CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Design of the ohmic heating cell

'/,
A static ohmic heater designed in this @gure 3.1-3.4) was investigated for
the working performance. Application of alternate-etifrent at 50 Hz, 10-20 V/cm to the

0.1IM NaCl showed slig}y.c or formed on the electrode surfaces due to the
1)

anchanakitsakul, 1999) but neither corrosion on the

_' on m the salt solution was observed. Polishing of

unavoidable electrolysis &

electrode surfaces nor me

pgpqx. (#1000) could prov1de the uniform clear

\Z Y]
Reference material Reﬁlarence electrical | Measured eléctrical % difference
conductivity. value conductivity
(8/m) (S/m)
0.1 M NaCl 1.03 1.002+0.002 2.64
0.02 M NaCl 0.2 0.213+0.001 6.75
0.1M NaH,PO, 0.63 0.635+0.004 0.87
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4.2 Effect of voltage and frequency on electrical conductivity of solid foods

4.2.1 Effect of voltage

The o-T curves of blanched and soaked potato and white radish, cooked
surimi, and cooked pork with different voltage levels were shown in Figure 4.1 and
corresponding data in Table 4.2.The linear relationship (R* = 0.99-1) between o and
temperature was found. It indicated the increase in conductivity with temperature due to
the increasing in ionic mobility (Plaichoom, 2002; Marcotte, Trigui, and Ramaswamy,
2000; Kanchanakitsakul, 1999; Yongsawatdigul-ef al, 1995; Wang and Sastry,1993;
deAlwis and Fryer, 1992; Palansappan :nd Sastry, 1991a,b; Halden et al.,1990).
Applying different levels ofwoltage gradients gave no significant difference on o (p >
0.05) for all examined pretréated samples éFigure 4.1). Statistical analysis of electrical
conductivities at 25°C (o,s) and températu:ré"‘ coefficients (moys) of the three voltage
levels was presented in Appendix A.(Tz-lble—";\l%). This indicated that voltage gradient
had no significant effect on'c of both pretreatifq vegetables and animal samples. In order
to give clear explanation, the expefi{nénts onl }:ayv samples were conducted to compare
this effect. The o-T curves of raw samples as geéted by voltage were shown in Figure
4.2. It was clearly shown that the voltage graleegt influenced the o of raw vegetable

samples but not animal samples.

For raw"';'i;)_tato and white radish, the o-T c_ui;ves were non linear and
increased as the voltage gradient increased (Figure 4.2 a-b) Changes in slopes occurred
at around 60°C indicating ' the" critical structire changes during ohmic heating which
agreed with those reported.in carrot and beetroot (Palaniappan and Sastry, 1991a; Halden
et al., 1990). Applying high voltage would agcelerate the electro-osmotic and
electroporation phenomenon during ohmic heating of raw vegetables. Electro-osmosis
occurred due to the enhancement of molecular diffusion through capillary action (Halden
et al., 1990; Palaniappan and Sastry, 1991a; Fryer ef al. 1993; Wang and Sastry, 1993,
1997b; Lima et al. 1999) while electroporation was the formation of pores on the cell
membrane resulted in increases in mass transfer as influenced by electric field (Halden et
al., 1990; Schreier, Reid, and Fryer, 1993; Lima and Sastry, 1999; Wang and Sastry,
2002; Lima et al., 2001; Zhong and Lima, 2003).
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Table 4.2 Means of regression parameters of electrical conductivity as a function

of temperature of solid samples at various voltage gradients

Sample Voltage gradient O35 moss
(V/cm) ! (S/m) (S/m°C)

Blanched and 0.0148 £ 0.001
Soaked potato 0.0141 £ 0.001
0.0141 +0.001
Blanched and 0.0083 +0°

Soaked white 0.0087 +£0.001
radish 0.0087 +0.005
Cooked pork 0.0096 + 0.004
0.0102 £ 0.006

