CHAPTER 11

LITERATURE REVIEW

2.1 Ohmic heating process

Ohmic heating occurred when electric current passed through the material of

electrical resistance, resulting in energy /gign and caused temperature rise

ions 2.1 and 2.2. The food itself

wlecm’city (Figure 2.1), where

mine - th ent that flew between the

served as an electrical resistance (o
the conductivity of the food”
electrodes. The food was ifffernally heatéd due | electrical resistances without
involving any heating medi heatir : ' supporting a rapid heating
rate. Moreover ohmic heating could p - uni ‘temperature distribution because
both liquid and solid phases/wafe licated s neously(Parrot, 1992; Sastry, 1992). The
basic relationship for the energ ene 101 ’of 2 food was shown in equation 2.3

(Sastry and Barach, 2000).
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2.2 Electrical Conductivi
Most foods contain: Its and acids which acted as
 the food and generated heat

r meter, was measured with a

electrolytes, so that an electri
inside it. Electrical cond

conductivity cell filled with prdaﬁ‘hea w':i_:- arious temperatures. The resistance
between the two electrodes at each-¢hd of - the cell- was calculated from the measured
voltage and current data ectrical conductivity of the sample was calculated from
the resistance and the ..;7 constant as show | . _' -4 (Palaniappan and Sastry,

1991a,b).
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2.3 Factors affecting the ohmic heating process

To design a food formulation using the advantages of electrical heating required
an understanding of the process and the factors affecting product sterility and quality. The
process was controlled by the heat generation rate, which was governed by a number of

factors. The most important of which was the electrical conductivity of the food material.



However, temperature was also affected by the way food flew through the heater and,
thus, the residence time within the heating unit. However, this study considered only a

static situation so that the literature review would cover those for static condition.

2.3.1 Electrical conductivity of foods

The critical property influencing the rate ‘of ohmic heating was the
electrical conductivities of food which depended on a number of factors, including
temperature, ionic constituents, material ‘migrostructure and electric field strength

(deAlwis and Fryer, 1992; Sastry and Barach, ZOOO;JHalden, deAlwis, and Fryer, 1990).

9
23.1.1 Temgemtum

The t peratute dep\pndency of electrical conductivity for variety
of foods has been r::)?( extensively (Plaichoom, 2002; Marcotte, Trigui, and
isakul,"1999] Yongsawatdigul, Park, and Kolbe, 1995;
Wang and Sastry,1993; AIWIs and. , 91 1992' Palaniappan and Sastry, 1991a,b;
Halden er al.,1990). The eleytnoal ’conductmﬁ of foods typically increased linearly with

Ramaswamy, 2000; K.

temperature. The relationship between electnea}conductmty and temperature could be
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expressed as equation 2.5. = ? .
et LG~
3 L)
OT/ = Oref [T+ M (T~ Tret )] - . (2.5)

Th;.tempelature coefficient indicatéa_ the increase in conductivity
at high temperature ‘which| was ‘likely due to, the ingreasing |ifryionic mobility at high
temperature (Palaniappan and Sastry, 1991a,b).

The, linear-relationship; between, the orand temperature was found
in a variety of liquid foods "such"as pimeapple drinking yoghurt (Plaichoom, 2002),
hydrocolloid solutions (Marcotte ef al., 2000), orange and tomato juices (Palaniappan and
Sastry, 1991b). It was also found in raw potato at high voltage gradient (Palaniappan and
Sastry, 1991a), blanched vegetables, i.e. blanched potato, carrot, and white radish
(Kanchanakitsakul, 1999), blanched mushroom (Halden ef a/., 1990), and some animal
samples, i.e. surimi (Yongsawatdigul et al., 1995), lamb (deAlwis and Fryer, 1992),



chicken and beef (Palaniappan and Sastry, 1991a). For raw vegetable samples such as
potato (Kanchanakitsakul, 1999; Palaniappan and Sastry, 1991a; Halden er al., 1990),
beet root (Halden et al.,1990), carrot and yam (Palaniappan and Sastry, 1991a), it was
found that the o increased slightly with temperature up to approximate 60°C, at which
cellular breakdown occurred, then the curve underwent a steep increase under relatively
low voltage gradient.

For a mixture of liquid w1th particles, the linear relationships were
found in blanched potato, carrot, and white r{dtgl},-m salt solutions with various solid
concentrations (Kanchanakltsakul 1999), and raw pomo cubes in 0.05 and 0. 1M sodium
phosphate solution (Palamappaaand Sastry, 1991¢) but non-llnear curve (similar to that
obtained from raw potato M tage gradient) was found in the mixture of raw potato
of high volume fraction ‘M/Z’Q(-O%M) odium phosphate solution (Palaniappan and
Sastry, 1991c). f )%

