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Ohmic heating technology was revived in the 1980s because it showed promise in
particulate sterilization. Although that dream has not yet been fully realized, a number
of advances have been made regarding the fundamental understanding of this process.
This has involved research into fundamental fluid mechanics and heat transfer
phenomena, microbial death kinetics, and the monitoring of temperatures and of
microbiological and chemical changes within solids.
Ohmic heating can be extended to a wide array of processes and shows great promise
for future applications, including the detection of starch gelatinization in solutions and
pastes, and as a pretreatment for drying and extraction.
1. Introduction

Georg Ohm, in 1827, was first to outline what is now known as Ohm’s Law, but
recognition of the thermal effects of electricity within a conductor was first elucidated
by James Prescott Joule in 1840. This resulted in a number of patents on the heating of
flowable materials in the latter part of the nineteenth century. The technology has since
been revived periodically, having seen industrial application for milk pasteurization in
the 1930s, before falling out of favor. In the 1980s, the technology was once again
revived, and some industrial applications have resulted, including pasteurization of
liquid eggs and processing of fruit products, among others.
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The basic principle of ohmic heating is the well-known dissipation of electrical energy
into heat, which results in internal energy generation proportional to the square of the
electric field strength and the electrical conductivity:
⋅

2

u = ∇V σ

(1)
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where the electrical conductivity F is a function of temperature (see Electrical
Properties). The type of function depends on the material and the method of heating. It
has been found that for cellular materials, the electrical conductivity undergoes a
significant increase at 70 C and above, with the denaturation of cell-wall constituents.
However, when an electric field is applied, cell-wall breakdown occurs at lower
temperatures; thus, the increase occurs over a wider range of temperatures (Figure 1).

Figure 1. Electrical conductivity of carrot (parallel to stem axis) subjected to various
electric field strengths.
Source: Palaniappan and Sastry (1991a)

Above a certain electric field strength, or if the material has been thermally pretreated,
the electrical conductivity-temperature curve often becomes linear. Thus,

σ = σ 0 (1 + mT )

(2)

Since the electrical conductivity increases with temperature, ohmic heating becomes
more effective at higher temperatures.
The electrical conductivity of liquid foods tends to follow a linear trend, regardless of
mode of heating. Since no cellular structure exists, the properties remain essentially the
same in all liquid foods (Figure 2).
Since the rate of heating is affected by varying either the electric field strength or
product electrical conductivity, the technology offers many attractive avenues to the
process engineer or product developer. It is even possible to design heaters for materials
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of relatively low electrical conductivity if the electric field strength is made sufficiently
large.
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It is also possible to heat materials at extremely rapid rates. Furthermore, for materials
of uniform electrical conductivity, energy generation is far more uniform than in
microwave heating. The basic principles have been addressed in a number of
publications (see Electrical Properties).

Figure 2. Electrical conductivity of orange juice subjected to various electric field
strengths
Source: Palaniappan and Sastry (1991b)

2. Microbial Death Kinetics

A number of studies in the literature have considered whether ohmic heating results in a
nonthermal contribution to microbial lethality.

Early literature on this topic has been inconclusive, since most studies either did not
specify sample temperatures, or failed to eliminate this as a variable. It is critically
important that studies comparing conventional and ohmic heating be conducted under
temperature histories that are as near-identical as possible. In 1992, researchers
attempted to compare ohmic and conventional heat treatments on the death kinetics of
yeast cells (zygo Saccharomyces bacilli) with identical histories, and found no
difference. However, a mild electrical pretreatment of Escherichia coli decreased the
subsequent inactivation requirement in certain cases.

More up to date studies suggest that a mild electroporation-type mechanism may
operate during ohmic heating. The presence of pore-forming mechanisms on cellular
tissue has been confirmed by recent work. Another recent study, conducted under nearidentical temperature conditions, indicated that the kinetics of inactivation of Bacillus
subtilis spores can be accelerated with ohmic treatment. A two-stage ohmic treatment
(ohmic treatment, followed by a holding time prior to a second heat treatment) was
found to accelerate death rates further. Study has also indicated that leakage of
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intracellular constituents of Saccharomyces cerevisiae was found to be enhanced under
ohmic heating, compared with conventional heating in boiling water.
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The principal reason for the additional effect of ohmic treatment may be the low
frequency (50–60 Hz) of ohmic heating, which allows cell walls to build up charges and
form pores. This is in contrast to high-frequency methods, such as radio frequency or
microwave heating, where the electric field is essentially reversed before a sufficient
charge build-up (Figure 3). Some contrary evidence has also been noted; in particular,
the work of Lee and Yoon has indicated that a greater leakage of Saccharomyces
cerevisiae constituents occurs under high frequencies. However, the details of
temperature control within this study are not available at the time of writing; thus, it is
not clear whether or not these researchers have adequately eliminated temperature
effects.