0.0096 + 0.004
Cooked surimi 1 1065 +0.10 0.0193 +£0.002
ﬂuﬂawaw3Wﬁﬂﬂﬁwmwm
13112 0.01 00170+0001
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For blanched and soaked vegetable samples, the ¢ -T curves were shown in
Figure 4.1 a,b. Unlike the raw vegetables, the o-T curves of blanched samples were linear
and no significant effect of voltage gradient was found as the blanched and soaked
samples may be completely stabilized and equilibrated. During blanching, structural
changes such as cell wall breakdown, expulsion of gas bubble, starch gelatinization,
tissue softening and protein denaturation that may alter the ionic content had already
occurred. Preheating by blanching caused the irreversible change in cellular structure.
Thus, the electro-osmosis and electroporationw\’&o}},ld not occur during apply voltage to
blanched and soaked potato and white radlfh Thé tesult was similar to Wang and Sastry
(1997b) who compared the raw-potaio, carrot and yam to those preheated to 80°C and
found that preheated samples had linear es with higher conductivities compared to
the fresh one with non-lincar'and relative lower conductivities.

For surimi 96/ pprk, thé Qoléée gradient did not significantly (p > 0.05)
affect the ¢ either raw (Figuse 4 f.qu) ?:Ild q&oked (Figure 4.1 c,d). The drop and in 6-T
curves were detected in raw

(Figure 4.2d) which might be d'ue to; fhe oxisiatlon of electrodes. Applying voltage to

animal samples would not llkeiy to-enhance theﬂmd motion as those occurred in plant
cells due to differences in cellular: structure F 1prou.s structure with lots of non-conductive
trapped air in plant comp,ared to protein network embedded ﬂn;.h small non-conductive fat

globules in animal as we’ll as rigid cell wall versus cell membrane microstructures were
most likely to cause laige differences in food conductivity. The result agreed with

Yongsawatdigul et al. (1995)#vho found no significant voltage effect on surimi paste.
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4.2.2 Effect of frequency

The o-T curves of blanched and soaked potato and white radish, cooked
surimi and cooked pork at three frequencies of 50, 500 and 1000 Hz. were shown in
Figure 4.3 and corresponding data in Table 4.3. The o linearly increased with
temperature at each frequency. The frequency did not significantly (p > 0.05 and Tables
A5-8 in Appendix A) affect the ¢ of all samples. The result was different from those
reported in raw vegetables (Lima ef al., 1999 Lima and Sastry, 1999; Imai et al., 1995)
that low frequency might enhanc @;ﬁ% ion and damaged cell wall of plant
cell. As the samples in this ex& be pretreated, the cell fluid might

ages in cellular structure. (Halden e al, 1990). Thus,
o the e , t's and electroporation in the
N

leak out of the cell due to

frequency would not possik

pretreated samples as thosg ; hl\ his result may indicate that

frequency did not influence
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Figure 4.3 Effect of frequency on electrical conductivity of solid foods (a) blanched

and soaked potato, (b) blanched and soaked white radish, (c) cooked pork,
(d) cooked surimi



Table 4.3 Means of regression parameters of electrical conductivity as a function

of temperature of solid samples at various frequency

Sample moss
(S/m°C)
Blanched and 0.0310.001
Soaked potato 0.031+0.001
0.032 £ 0.001
Blanched and 0.0079 +0°
Soaked white 0.0086 + 0"
radish 0.0094 +0.001
Cooked pork 0.0108 = 0.004
0.0110 £ 0.005
0.0108 + 0.004
cookedsﬂﬂummm‘mwn'ﬁ
12335 0.10 0.0179 +0.003

'IU
+ +0.001

o =025+ moys(T-25)  (equation3.2)
* 0 indicates values less than 0.001
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4.3 Factors affecting electrical conductivity of model liquid foods