For mgst ic heatlrg applications, a linear ¢-T relation would
ere hkely t:g') be precooked or thermally pretreated for
c heaﬁng (déj}lwm and Fryer 1992). The temperature

dependence of electrical con: cttyity for some,éélected foods had been expressed as

appear because most solid fo

enzyme inactivation before

equations shown in Table 2.1. Some. studles h?ﬁ,also reported the relationship between

conductivity, temperaturd and compositions as shown in Tabl§ 2.2.
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Table 2.1 The temperature dependence electrical conductivity equations of food

materials
Materials Temperature| Voltage Electrical conductivity R Reference
range (°C) |Gradient equations
(V/icm)
Potato, raw 25-120 60 |o=032[1+ -25)] 0.94 Palaniappan and Sastry (1991a)
Potato, raw 30-100 25 |6=-3 0.98 [Wang and Sastry (1993)
Potato, raw n.r. n.r. 2 5x '3(T y n.r. deAlwis and Fryer (1990)
10°(T-273 .
Potato, 25-125 30 Kanchanakitsakul (1999)
blanched
Carrot, raw 25-120 Palaniappan and Sastry (1991a)
Carrot, 25-125 Kanchanakitsakul (1999)
blanched
Yam, raw 25-120 0 Palaniappan and Sastry (19912)
White radish, 25-125 3 Kanchanakitsakul (1999)
blanched
Chicken, raw 25-120 60 Palaniappan and Sastry (1991a)
Beef, raw 25-120 60 alaniappan and Sastry (1991a)
Lamb, raw n. "1R""‘ G = 0.0344+ 1 deAlwis and Fryer (1990)
H #
0.01M NaCl 25-125 “40 O =0.1195+0.0039T 0.9 Kanchanakitsakul (1999)

n.r. = not reported

* Temperature in K
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Table 2.2 The temperature and composition dependence electrical conductivity
equations of food materials

Materials |Temperature| Voltage Electrical conductivity equations R Reference
range ("C) | Gradient
(v/ecm)
Surimi, up to 90 3.3-13.3 |0 =0.1168+0.0083 T-2.5115 SaT+ 0.99 |Yongsawatdikul et al.
Pacific (1995)
Whiting
Orange 25-85 Palaniappan and Sastry
juice (1991b)
Tomato 25-85 Palaniappan and Sastry
juice (1991b)
Pineapple Plaichoom (2002)
drinking
yoghurt Plaichoom {2002)
Carrageen 20-80 Marcotte et al. (2000)
an solution
1.7%
Xanthan 20-80 Marcotte et al. (2000)
Solution
2%
Pectin 20-80 Marcotte et al. (2000)
solution
2.5%
Thermofio' 20-80 7.25 ¢' =1.01+0.0016 T+0. O‘J SaT 0.99 |Marcotte et al. (2000)
= | fuERNENINYn
solution
4.3%
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2.3.1.2 Ionic constituents

Most foods contained a moderate percentage of free water
containing dissolved ionic substances such as salts and acids which acted as electrolytes,
so that an electric current could be made to pass through the food and generate heat inside
it. The presence of ionic constituents obviously had pronbunced effects on electrical
conductivity. Several researchers had reported that electrical conductivity increased with
salt content on hydrocolloid solutions (Marcottc;,eggl., 2000) and surimi (Yongsawatdigul
et al., 1995). Soaking solid foods in salt solution‘Ordeaching in water may alter its ionic
concentration. Palaniappan and Sastry (I§9la) found that conductivities of vegetable
samples (potato, carrot, anii),am’)_ were inf:reased by soaking in 0.2-0.8% salt solution,
while the conductivities we c?duced duelto leaching of electrolytes when soaking in
water (Table 2.3). Wan?dﬁépry (1993) ;letermined the effect of salt diffusion (1-3%)
by either normal soaking or aguum infu n methods on electrical conductivity and
heating rate of potato and fi hat samiples ,gpaked in a higher concentration brine had a
higher electrical conductlvyg/ and heatmg *rafe for both soaking methods. More
electrolytes in solid foodstuff wo@fi “allow m&ef current flow and resulted in higher
heating rate (Palaniappan and Sastryit99lc \ﬁm’g and Sastry, 1993). The o-T curves of

potato as affected by salt concentratlon in vacuum infusion p50<>ess were shown in Figure

2.2. :J‘ .:_Jl

The presence of non-ionic constituents, such as bone, oil and fat,

syrup, and ice, as a nan;al insulator would affect the eigctrical conductivity and the
current flow may.not be’ enough ‘tol getierate. sufficient heat) (Zoltai and Swearingen,
1996). Halden et al; (1990) compared the heating of a slice of pork meat and pork fat in
brine and.found that pork fat.was.heated slower with-the globules of 01l.appeared on the

surface of brine.
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Table 2.3 Parameters of the electrical conductivity equations of vegetable soaked in
various solutions

Material Treatment R?
Potato Raw 0.94
Water 0.96
0.2% NaCl 0.98
0.4% NaCl 0.88
0.8% NaCl 0.97
Carrot Raw 0.96
Water 0.98
0.2% Na 0.92
0.4% NaC 0.96
0.8% Na ' 0.98
Yam R2 0.98
Watei 0.98
0.2% NaC 0.85
0.4% N 0.94
0.8% NaCl 0.96
. | " 50 A\
Source: Palaniappan and Sastr; *19.}{;_-'.;- }: b4\

"equation 2.5
**0'25 =gcat 25°C

Temperatwe ( °C )

Figure 2.2 Electrical conduétivity curves of raw and vacuum diffused potato in
1.0, 1.5, 2.0, 2.5, 3.0 % salt solution.
Source: Wang and Sastry (1993)
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2.3.1.3 Food structure

The solid foods may have different electrical conductivities in
nature. However, changes in food structure during processing e.g. starch gelatinization or
cell lysis could affect the electrical conductivity by changing the ionic concentration or
ionic mobility. The slope of the 6-T curve of a potato slice increased after 75-80°C due
to starch gelatinization (Halden et al., 1990) while those of carrot increased after 60°C
due to cell wall breakdown (Palaniappan and S'é;f;y-, 1991a).