Figure 3. Illustration of square waves showing the effect of frequency on cell-wall pore
formation. (a) Low-frequency fields allow membrane potential (dotted line) to build up
to sufficient levels to cause pore formation. (b) High frequency fields do not permit time
for pore formation to occur.
Temperature
( C)

88
92.3
95
95.5
97
99.1
Z value (C) or
Activation
energy
(Ea)(kcal/mol)

D-values for
conventional
heating (min-1)
32.8
9.87
5.06

k for
conventional
heating (s-1)
0.00117
0.003889
0.007586

3.05

0.012585

8.74*

70.0**

* - Z value; ** - Activation Energy
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D-values for
ohmic heating
(min-1)
30.2
8.55

k for ohmic heating
(s-1)

4.38

0.008763

1.76
9.16*

0.021809
67.5**

0.001271
0.004489

FOOD ENGINEERING – Vol. III - Ohmic Heating - Sastry S.K.

(Source: Cho, H-Y., Yousef, A.E., and Sastry, S.K. (1999). Kinetics of inactivation of
Bacillus subtilis spores by continuous or intermittent ohmic and conventional heating,
C8.
Table 1. D-values and kinetic reaction rate constants (k) for B. subtilis spores under
conventional and ohmic heating
Stage
#
1
2

D-values for
conventional heating
(min-1)
17.1
9.2

k for conventional
heating (s-1)
0.002245
0.004172

D-values for
ohmic heating
(min-1)
14.2
8.5

k for ohmic
heating
(s-1)
0.002703
0.004516
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Table 2. D-values and reaction rate constants for inactivation of B. subtilis spores during
single- and double-stage conventional and ohmic heating at 90 ºC
Source: Cho H-Y., Yousef A.E., and Sastry S.K. (1999). Kinetics of inactivation of
Bacillus subtilis spores by continuous or intermittent ohmic and conventional heating, c
8.
Temperature
(ºC)

49.8
52.3
55.8
58.8
Z values (C)
or Activation
energy (Ea)
(kcal/mol)

D-values for
conventional
heating (min-1)
294.6
149.7
47.21
16.88
7.19*

k for
conventional
heating (s-1)
0.008
0.016
0.049
0.137
29.63**

D-values for
ohmic heating
(min-1)
274.0
113.0
43.11
17.84
7.68*

k for ohmic
heating
(s-1)
0.009
0.021
0.054
0.130
27.77**

* Z value; ** Activation energy

Source: Palaniappan S., Sastry S.K., and Richter E.R. (1992). Effects of electroconductive heat treatment
and electrical pretreatment on thermal death kinetics of selected microorganisms. Biotechnical
Bioengineering, 39: 225–232.

Table 3. Kinetic reaction rate constants (k) for zygo Saccharomyces bacilli under
conventional and ohmic heating.

-

TO ACCESS ALL THE 16 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx

©Encyclopedia of Life Support Systems (EOLSS)

FOOD ENGINEERING – Vol. III - Ohmic Heating - Sastry S.K.

Bibliography
Amatore C., Berthou M., and Hebert S. (1998). Fundamental principles of electrochemical ohmic heating
of solutions. Journal of Electroanalytical Chemistry 457, 191–203. [Discusses electrolytic effects during
ohmic heating.]
Bazhal I.G. and Guly I.S. (1983a). Effect of electric field voltage on the diffusion process. Pishchevaya
Promyshlennost 1, 29–30. [Describes the effect of electric fields on diffusion.]
Bazhal I.G. and Guly I.S. (1983b). Extraction of sugar from sugar beets in a direct current electric field.
Pishchevaya Tekhnologiya 5, 49–51. [Describes an improvement in extraction methods.]

U
SA NE
M SC
PL O
E –
C EO
H
AP LS
TE S
R
S

Chang K. and Ruan R.R. (1999). Fast MRI Technique for Study of Simultaneous Heat and Moisture
Transfer in Foods Undergoing Ohmic Heating. Abstract No. 79B-7, 1999, Institute of Food
Technologists Annual Meeting, Chicago, IL, July 24–28 1999. [Describes measurement of temperature
by MRI.]
Cho H-Y., Yousef A.E., and Sastry S.K. (1999). Kinetics of inactivation of Bacillus subtilis spores by
continuous or intermittent ohmic and conventional heating. Biotechnology & Bioengineering 62(3):368372. [Shows increase in bacterial death rates of spores with ohmic heating.]