4.3.1 Effect of voltage

The o of 1% salt solution subjected to 100, 200 and 260V (equivalent to
18.2, 36.4 and 47.3 V/cm) at 50 Hz was shown in Table 4.4, corresponding to Figure 4.4.
No significant difference on electrical conductivity of salt solution (p>0.05) was
influenced by voltage (TableB1 in Appendix B). The voltage subjected to pure sodium
chloride solution in this study would accelerates” the ionic mobility. Since ionic mobility
depended on only temperature, not the heatmg ratc (Palamappan and Sastry, 1991b).
Different voltages applied which provided dlfferent heating rate (equation 2.3) would not

cause differences in 6. The zesu th the experimental study of Palaniappan and
Sastry (1991b) who reportﬁ G' was not directly influenced by the voltage, only

the transition points at whic
was decreased as the voltage i

11 hydrogen gas bubbles presented at the end of heating
reased Hoyveyer the result was different from those

found in 5% pineapple in ng yoghurt U&cause it was a mixture between solid and

liquid so that electro-osmoti¢and electroporau()}l may expected (Plaichoom, 2002).

/ S )

;;;;;

4.3.2 Effect of frequency * 7
The o Qf salt solutlon as affected by frequenéy at 50,500, and 1000 Hz.
were shown in Table 4.5, correspondmg to Figure 4.5. Sumlaﬁ' to the effect of voltage,

frequency did not 51gmﬁcantly (p>0.05) affect the o of salt solution (Table B2 in

Appendix B). This may indigate that frequency,did not influence the ionic mobility of the
electrolyte. Reducing the electrolytic reaction by increasing frequency as reported by Wu
et al. (1995) was also found. As oxidation of electrode surfaces decreased when applying
high frequénéy so) high fréquency ‘could| overcome the E€léctrodl) dorrosion due to

electrolytic reaction.



Table 4.4 Means of estimated parameters of electrical conductivity as a function

of temperature of 1% salt solution at various voltage

Voltage (V) 625 (S/m) mo;s (S/m°C)

100 0.0311 £0.0001

200 0.0321 £ 0.0009

260 0.0324 £+ 0.0006
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Figure 4.4 Effect of voltage on electrical conductivity of 1% salt solution
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Table 4.5 Means of estimated parameters of electrical conductivity as a function

of temperature of 1% salt solution at various frequency

Frequency (Hz.) o5 (S/m) moss (S/m°C)

50 0.0311 £0.0001
500 0.0305 £ 0.0004
1000 0.0308 £ 0.0003
6 -
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Figure 4.5 Effect of frequency on electrical conductivity of 1% salt solution
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4.3.3 Effect of salt

It was clearly shown in Table 4.6 and Figure 4.6 that the o highly
depended on salt concentration (p<0.05). Statistical analysis was shown in TableB3 in
Appendix B. Increasing salt concentration from 0.5 to 1 and 1.5% significantly raised the
o at 25°C from 0.943 to 1.783 and 2.752 S/m. The o values at 125°C increased from
2.653 at 0.5% salt to 4.964 and 7.172 S/m at 1 and 1.5% salt. Higher salt contents also
caused high temperature dependence by consxt{e@g the temperature coefficient (mos,
Table 4.6) which were increased from 0.0131 to 0.0ﬁ“and 0.0442 S/m, respectively.

Adding more saltin solutioql resulted-in an increase in ions (Na* and CI)
for conducting electrical f.urt/ which therefore increased conductivity. The result
agreed with those reported P amappan nd Sastry (1991a), Wang and Sastry (1993),
Yongsawatdigul et al. (19 5)a Marcotteetal (2000).

N | S -
’ L
4 3
", 1
4

Table 4.6 Means of estimated pataméiers of e‘l‘_;ct]lcal conductivity as a function

of temperature of salt solutlon at diﬁ'erent concentration of salt

at SOHz. andQ 1 V/icm j{ y

Yy )
Concentration (%w/w) 625 (S/m) mao;s (S/m°C)
0.5 0.9432 +0.02 0.0171 £0.002
1 1.7838 +.0.02 0.0318«+ 0.003

L5 2.7527 +.0.01 0.0442+ 0.005
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4.3.4 Effect of starch © 4
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Table 4.7 represented the o of L‘Zq salt solution with added starch 0-8%

and corresponding 6-T ggwes were shown in Figure 4.7. Preljﬁr}mary examination agreed
with those reported byl-b?grcotte et al. (1998) that starch lt_;e'lf conducted heat poorly.