Large vanations of o-T :ﬁgﬂqmperature-time curves of solid
samples between trials due to _non-homogél"neous of food structures had been mentioned
by many researchers (Palz‘l-l’l;;pm and S 1txy, 1991a; Wang and Sastry, 1997b; Lima,
Heskitt, and Sastry, 1999;)1{" d Sas \ 1999; Fu and Hsieh, 1999). Evidence was
shown in Figure 2.3 by Lima er al (1999) who found the variations in electrical

conductivities among si

bored perpendicular to vas
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Figure 2.3 Variations in electrical conductivities of turnip tissues among six trials
of experiment under identical condition
Source: Lima ef al. (1999)
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2.3.1.4 Voltage gradient

The electrical conductivities of fruit and vegetables were found to
increase with increasing voltage gradient (Halden et al., 1990, deAlwis and Fryer 1990).
High applied voltage gradient enhanced cell fluids motion within plant cells and ruptured
cell membranes, resulting in release of cell fluids. Palaniappan and Sastry (1991a) found
that o-T curves of carrot changed from non-linear at low voltage gradient to be linear at
relatively high voltage gradient, and the @ yalues increased with increasing applied
voltage (Figure 2.4) which was possibly due fo "él{_cj:o—osmotic effect. On the other hand,
different results were obtained in animal ‘ _5issue. Ydlggsawatdigul et al. (1995) reported
that the voltage gradients (3.3; 6.7, and 13.3 V/em) had no effect on electrical
conductivity of PaciﬁcWhiﬁﬁg- umi_ It was explained that the voltage gradients were
unlikely to enhance the cﬂf{:::;tion ithin a finely comminute and homogeneous
material of surimi as '(hos%N ed'in fﬁaht geﬂs

For iqyz féods, ftile vl%égg?s may 1nfluence electrical conductivity
differently among types of'fogds. For pinef_laﬁgle-drinking yoghurt, Plaichoom (2002)
found that the electrical conduc'tivij;yincreasedj;‘iﬁae voltage gradients increased from 10
to 40 V/cm. This may possibly duc. t_(;alectro?_sf.pl‘?_sj_s effect of pineapple in the yoghurt,
resulted in release of lpige ions. For orange juice, Palaniappﬁq,and Sastry (1991b) found

that the o-T curves wei'e?gpt directly affected by the voltage%:%dients but the decrease in
transition temperature at the end of heating with increasing voltage gradient was observed
(Figure 2.5). The transitiontemperature was the.point at which a sudden drop in electrical
conductivity occurred, during. heating 'up to, 80-85°C due to the presence of small
hydrogen gas bubbles near the electrodes. The decrease in transition, temperature with
increasing, voitage gradients indicated the acceleration of hydrogen- gas production
reaction asthe orange juice contained some weak acids which could be subjected to

electrolytic hydrogen bubble formation (Palaniappan and Sastry, 1991b).
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Figure 2.5 Effect of voltage gradients on electrical conductivity of orange juice
Source: Palaniappan and Sastry (1991b)
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2.3.1.5 pH

The effect of acidity was scarcely documented in the literature.
Skudder and Biss (1987) reported that acids could increase the ionic content that rendered
the food electrically more conductive. However, the effect of added citric acid on
electrical conductivities of selected hydrocolloid solutions at normal and modified pH
was studied by Marcotte et al., (2000). The pH was varied from the normal pH of
carrageenan and starch from 8.8 to 6.5-6.8; xanﬂlgn from 6.3 to 2.8; and pectin from 3.5
to 2.8. The effects of citric acid addition on both glectrical conductivities and heating
profiles were found to be smali.-it was suggested that-eitric acid was an organic acid that
was not strongly d15$001ated Thls was not sufficient to show major differences in
electrical conductivities an eating prolflles even though large differences were
determined between normalfd modified pH. &

— -

2.3.2 Electric field Aﬂgtﬁ or. curreitt densny
Current dens@ was the eunent jhvnded by the cross-sectional area of the

;;;;;

density was corresponded to the voltage M nt or electric field strength which was
voltage applied per length of the ohnuc cell. Increasmg eléctnc field strength would

directly increase the pQWer of the system (equation 2. 2)&5nd result in higher heat
generation (equation 2. 3) (deAlwis and  Fryer, 1992; Parrot, 1992; Sastry and
Palaniappan, 1992b; Kim etal...1996)

2.3.3 Frequency and wave form

Most olimic heating tescatch to/ date ‘had been done’at fiequencies of 50
and 60 Hz. (standard frequency for alternating current in the United Kingdom and United
States of America). Several studies had demonstrated the effect of frequency and wave
shape of alternating current on ohmic heating of foods.