Davies L.J., Kemp M.R., and Fryer P.J. (1999). The geometry of shadows: effects of inhomogeneities in
electrical field processing. Journal of Food Engineering 40, 245–258. [Shows the importance of shadow
effects on electric field processing.]
De Alwis A.A.P. and Fryer P.J. (1990). A finite element analysis of heat generation and transfer during
ohmic heating of food. Chemical Engineering Science 45(6), 1547–1559. [Model for ohmic heating in a
static system.]
Grishko A.A., Kozin M., and Chebanu V.G. (1991). Electroplasmolyzer for Processing Raw Plant
Material. US Patent No. 5,031,521. [Patent shows a method of breaking down cell components by
electric fields.]

Halden K., de Alwis A.A.P., and Fryer P.J. (1990). Changes in the electrical conductivity of foods during
ohmic heating. International Journal Food Science & Technology 25, 9–25. [Describes electrical
conductivity changes during heating.]

Hu H.H. (1996). Direct simulation of flows of solid-liquid mixtures. International Journal of Multiphase
Flow 22(2), 335–352. [Describes a method of calculation for particle positions and velocities in a solid–
liquid flow.]
Imai T., Uemura K., Ishida N., Yoshizaki S., and Noguchi A. (1995). Ohmic heating of Japanese white
radish Rhaphanus sativus L. International Journal of Food Science & Technology 30, 461–472.
[Discusses mechanism for cell wall breakdown during ohmic heating.]
Khalaf W.G. and Sastry S.K. (1996). Effect of fluid viscosity on the ohmic heating rates of liquid-particle
mixtures. Journal of Food Engineering 27(2), 145–158. [Shows that increased fluid viscosities can result
in increased ohmic heating rates for solid–liquid mixtures.]
Kim J-S. and Pyun Y-R. (1995). Extraction of Soymilk Using Ohmic Heating. Abstract No. P125; 9th
World Congress of Food Science and Technology, Budapest, Hungary, July 30–August 4 1995.
[Describes a new application of ohmic heating.]

©Encyclopedia of Life Support Systems (EOLSS)

FOOD ENGINEERING – Vol. III - Ohmic Heating - Sastry S.K.

Kim H-J, Choi Y-M., Yang T.C.S., Taub I.A., Tempest P, Skudder P., Tucker G., and Parrott D.L.
(1996). Validation of ohmic heating for quality enhancement of food products. Food Technology 50(5),
253–261. [Experiments on thermal distribution in ohmic heating using chemical markers.]
Kopelman I.J. (1966). Transient Heat Transfer and Thermal Properties in Food Systems. Ph.D. thesis,
Michigan State University, East Lansing, MI. [Model for thermal conductivity of multiphase systems.]
Kulshrestha S.A. and Sastry S.K. (1999). Low-Frequency Dielectric Changes in Vegetable Tissue from
Ohmic Heating. Abstract No. 79 B-3, presented at the 1999 Annual Institute of Food Technologists
Meeting, Chicago, IL, July 24–28 1999. [Describes changes in tissue during ohmic heating.]
Lee C.H. and Yoon S.W. (1999). Effect of Ohmic Heating on the Structure and Permeability of the Cell
Membrane of Saccharomyces cerevisiae. Abstract No. 79 B-6, presented at the 1999 Annual Institute of
Food Technologists Meeting, Chicago, IL, July 24–28 1999. [Describes leaching of intracellular
constituents during ohmic heating.]

U
SA NE
M SC
PL O
E –
C EO
H
AP LS
TE S
R
S

Lima M. and Sastry S.K. (1999). The effects of ohmic heating frequency on hot-air drying rate and juice
yield. Journal of Food Engineering 41, 115–119. [Shows the effect of frequency on increasing drying rate
and juice yield.]
Orangi S., Sastry S.K., and Li Q. (1998). A numerical investigation of electroconductive heating of solid–
liquid mixtures. International Journal of Heat Mass Transfer 41(14), 2211–2220. [Model for ohmic
heating of solid–liquid mixtures with a velocity profile.]
Palaniappan S., Sastry S.K., and Richter E.R. (1990). Effects of electricity on microorganisms: a review.
Journal of Food Processing & Preservation 14, 393–414. [Reviews previous work on the effects of
electricity on microbes.]
Palaniappan S. and Sastry S.K. (1991a). Electrical conductivity of selected solid foods during ohmic
heating. Journal of Food Process Engineering 14, 221–236. [Discusses electrical conductivity versus
temperature in solid food.]
Palaniappan S. and Sastry S.K. (1991b). Electrical conductivity of selected juices: influences of
temperature, solids content, applied voltage and particle size. Journal of Food Process Engineering 14,
247–260. [Shows effect of field strength on the electrical conductivity–temperature relationship
indicating a difference between liquids and cellular materials.]
Palaniappan S. and Sastry S.K. (1991c). Modelling of electrical conductivity of liquid–particle mixtures.
Food and Bioproducts Processing, Part C, Transactions Institution of Chemical Engineers (UK) 69, 167–
174. [Compares models for electrical conductivity of solid–liquid mixtures.]
Palaniappan S., Sastry S.K., and Richter E.R. (1992). Effects of electroconductive heat treatment and
electrical pretreatment on thermal death kinetics of selected microorganisms. Biotechnology &
Bioengineering 39, 225–232. [Compares conventional and electrical heating effects on bacteria.]
Reznik D. (1996). Electroheating Apparatus and Methods. US Patent No. 5 583 960. [Describes
important process effects during ohmic heating.]