This indicated that the ionic content originally presented in starch paste was relatively
low. Addition of 1% salt in‘starch paste studied was to assist the ability of the paste to
conduct heat. From Figure 4.7, the o decreased significantly (p<0.05) as the starch
concentration increased from 2 to 8% (Table B4 in Appendix B). It could be explained
that starch.decreased the unbourid,water in the cell matrix structure asithe free water was
bound and éntrapped during gelatinization. (Wang and Sastry, 1997a). The role of water
to ionic mobility was presented by Yongsawatdigul er al. (1995) that electrical
conductivity of surimi paste containing the same salt content was higher at higher
moisture content. They explained that more ion solvation could increase ionic mobility.
In addition, more starch addition resulted in higher viscosity (Marcotte et al., 1998) and

might retard the ionic mobility. Cation-starch interaction in the presence of salts caused
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an increase in volume of starch granule and viscosity (Bircan and Barringer, 1998;
Sudhakar, Singhal, and Kukarni, 1995b).

On the other hand, evidences had shown that high concentration of starch
may be related to high ion released. Potato starch itself contained 0.06-0.09% of
phosphorus in starch granules, present as phosphoric acid in amylopectin called
amylophosphoric acid (Lisinska and Leszezynski, 1989). Investigation of Chaiwanichsiri
et al. (2001) showed that ¢ of variety of starches including potato starch increased during
gelatinization due to the release of ions from starch granules. Study of Marcotte ef al.
(1998) demonstrated that the conductivity of “Thermoflo’ starch paste at 2, 4, and 6%
slightly increased from 0.051 to.0.059 and%0.068 S/m at 25°C, respectively. The above
reviews indicated that high e*Wwould be obtained in the gelatinized starch with higher
starch concentration which )vf contradlcted}'to that investigated in this study. This could
be explained that in their /s{ste.ms w1thout- salt added, the ions released from starch
granules would directly assoqnatqd with the Sr increased. Whereas in this experiment in
which 1% salt was added, tl‘fe igns from ‘salt a*ppeared to dictate the trend of o rather than
the relative small amount of fons relea.sed fr(m}, the starch. Upon the result investigated,
the factors which affected the ioni¢ ,moblhty haglfn__;dore impact to the system studied than

—

the slight increase in ionic contents. 7.
Lo

4.3.5 Effect of sugar

Model system of 1% salt with added sugar _at 2, 5, 10, and 15% were

)

lalen

investigated. The o data was'shewn in Table 4:8 and corresponding o-T curves in Figure
4.8. It was found that the ¢ of salt solution, both the 55 and ma,ssignificantly decreased
(p<0.05) upon heating as the sugar increased from 2.to 15% (Table, B5, Appendix B).
Within thexange of sugar'examined, the o,5 reduced from 1.7604 without sugar to 1.1874
S/m with 15% sugar while the mo,s decreased from 0.0309 to 0.0247, corresponding to
30 and 20% reduction. These might be caused by the decrease in ionic mobility as well as

those found in starch effect. In addition, sucrose itself is a non-electrolyte so it could not
conduct ohmic heat (Zumdahl, 1997).
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Table 4.7 Means of estimated parameters of electrical conductivity as a function
of temperature of 1% salt solution with starch at various concentration
at 50Hz. and 9.1 V/cm

Starch concentration G5 moss
(Yow/w) (S/m) (S/m°C)
0 0.0318 £0.001
2 0.0286+0"
4 0.0266 + 0.001
6 0.0259 £0.001
8 0.0252+£0.001

* 0 indicates value le

Electrical conductivity (S/m)

| AUEINININYINS
0 g ToimadneTdy -

Figure 4.7 Effect of starch concentration on electrical conductivity of
1% salt solution
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Table 4.8 Means of estimated parameters of electrical conductivity as a function
of temperature of 1% salt solution with sugar at various concentrations
at S0 Hz. and 9.1 V/cm

Sugar concentration G5 moss
(%w/w) (S/m) (S/m°C)
0 0.0309 £0°
2 0.0302£0°
5 0.0289 £ 0.001
10 0.0262 +£0.001
15 0.0247 £ 0.001

* 5 .