Studies of effect of frequency on electrical conductivity had been
conducted in both low frequency (4-60 Hz., Lima et al., 1999; Lima and Sastry, 1999)
and high frequency (50 Hz.—10 kHz., Imai et al., 1995; Park et al., 1995). It was found
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that lower frequency affected the electrical conductivity and heating rate by changing the
cell membrane structure due to electroporation phenomena. Imai ef al. (1995) found that,
the heating rate of Japanese white radish increased as frequency decreased while Lima et
al. (1999) found the heating rate of turnip tissue increased with decreasing frequency. In
contrast, different result was reported by Park er al. (1995) that the heating rate of fish
minced meat ‘kamaboko’ from Alaska Pollack had higher heating rate at higher
frequency due to the dielectric loss.

Effect of wave forms of alternafing current on electrical conductivity of
some vegetables was also investigated. A cromparison' of wave forms showed that square
wave had significantly low ¢ _compared tz sine and sawtooth waves but no significant
difference was found on thehcating ratc (of raw tumnip subjected to ohmic heating to

100°C (Lima et al., 1999)."

2.3.4 Fluid vmcosnty %

In conventn({nal heatmg, ‘mcreéSmg the viscosity of fluid would retard the
heating of fluid due to low heat trans_fer coeﬁ}clent (Marcotte, Ramaswamy, and Piette,
1998). In ohmic heating, the effect of thermal bqhavwr of hydrocolloid solutions with
different concentrations on heatmg rate was mﬂ@stlgated by Marcotte et al. (1998) and

found that heating wa__l_s. ‘more efﬁcwnt as the concentratlonsv_of hydrocolloid solutions

increased. The higher;éil-ectﬁcal conductivity associated with higher concentration of
hydrocolloids appeared t9 dictate the heating rate and og;;rride the negative effect of
increased viscosity. The study-of Khalaf and Sastry (1996) was conducted to determine
the effect of viscosity on temperature of both solid and liquid in the mixture by
minimizing the eleetrical conductivity effect. The CMC solutions of the same electrical
conductivity but diffeicnt viscosities with the same amount of particics were compared in
three ohmi¢ heating systems: static, a vibrating unit, and continuous system. The results
showed that the heating rates of fluid and particle were not significantly affected by fluid
viscosity under static condition, because of extremely limited fluid flow. However, with
sufficient agitation, as in vibrating unit or continuous flow ohmic heater, the rate of

heating increased with fluid viscosity. Enhanced heating of the fluid phase for the viscous
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case, resulted in an increase in temperature difference between the fluid and solids which

counteracted the effect of low heat transfer coefficient.

2.3.5 Particle size
The size of suspended solids had been shown to affect electrical
conductivity. Studies using various size of carrot solids suspended in sodium phosphate
solution had indicated that electrical conductivity increased with decreasing particle size
(Palaniappan and Sastry, 1991b). This was befiaﬁg,,e smaller particles reduced drag of
ionic movement or possibly released more intraceiiilar fluids due to the higher in surface

J
area per volume ratio. The same result was alse found when varying size of non-

conductive polystyrene spheie'in sodium phosphate solution. So it was suggested that the
particle size dependence wy@yojue to se\i'uctural rather than chemical effects.

Sastry (1993 tudled the effect of size for cylindrical potato particle in
sodium phosphate at the asp: ¢ yatm (radlusglength) of 0.093 and 0.386 and found that
fluid temperature increas as,éispect ratlo dcﬂkcreﬁased This could be explained that the

low-aspect ratio particle had/greater surface arfa per unit volume so that the interphase

heat transfer was more rapid. = =l
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2.3.6 Particle shape and onentatlon

A solid 1r3rmwd1n-hqmd-could-mha-brheéjf$d faster or slower than the
liquid depending on both Solid and liquid electrical conductivities and the orientation of
the particles in the electric field. de Alwis, Halden, and Fryé_f- (1989) studied the effect of
orientation on heating raté by/placing ‘al 40x75x30 /hm potato piece (o = 0.04 S/m) in a
salt solution (o = 0.58 S/m) parallel and perpendicular to the electric field. It was found
that the solid was heated faster than the liquid, if placed perpendicular; whereas the liquid
was heated faster than' the 'solid” in parallel orientation (Figure 2.6). In the case that
particle was oriented across the current, it tended to ‘block’ the current, and formed a
large part of the overall resistance. Under this conditions, the current had relatively few
alternate paths, and the particle interior heated faster than the fluid. If, on the other hand,
the particle was oriented parallel to the current, its resistance formed only a small part of

overall resistance, a number of parallel conduction paths became available, and the
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particle lagged behind the fluid. For cubic and spherical particles, the effects were
relatively small.

