Joule effect. This analysis highlights
a strong interaction between the Joule effect in-
side the deposit and convective transfer at its sur-
face. Any wall overheating would make the foul-
ing snowball.

• Deviation of the heat dissipation coefficient, RhCO.
During the sterilization of whole milk, we ob-
served that the deposit formed inside the ohmic
heater appeared similar to classical type A and B
fouling in a PHE, although chemical analysis
could not be performed. Performance of the ohmic
heater remained constant even with a deposit,
whereas in a PHE, the heat transfer coefficient
decreased and the pressure drop became greater.
However, a physical threshold is reached when
the heat generated inside the deposit can no
longer be evacuated. A drift of the electrical and
thermal parameters is then observed (RhCO col-
lapse), which indicates thermal degradation of the
deposit (burning due to the Joule effect).

In conclusion, the ohmic heater investigated exhibits
a noticeable high conversion ratio from electrical to
thermal power. However, its application with fouling
liquid food should be restricted 1) to a turbulent flow
regimen to avoid mixed convection phenomena and to
reduce wall overheating, 2) to heat treatment of fluids
with a small propensity to fouling, and 3) to situations
in which the deposits formed are thin and have a low
electrical conductivity.
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de 100°C. Ph.D. Thesis, Ecole Nationale Supérieure des Indus-
tries Agricoles et Alimentaires, Massy, France.

Beuf, M., A. Legrand, L. Fillaudeau, J. C. Leuliet, M. Berthou, and
P. Terrien. 2001. Critère d’apparition de la convection mixte en
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APPENDIX: NOMENCLATURE

Latin Letters

C Specific heat capacity (J/kg per K)
DP Pressure drop (Pa)
e Space between plate or electrode (m)
E Electrical field (V/m)
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EE Energy efficiency (%)
hg Overall heat transfer coefficient (W/K per m2)
g Gravity (m/s2)
I Current (A)
L Length of plate (PHE) or electrode (m)
LM Lipid content (% wt/wt)
m Temperature factor (/°C)
P Power (W)
Q Volume flow rate (m3/s)
r Electrical resistance (Ω)
Re Reynolds number (no units)
Rh Reduced heat transfer coefficient (no units)
RhCO Heat dissipation coefficient (no units)
RT Mean residence time (s)
S Surface area (m2)
SP Section (m2)
t Time (s)
T Temperature (°C)
U Electrical potential (V)
v Velocity (m/s)
w Width of plate or electrode (m)
x, y Lengthwise and widthwise position (m)

Greek Letters

α Slope (°C/W)
� Viscosity (Pa�s)
λ Thermal conductivity (W/m per K)
ρ Volume mass (kg/m3)
σ Electrical conductivity (S/m)
ΦV Viscous dissipation (W/m3)

Subscripts

0 Initial condition
b Product (bulk)
d Deposit
e Inlet
elec Electrical
lin Linear
s Outlet
ther Thermal
w Wall
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