0 indicates valug
ok . .

0 indicates value

Electrical conductivity (S/m)
w

© o

ARIAIN IO NRAINYIAY

140

Figure 4.8 Effect of sugar concentration on electrical conductivity of

1% salt solution
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4.4 Correlation between ingredients and electrical conductivity of model liquid

As the starch paste in this experiment was preheated to 80°C prior to ohmic
heating. It was at least 14°C higher than the normal gelatinization temperature range for
pure starch slurry which was reported to be 56-66°C (Lisinska and Leszezynski, 1989). In
the presence of sugar or salt in starch, the increase in the gelatinization temperature was
reported (Chinachoti ef al., 1991a,b; Beleia er.al, 1996; Sudhakar, Singhal, and Kukarni,
1995a). Addition of 10 and 20% sucrose in 5% potato starch was found to raise the
endset temperature of pure staich from 69.8 to 716 and 74.3°C which was 1.8 and 4.5
degree higher (Chaiwanichsiz, Miyawakf:l and Suzuki, 2004). Addition of sodium
chloride up to 1% was foundto raisc the gql:latinization temperature of pure corn starch
from 86.6 to 89°C which was 24 degree hi!gher (Sudhakar et al., 1995a) while the gel
peak temperature of wheat s}at‘bh with'starch 10 free water ratio of 40:60 increased from
66.15 to 72.88°C which was 43 degree ixig@r (Chinachoeti er al., 1991a,b). Water was
another important parameter for gelling stafch, as it was reported that potato starch
suspension of above 20% was found£o dec‘ié,‘fé gelatinization due to an insufficient
amount of water (Lisinska and Leszezynski, 1989). The maximum starch concentration
used in this study was 8% whlch was enmﬁqto accomplish gelatinization. Fully
gelatinization was confirmed by determining the gelati;ﬁ@tion temperature using

Differential Scanning GQiqrimetry and it was found that the endset temperature of
1%salt-12%sugar-8%starch combination which was the highest ingredient ranges used in
this study was 77.82°C. Thus; fully gelatinizationwas ensured.

The relationships between electrical conductivity and temperature at various
combinations of starch salt and sugar were ‘shown'in Figure 4.9. Linear relationships
between temiperature and electrical conductivity were evident (R>= 0.99-1) in all cases.
This linear increasing trend agreed with those reported by several authors (Plaichoom,
2002; Marcotte ef al., 2000; Kanchanakitsakul, 1999; Yongsawatdigul et al.,1995; Wang
and Sastry,1993; deAlwis and Fryer, 1992; Palaniappan and Sastry, 1991a,b; Halden et
al.,1990). The relationships were vpresented as regression parameters as equation 3.2

(Table 4.9). The positive value of temperature coefficients indicated the increase in
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Figure 4.9 Effect of salt and sugar on electrical conductivity of starch paste
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Table 4.9 Means of estimated parameters of electrical conductivity of salt-starch-sugar

combinations as a function of temperature

G25 (S/m) moss (S/m°C)
Salt Starch Sugar(%) o Sugar (%)
(%) (%) 2 6 12
05 2 0902+0.015 00153+0°  0.0149+0"
4 089810013 0014740"  0.0130%0°
8 0.81240.022 0013540 0.0126%0
075 2 1.304+0057 1.20130/008 0.0218+0°  0.0205%0°
4 132840 1218000 00204+0"  0.019240"
8 121130014 00195+0°  0.0179%0"
1 2 171040033 1658+o 021 l:!)’ﬂ . 0.0288+0.001 0.0292+0°  0.0274%0°
f=d T
4 171010018 - 0.0278+0° 0025540
8 165240004 1383+0.033 1.3 oto  00252t0°  0.0233+0"

Il
G =05+ mops (T -2i) uation3.2)

°‘“¢“‘eﬁ‘ﬂﬁ"ﬁ"‘i’l"ﬂﬂ‘§wmﬂ‘i

ammnm URIINYIAY
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conductivity at high temperature. This may be due to the increasing in ionic mobility at
high temperature (Palaniappan and Sastry, 1991a,b). The o values were found to increase
to more than double from 25°C to 125°C for all combinations e.g. from 0.902 to 2.442
S/m for 0.5%salt-2%starch-2%sugar combination and from 1.31 to 3.64 for 1%salt-
8%starch-12%sugar.