Sastry and Palaniappan (1992b) found that for a cubic particle, the heating
rate of a potato cube of 10x10x10 mm in 0.1M sodium phosphate solution was not

affected by orientation, either parallel or 45° angle to the electric field.
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Figure 2.6 Temperature oth;d (wa) and pasticle(—---) according to orientation
of electric field.(a) perpendicular (b) parallgl
Source: de Alwiseral(1989) 4
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2.3.7 Particle.conecentration

In"solid-liquid mixtures; increasing particle ‘concentration would result in
lower the electrical conductivities and heating rate:*Plaichoom (2002) found that the
electrical “conductivities ‘as, well asheating  profiles |of [pineapple-drinking yoghurt
decreased as the concentration of 1cm pineapple cubes increased in the range of 0-20 %
during pasteurized to 80°C. Kanchanakitsakul (1999) found that increasing the volume
fractions of vegetable cubes from 0.2 to 0.6 (carrot, potato and white radish) in 0.1M salt
solution decreased the effective electrical conductivities of the mixture in all
combinations. Sastry and Palaniappan (1992a) found that the particles may be heated

faster or slower than the liquid depending on the concentration of the solid particles in the
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mixture. Varying the particle concentration of potato (0.062 S/m) in 0.1M sodium
phosphate solution (0.189 S/m) as: two particles of 15x15 mm; 20 and 30 particles of 8x8
mm corresponding to 0.23 and 0.345 volume fraction, it was found that as solid volume
fraction increased, the particle temperature tended to increase relative to that of fluid
(Figure 2.7). In the system containing two particles, the particles lagged behind that of
the fluid. At volume fraction of 0.23, the particles lagged behind initially but eventually
caught up the liquid temperature while the particle lagged initially but soon exceeded
those of the fluid at volume fraction of 0.345 These were because as the solid
concentration increased, the parallel conduction-paths through the fluid were more
restricted, forcing a greater propoition of Efle total current to flow through the particles.
This resulted in higher gengiation-rates within the particles and consequently a greater
relative heating rate. Basg;i*én. their wori_k, it appeared that if a particle’s electrical
resistance within a circuit ,wés a significant component of the overall resistance, the
particle would likely heat f:éster than the_ﬂui%r even when fluid conductivity significantly
exceeded that of particle. On the other hand; *rf the particle represented only a small part
of the overall circuit resistange, s;gmﬁcantly w1jle parallel conduction paths to the current
would result in thermally lag of‘ﬂuld (Sastry and P'gtjamappan, 1992a).

e o .:Il“..'w.._l’l
et S oy il ST

e L ‘___”‘

i
wROE
&



tl /
80 ,,.’ 100 /
7 /
707
g
2 604
2
g
&
£ 50
[

"“
. 20 30 40 50 60 70 80
. \ Tire (s)

|
Particle (model)

'| Liquid (model)

icle (expt)

qutd {expt)

Temperature (C)

ﬂuaﬁwaﬂswawni
ARIANTUUAIINYAY

Figure 2.7 Ohmic heating for a suspension of potato particles in sodium phosphate

solution (a) two patrticles; (b) twenty particles (vf = 0.23); (c) thirty
particles (vf = 0.345)
Source: Sastry and Palaniappan (1992a)
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2.3.8 Thermal properties of the food
In ohmic heating, passing the alternate current caused the internal energy
generation within food materials (equation 2.3). The temperature rise due to volume-
based energy generation or inherent heating rate, G, was calculated from equation 2.6 and

expressed in equation 2.7 (Fryer et al., 1993; Sastry and Palahiappan, 1992¢)

Q=0olVV| =p L...................(2.6)

(2.7

High heat generation wiguld“f;'not necessary lead to rapid temperature
increase if the food had a hi nnal capacrtgz}(pcp) It was also noted that even if both
solid and liquid had the same ectpcal cond_gifftyy the two phases would still heat at

different rates if their thermal capm‘,mes w!ffe dlfferent In practice, heat transfer
throughout the food magcnals by “thermal cbnductlon wouLd also happen, so that the

heating rate at any pomt Jn a material would be coupled mtlkjtherent heating rate of the

material due to internal heat generation and the" thermal conductlon heat transfer as

shown in equation 2.8 (Zhang and Fryer, 1993),

arml vl N(RYT) BUARIMF B I K
7 AP )

Thus, the thermal properties of food that may affect temperature

distribution included the specific heat and thermal conductivity of food materials.
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2.3.8.1 Specific heat
The specific heat of a material, C,, was the amount of heat required
to increase the temperature of a unit mass by one degree. It indicated how much heat was
required to change the temperature of a material. Materials whose specific heat was not
experimentally determined could be estimated from empirical equations. A strong linear
correlation between specific heat and water content was reported (Sweat, 1986). One of
the most common equations was developed by Siebel (Toledo, 1991) as given by

equation 2.9, for value above freezing: ":/ »”

- -
= 837365 33 48 My (29)

temperature. Rice, Selm Abdul-Kezzak (1988) investigated the effect of
of | poté}des and found that the C, significantly
increased by 50% for a 50 e in t:émpefﬁagitu‘r,e, e.g 2735 and 4015 J/kg°C at 40 and
90 °C, whereas the density sli - 7 : A :
range of 20 to 90 °C. From their data;a corre@iequation 2.10 (R* = 0.98) was shown

as follows: T de]

sl q"i:‘ =
A

i

Cp=-8239.5+259T + 1309 My, ..........