Ruan R., Chen P., Chang K., Kim H-J., and Taub I.A. (1999). Rapid food particle temperature mapping
during ohmic heating using FLASH MRI. Journal of Food Science 64(6), 1024–1026. [MRI method for
temperature measurement.]
Sastry S.K. (1992). A model for heating of liquid-particle mixtures in a continuous flow ohmic heater.
Journal of Food Process Engineering 15, 263–278. [Model for continuous flow ohmic heating of solid–
liquid mixtures.]

©Encyclopedia of Life Support Systems (EOLSS)

FOOD ENGINEERING – Vol. III - Ohmic Heating - Sastry S.K.

Sastry S.K. (1997). Measuring the residence time and modeling a multiphase aseptic system. Food
Technology 51(10), 44–48. [Describes consensus developed by scientific community at two workshops in
1995–6.]
Sastry S.K. and Li Q. (1996). Modeling the ohmic heating of foods. Food Technology 50(5), 246–248.
[Discusses modeling approach for ohmic heating.]
Sastry S.K. and Palaniappan S. (1992a). Ohmic heating of liquid–particle mixtures. Food Technology
46(12), 64–67. [Discusses modeling approaches for liquid–solid mixtures.]
Sastry S.K. and Palaniappan S. (1992b). Mathematical modeling and experimental studies on ohmic
heating of liquid–particle mixtures in a static heater. Journal of Food Process Engineering 15, 241–261.
[Model for static heating with convection.]

U
SA NE
M SC
PL O
E –
C EO
H
AP LS
TE S
R
S

Sastry S.K. and Salengke S. (1998). Ohmic heating of solid–liquid mixtures: a comparison of
mathematical models under worst-case heating conditions. Journal of Food Process Engineering 21,
441–458. [Comparison of models under static and well-mixed systems.]
Schreier P.J.R., Reid D.G., and Fryer P.J. (1993). Enhanced diffusion during the electrical heating of
foods. International Journal of Food Science Technology 28, 249–260. [Shows that diffusion is enhanced
under ohmic heating.]
Wang W.-C. (1995). Ohmic Heating of Foods: Physical Properties and Applications. Ph.D. dissertation,
Ohio State University, Columbus, OH. [Describes effects of ohmic heating on electrical conductivity, and
effects of pretreatment on drying and juice expression.]
Wang W.-C. and Sastry S.K. (1997a). Changes in electrical conductivity of selected vegetables during
multiple thermal treatments. Journal of Food Process Engineering 20, 499–516. [Discusses effects of
cyclical ohmic heating on electrical conductivity.]
Wang W.-C. and Sastry S.K. (1997b). Starch gelatinization in ohmic heating. Journal of Food
Engineering 20(6), 499–516. [Shows that gelatinization can be detected through electrical means.]
Wongsa-Ngasri P. (1999). Effects of Inlet Temperature, Electric Field Strength and Composition on the
Occurrence of Arcing During Ohmic Heating. M.S. Thesis, Ohio State University, Columbus, OH.
[Describes the effect of composition on arcing in ohmic heaters.]
Yongsawatdigul J., Park J.W., and Kolbe E. (1995). Electrical conductivity of Pacific Whiting surimi
paste during ohmic heating. Journal of Food Science 60(5), 922–925, 935. [Shows the trends in electrical
conductivity in restructured fish products.]
Biographical Sketch

Sudhir Sastry is a professor at Ohio State University. He obtained his doctoral degree in mechanical
engineering at the University of Florida, and he was on the faculty at Penn State University for seven
years until joining Ohio State in 1987. He took sabbatical leave to work with Nestlé in 1997–8.
His research interests include ohmic heating, aseptic and PEF processing, and the influence of moderate
electric fields on biological materials. He has written over 140 articles, obtained three patents, and written
one book. He is also co-director of the Center for Advanced Processing and Packaging Studies (CAPPS).

©Encyclopedia of Life Support Systems (EOLSS)