In the combination of salt-sugar-starch system, the salt-sugar-starch interaction
effects were reported in various means such as, its ability to compete water and hence
reduce the water mobility, the sugar-starch infefaction resulting in less plasticizing effect
of the system, and the cation-starch interagtion in the presence of salts resulting in an
increase in volume of starchrgranule and viscosity (Bircan and Barringer, 1998; Beleia ef
al., 1996; Sudhakar et al. 199 Chinacﬁloti et al., 1991ab). The reduction of water
mobility in the presence of‘g:: durmg gelatlmzatlon was confirmed by Chinachoti ef
al. (1991a) who used the N;é:: Magnenc Rcsonance spectroscopy to observe the effect
and found that water m(y(hty were ong&)ally high but drastically decreased on
gelatinization because of the m‘érease fractlon of trapped water when sucrose was added.
Similar result was also found on the ! reductwn’. .of ion mobility due to salt addition to
starch (Chinachoti et al., 1991a) 'Therefore m* t
heating, the water was partly trapped by starch and bound by s_ugar.

_4 £

gelatinization step prior to ohmic

ol

Among the salt-Sugar-starch combinations, the lowest ¢lectrical conductivity was

found in the mixture of 0. 5% salt-12% sugar-8% starch. ThlS mixture was the lowest salt
and highest sugar and starch concentration within the study range. Whereas the highest
electrical conductivity was found in the 1%salt-2%sugar-2% starch combination which
was the highest salt'and lowest sugar and starch. As the salt concentration increased from
0.5% to 1%,  the  relatiotiship ‘between “electiical ‘conductivity jafid férhperature was
increased im all starch-sugar combinations due to the increase in Na' and CI for
conducting electrical current. This effect of salt on ¢ agreed with those of Palaniappan
and Sastry (1991a,b), Yongsawatdikul ez al. (1995) and Marcotte ef al. (2000). Increasing
sugar from 2 to 12% caused the electrical conductivities of starch paste to decrease in
most of the combinations, e.g. 625 of 1.328, 1.218 and 1.085 S/m; mo;s of 0.0211, 0.0204
and 0.0192 S/m°C were found on 0.75%salt-4%starch with 2, 4, 12% sugar respectively.
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These might be caused by a decrease in ionic mobility resulted from the sugar-water

binding.

In the combination of salt-sugar-starch system, the complementary effect of
decreasing in electrical conductivity by sugar and starch was found. This may be because
water was bound by both starch and sugar. However, an increase in salt content would
raise the o and override the decreasing eﬁ"gf:t of sugar and starch. The salt content
appeared to dictate the electrical conductivity J@mbined system due to the increase
in ionic content of the system. The decreasing 6f electrical conductivity by sucrose and

starch as well as the increasing of ql_ectricfl conductivity by salt in this study could be

explained by the contribution ofi0mic contexjt and ionic/water mobility.

v multivariate regression was used to correlate the

From the data, a stepwise/lint

electrical conductivity of Sys , .rtefﬁpe-‘tu.ge, salt, sucrose, and starch. It was found

that the empirical correlation w; 2= 0994 \
o R ;’.-‘-:,4 L

/ ity
o = 0.379+0.871Sa-0.03 s;g_9§029ssq’¢gg,00164'r+0.0251SaT ....... (4.1)

-
"