Cp
f“"x’
Th /ﬁc heat i 1rict sed linearly with both moisture content and

temperature on thermal pr 1

”;",f (V2N

..(2.10)

A LA
i

Apart from potato, data for otheér food materials related in this study was

limited.
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2.4. Ohmic heating of liquid-particle mixture in static heater

Ohmic heating offered the possibility of rapid heating solid-liquid mixtures on a
commercial scale. To understand what happened during heating, it was necessary to
construct a model for the process both for designing the process and to ensure product
and process safety. Fryer et al. (1993) suggested that different types of model were
needed. Simple model relating power and temperature could describe a process as a basis
for control and more complex model could be u;e‘&.to study the local thermal and electric
fields around individual parts of the system,

The static heater was particularly important because it could approximate the
geometry of the continuous” heater and clearly demonstrated the effect of operational
variables on heating rate%:i‘quid and particles. It ‘was also a useful device for

. f
-

verification of mathematic n}Qdels. .
2.4.1 Effective electrlfhl eonductmty

In sohd—hqufd mixtures;: the -ejfectlve or overall electrical conductivity

was the key in determining the power._consumm_.mﬁﬂand mean heating rate of the process.

The effective electrical conductivity was det{ﬁiged from the distribution of electrical

conductivity in the system Particles would be dispersed ranidgmly in a fluid and would

respond differently to an’ ‘applied electric field. The form of' reSponse depended strongly
on the electrical conductivity of each phase, particle size, shape and orientation to the
electric field (Palaniappan and-Sastry, 1991a; Sastry and Palaniappan, 1992c; Fryer et al.,
1993). In order to predict the heating effect of an ohmic heating system, the voltage
distribution in the heated material had tg be determined by solving the Laplace’s equation
(equation2.11) with appropriate boundary conditions.

V(eVV ) =0 e (211)
The voltage field was subjected to two types of variation; large scale due

to the medium being heated along the heater length and smaller scale due to differences

in phase conductivities. Large scale effect resulted in the major temperature changes over
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the heater geometry. Small-scale effects depended on the extent of fluid mixing in the
particle vicinity and were typically transient in character, depending on the local
particle/fluid structure, temperature and relative movement (Sastry and Palaniappan,
1992a).

A number of models existed on the dilute suspensions (emulsion-type) of
sphere within the continuous phase which was not applicable to the concentrated solid-
liquid mixture. Only two models for, the oyerall conductivity of mixture had been
proposed. Sastry and Palaniappan (1992a) pr@& a model for a solid-liquid mixture
based on a circuit analysis, inmwhich the rBixturc wéi; represented as a set of series and
parallel resistors. Alternatively;*Zhang and Fryer (1993) proposed a unit cell theory
whereby the conductivity ure couﬁi be estimated by solving Laplace’s equation
for a “unit cell’ of mate:riaﬁhM  }

2.4.1.1 Thie cifeuif analogy conéept

The Circait analogy coiig@gt approximated the behavior of a solid-
liquid mixture by considering the! arjangexﬂégt of solid in liquid in terms of three
resistances, corresponding to liquid and solid ;-iihii,rallel and liquid in series as shown in
Figure 2.8 (Sastry and Palaniappan,ﬁ%a) Tﬁsizes of the three resistances depended
on the electrical conductnvntles of the solid and liquid anji yn the solid fraction. By

assuming that all current»’hnes were parallel, the circuit appmabh may be appropriated in
some situations such as_high solid fractions. Kanchanakitsakul (1999) found that the
relationship between the effective electrical cenductivities in multicomponent system of
vegetables in salt solution and the electrical conductivities of each components followed

this proposed model at volume fractions of 20-60% during heating from 25°C to 125°C.

R
oo0 0dg R
| ao o _
<>D<> a E‘,o -

Figure 2.8 Equivalent circuit theory of two component mixture
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For two-component mixtures involving large particle populations,
the mixture was considered to consist of a continuous (liquid) and a discontinuous (solid)
phase. The equivalent electrical circuit was that of parallel liquid (R;p) and solid (Rp )
resistances in series with a liquid resistance (R;g) (Sastry and Palaniappan, 1992a). Thus:

e (2.12)
where:
e (2.13)
e (2.14)
ITTPRIIRS. 0. |..§
and:
.........(2.16)

:
e UL ALENI WD
ARIAIAIRAIN NI L.

and:

L, =L, e (2.18)

For the present case it was assumed that the area and length of discontinuous phase could

be determined from the volume fraction of that phase (vfy as follows:
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Asp =AVf;.2/3 (219)

and:

L, = LvFi? e e e e (2:20)

The voltage disﬁbuﬁgﬁ N was calculated assuming that all
equipotential lines were approximately parallel to“€lectrodes. This was a reasonable
approximation when the phases were um'formly mixed. After the total resistance was
calculated from equation 2. eﬁ'ectu(e electrical conductivity was then calculated

from equation 2.4.

iﬁ( ponent e, it was assumed to contain N types
of solid, equivalent to resi S f Rsm Rsm, Ry with volume fraction of vi;, v,
...... vl respectively. vojume ﬁ"actlon could be calculated from equation

2.21 by assuming the length of all pattwles to hezzt"rm(Kanchanalutsakul 1999).