A\ z

- Onl zﬁaT interaction was found

significant (p<0.05). Apar? from all main effects in the equation, the addition term of SaT

indicated that an increase in glectrical conductiyity with temperature was greater at higher
salt content. The lequation was verified with the experiment and, found that the model

predicted well withi3% average error (Figure 4.10).
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Figure 4.10 The change in electrical conductivity of starch paste with temperature
(a) starch 4% + sugar2%, (b) starch 2% + sugar 6%,
(c) starch 8% + sugar 12%,

: predicted values, A:experimental values
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4.5 Effective electrical conductivity of the solid-liquid mixture

4.5.1 Electrical conductivity of individual phases

The measured o of individual components were shown in Table 4.10 and
Figure 4.11. Conductivity ratios of solid to liquid at 25°C and 125°C were also shown in
Table 4.10 as the ratio was not consistent along the temperature range. It was found that
all components had high conductivity ratio at 125°C than 25°C which meant that the rate
of conductivity change of solid was higher thauthat of liquid at high temperature. Among
the samples studied, surimi had the highest o, followed by the liquid (0.75% salt- 4%
starch- 2% sugar), the salted*white tadish, salted potfato, unsalted potato and unsalted
white radish was the least*€onductive. Comparing fo th¢ o of liquid, ¢ of surimi was
relative higher because it contained 1% salt content which was higher than 0.75% salt in
liquid. Both types of vege/taﬁ.le, -samplés_’had;;;luch lower o than that of liquid and the
potato was slightly more conductive than, whi&: radish due to the original presence of ions
in vegetable tissues. In salted v_egeta_blq.i soaﬁ'gg in 0.75% salt overnight was performed
in order to increase the ionic cmtent.ﬁitlﬁnikq, vegetable issue. It was found that the
salted white radish had higher s tﬁanihe salteiiiﬂtato even though the unsalted potato
was more conductive than the unsalted white rﬁiiﬁhﬁ-’l‘his implied that more salt diffused
into white radish tissué _'ir_than in potato tissue. Difference §m vegetable structure was

considered to be the réﬁon. As potato was rather starchy arfd dense compared to the
fibrous structure of white-radish, salt could diffuse into white radish more easily within
the same soaking time resulting in higher . Therefore, the conductivity ratio of salted
white radish was higher than that of salted potato, while it was lower in unsalted white
radish than unsalted potato. It should besnoted that the-c of salted vegetables would never
reach that of salt solution‘at 0.75% since the moaisture of the vegetabl¢ itself may diffuse
out of the vegetable structure during equilibration and would dilute the salt concentration
as soaking time increased. The variation in ¢ of vegetable samples between batches of
study was also found due to the natural variation of non-homogenity of food structures.
For vegetables, the variation could possibly be due to the distribution of vascular tissue
(Palaniappan and Sastry,1991a; Wang and Sastry,1997b; Lima et al.,1999; Lima and
Satry,1999; Fu and Hsieh,1999).
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Table 4.10 Electrical conductivity equation and conductivity ratio of solid to liquid at
25°C and 125°C of individual phases

Materials Equaﬁon R2 ()-25a 0'125b 0'5/0'10 o's/o'l
at25°C | at 125°C

Liquid” o —0.8041 + 0.0208T | 099 | 1324 | 3.404 3 -

Unsalted o =0.1121+ 0.0118T. [ 0098 | 0.407 | 1.587 | 031 0.47

pojate N SN\ id A

gzgetg c =0.1863 + 0 \Q}‘& 0611 | 2311 | 046 0.68

Unsalted s = 0.036400 -, .4- -mm- 1399 | 023 0.41
white radish

Salted o =0.38 l \\. 2.650 0.63 0.78
white radish ///

Surimi 6 = 0.4968 //’ 4 0.86 1.09

C

ctrical conductivity (S/m)

0 75% salt-2% sugar-4% s
® 5 at25°C and 125°C 4
conductivity ratio of solid

.R\(\\\
2\

o
N
o
S
o

60 80 100

Time (s)