-----

= 7
v, = Zlﬂ‘g R 7 (22D
| - : 1-1 -l _’
17 Y]

T

The electrical circuit equivalent to resistance of multi-solids were

shown in Figure 2.9.

(9
]
admEng _ 'J\Q’: R
k}uu()u()n - = —w—w—
atcOnign :
v

Figure 2.9 Equivalent circuit theory of multi-component mixture
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The total resistance was calculated from:

R=R;s+R, e (222)
where:
1
R, = —a— e (223)
1 i
R, R
/4 /=1 “Nspi f/i‘,
e(229)
...(2.25)
A% ...(2.26)

After the total resistance was calculated from equation 2.22, then

A j
ATol uation 2.4.
Y _-L(j'm “d

the effective electrical’

2.4.1.2,Unit cell theory.

Alternatively, the conductivity of a mixture could be estimated by
solving Laplace’s equation for a ‘unit Cell’ of material (Zhang and Fryer, 1993). It was
assumed that the distribution of pasticles.in the liquid was uniform so that the ohmic
heating cell could be divided into a number of ‘unit cells’ each containing a number of
particles (Figure 2.10). Each unit cell was identical, so that it was only necessary to
model one unit cell to predict the behavior of the whole. de Alwis and Fryer, (1992) and
Zhang and Fryer (1993) developed this approach by consider a possible cell pattern in
which particles were distributed on a cubic lattice and cell size could be adjusted to solve

for any solid fraction.
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Voltage distribution within a unit cell was calculated by solving
Laplace’s equation (equation 2.11) with appropriate boundary conditions, i.e., no current
flow across the boundary and uniform voltage on the electrodes. The Laplace’s equation
was governed with an electrical conductivity in which it was a function of position and
temperature. Finite element program was used to simulate the model. For a 2-D

situation, equation 2.11 could be written as:

I )
) av) o 14 /7,
ax(or ax) ay( ’ay) - 2.27)
) :
-
Althou ¢ computation work was required, the unit cell

approach was a more gericral apprc ‘a‘chﬁo-a lm'v concentration solid fraction including an
isolated particle. In practi

lattice as assumed in the del,_yvhl would affect the accuracy of the model. It

Companng the tWo mod"é’ls f<'>r the calfulatlon of particle heating
rates, the calculation bas%l‘mrumt‘ceﬂ‘mvdel‘warmmm)pfcx in time and computing
power than the use of cifcuit analogy (Zhang and Fryer, ‘1'995) However, it has been
shown that the circuit analogy could give significant errors at low solid fractions,

especially the cas¢ with is¢ldted particle.
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@)

Unit cetl simulated

; \\ // 2

f_,f | Pacticles

(b)

Coastam Voltage

Figure 2.10 “Unit el’ for overall electrical conductivity
() unit y centered=cubic particles, showing modeled section
(b) en eell v 'g .
f nd 4
2.4.2 Temperature utlog :" .

-----

commercially steriled after ohmlc prscessmg.:IFWas thus necessary to be able to predict
heating rates throughou} the two phases Conventlonal pr Jpcesses were controlled by

thermal properties sucﬁ ermal conductivity an l}Bat Ohmic heating would,

however, critically depend on the electrical conduct1v1ty "of the food material and the
electrical conductivity distribution of the mixture as it determined the rate of heat
generation as in ¢quation 2.3 (Sastry and Li, 1996.).

The temperature distribution at any instant of the heating process could be
calculated-by, solving. the energy balance equation, with a /heat generation term and
applying the appropriate initial and boundary conditions.' Both 'the'thermal (equations 2.6-
2.7) and electrical problems (equations 2.3, 2.5 and 2.10) had to be solved
simultaneously. The energy generation rate during ohmic heating (equation 2.3) was
directly related to the current induced by voltage gradient (field strength, VV) and a
temperature-dependent electrical conductivity (equation 2.5).
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In practice, assumptions were necessary to simplify the problem. In static
heater, by assuming that the system was thermally and electrically insulated and the
conduction and convection heat transfer occurred infinitely fast, i.e. the liquid
temperature was uniform. The system resistance could be estimated by assuming a
uniform electrical conductivity throughout the system so. the heat generation of the
system could be calculated by including the temperature-effective conductivity
relationship in equation 2.3 (Fryer et al., 1993). The temperature dependence of effective

electrical conductivity could be rewritten from equhtion 2.5 as:

— a+bT ¥ e W 23

then, it was substituted intg.equaiion 2.3 fo be:

Q =f|v/.,vl2(a+pr) L ARTN N ...(2.29)

F

From equation 2.7: f ‘5

S
dt" pC‘p"” pC

4 annd
#

rl

A

; i
i 2
O'IVVI i
Fred

m—
—

S -

-

The relationshib “in equation 2.29 was then substig{it,ed into equation 2.7 and

integrated to give equaﬁdil_ 2.30 as followed (Fryer et al., 1993&

_ -

P %{(a-{-bn)exp[bfzt}—a} 68 iy e (2.30)

pC

P

2.4.3 Experimental studies of temperature prediction
deAlwis and Fryer (1990) developed a 2-D model using finite-element
approach to calculate the temperature of solid and liquid based on unit cell theory. The
program was used firstly to calculate the voltage distribution by solving Laplace’s
equation in which the electrical conductivity was a function of both position and

temperature. For a 2-D situation, the Laplace’s equation could be rewritten as equation
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2.27. Once the voltage distribution was calculated, then the heat generation could be
calculated by the network theory approach, by considering each triangular element as an
isolated network with nodal voltage known by solution of equation 2.27. Current values
were readily found by solving equations analogous to equation 2.27, and thus heat
generation was the summation of voltage and current. Temperature distributions were
subsequently determined by differential equations governing two transient heat
generation and conduction. The predi ture was compared with those obtained
from experiment heating of smgl m 0x20x15 mm in saline solution of
equivalent electrical condu 45 S/ 2.11 a, b); a piece of potato
40x10x20 mm with conductivi /m n salt solution of 0.58 S/m (Figure 2.12).

m and predicted result. The

Simulations showed goo
puter time.

approach was suggested

ﬂumwmwmm
ammnmummmaa
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Figure 2.11 Heating ofldfbat /{ 1\“\\3 jent, (b) simulation.
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Source: deAlwis and
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piece in brine Solid: (¢) experiment, (sss+) sxmulatlon,
Liquid: {.) experiment, (.... ) simulation.
Source: deAlwis and Fryer (1990)
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Sastry and Palaniappan (1992a) studied the mixture of potato cubes in
sodium phosphate solutions of various concentrations using the three dimensional finite
element method for temperature prediction of solid and liquid. Particle population ranged
from two 1.5 cm potato cubes precisely located (at 1.9 cm from the center on either side
within the 10 cm ohmic chamber) to randomly scattered particles (20 and 30 cubes of
0.8cm). The heat transfer problem of particle was the conduction heat transfer equation
with temperature-dependent internal energy generation with a time-dependent boundary
condition while the liquid temperature at each’successive time increment could be
calculated from the energy balance equation by assuming a rapid mixing and no
temperature gradient within the-liquid. For the case of two particles precisely positioned,
the equivalent resistance was galculated by separately considering zones containing
particles from those witheut particles, wﬂlle for the case of large populations, the
equivalent electrical circuit-theory bascd_ apfgoach was used. The comparisons between
model and experiment results were also shon in Figure 2.7 above. It was concluded that
the predicted temperatures were in satisfactifry agrecment with experimental findings,
due to considering factors' such as potent}ral for experimental error and model
assumptions. S15 --‘_4}

Bulk convection in the liquid pgse became important when temperature
variation existed in statlc system. Fryer et al. (1993) studléd the convection effect on

temperature in static heater by placing electrical msulators made of wood and aradite
adhesive of different geometries: a cylinder of 38 mm diameter and a rectangular block of
44x23 mm in CMC solution. with equivalent conductivity but different viscosity.
Temperature at two positions, at the side (point. 1) and the front (point 2) were monitored
upon heating. It was found that the presence of insulators distorted the electric field
distribution' significantly, and consequently caused ‘the “local temperature variations in
liquid around the particles. For the low-viscosity system, the solid temperature was close
to that of the liquid, due to convective mixing and rapid heat transfer. The temperature
prediction was followed equation 2.30 which was simplified by assuming that conduction
and convection heat transfer occurred infinitely fast, slightly overprediction of the

solution was found in both geometry of solid samples (Figure 2.13).
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Figure 2.13 Ohmic heating of an insulating materials in salt solution

Sowc%rﬁ)mmﬂﬂwmﬂs?ﬁng block
RIAINTUNNIINYIAY

33



34

Fu and Hsieh (1999) followed the study of deAlwis and Fryer (1990) by
investigating the temperature prediction of the mixture of potato-sodium sulfate solution
having different sample dimensions, using finite element method calculated by
commercial software. A thin rectangular slice of potato (1.4x 6.2x 0.35cm) represented a
two-dimensional with the minimum third dimension to minimize natural convection
during ohmic heating. Temperatures at four locations, at the center and separated Smm
apart along the long axis, were measured. It was found that the center point was the
coldest point throughout the heating. The préadt/ed temperature from the model was
higher than that from the experiment. The dlﬂ’erence was suggested to be due to the heat
loss to the environment and inaceurate phy§1cal property values used in the model (Figure
2.14). -

Plaichoom Qd&tudied th§ pasteurization of drinking yoghurt with 1 cm
pineapple cube at 0, 5, 10, d -‘20"/2; durmg 20-80°C and using the equation 2.30 for
temperature prediction. It was fqund that& the predicted temperature was far more
overpredicted than the experiment: 1 temperaéne It was suggested to be due to the effect

of size, shape and solid ori on. Hdwevef Jf}t could predict well if the homogeneous

samples were prepared by ho ge;lmng the sdldiijxto the liquid.

g
—
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Figure 2.14 Temperature of a potato piece (1.4x 6.2x 0.35cm) in sodium phosphate
solution (a) experiment (b) model
Source: Fu and Hsieh (1999)
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