Figure 4.11 Mean electrical conductivity with temperature of individual components
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4.5.2 Effective electrical conductivity
During ohmic heating of solid-liquid mixture, the voltage and current were
measured and calculated as effective electrical conductivity.
4.5.2.1 Single-type solid in liquid
The relationship between o and liquid temperature of the single-
type solid in liquid at volume fraction (vf) of 0.2, 0.4 and 0.6 compared to that of liquid
alone was shown in Figure 4.12. The corr&spojl}ded equations were tabulated in Table
4.11. It was found that the linear relationships we.rc’ evident (R? = 0.99) for all mixtures.
Upon heating, an increase in ionic mobilitysof foods existed (Plaichoom, 2002; Marcotte
et al., 2000; Kanchanakitsakul, 1999 Yongsawatdigul ef al.,1995; Wang and Sastry,
1993; deAlwis and Fryer; ?/ﬁalamappa]n and Sastry, 1991a,b; Halden er al.,1990).

Ion exchanges between may, poss1bly occur since the ionic contents were

.

different. 'y -

From ﬂ -if2 :it wks shown that the o -1 curve of vegetable
in liquid was lower than that of liquid alone mall'.cases This was because all vegetables

were less conductive than the qu1d (’Flgure 4’11) hence the mixture of vegetable in

liquid would have a lower value of mmparei—iqthat of liquid. This result agreed with
those reported by Palamappan and ° Sashy (13991b) Kan[chanakltsakul (1999), and
Plaichoom (2002). On- ( i had highe :b’than the liquid, thus the
combination of surimi in’ hquld had higher o. Increasmg vf of solids gave higher

difference between G of the mixture and of the liquid (Figure 4.11). This indicated that
the oesr of the solid-liquid iixture’depended on the/gs’of the components and the volume
fraction of solids.
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Figure 4.12 Effective electrical conductivity of single-type solid in 0.75% salt-2% sugar-
4% starch liquid with various volume fraction
(a) unsalted potato, (b) salted potato, (¢ ) unsalted white radish,
(d) salted white radish, (e) surimi



Table 4.11 Effective electrical conductivity equation of solid in liquid at various
volume fractions (R* =0.99 )

Mixture vf Equation
0.2 Ger = 0.607 + 0.0187T
Unsalted potato in liquid 0.4 Ot =0.549 + 0.0183T
0.6 Cur = 0.469 + 0.0153T

| W ]
0.2\‘\‘1 Gur = 0.589 + 0.0206T
Salted potato in liquid : o\\/} / =0.584+ 0.0192T

= 0 496 + 0.0179T

m‘—-ﬁ_ ——Our=0:626 + 0.0176T

Unsalted white radish in liquid _ - Gur=0.545 + 0.0164T
7. G =0.399 + 0.0143T

a Gur = 0.693 + 0.0207T

Salted white radish in liquid G = + 0.0209T

i:__jﬁh 'x.g,,,s + 0.0186T

=0.712 + 0.0228T

Surimi in liquid ¥ G =0.720 + 0.0229T
: 0.748 + 0.0242T
Unsalted potato and white — c =\630 + 0.0179T
radish in liquid Gur = 0.617 + 0.0169T
P A 0.386 + 0.0173T
Unsalted potato and surimi in (—— O =0.619+ 0.0214T
liquid SRS N %a = 0.567 + 0.0215T
£ 0.6 S =01 -+ 0.0192T

o
Unsalted white radishand * | 02 | - o 0212T

surimi in liquid 0.556 + 0.0212T

—0.518 + 0.0204T

Salted potato and white radish oy Oer = =0.624 + 0.0217T

in liquid 204T

P ‘LJEJ ?) ﬂﬂiﬁiﬂ“fﬂ"ﬁmr

Salted potato and surimi in ¢ Ger =0.707 + 0.0217T

S adnsRlun B
o W ANN AT A P ¥iH el

Salted white radish and surimi 0.2 Our =0.729 + 0.0222T

in liquid 04 O = 0.692 + 0.0232T

0.6 Our = 0.549 + 0.0239T
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Comparing between the salted and unsalted vegetables, It was
found that the salted vegetables in liquid had higher c.¢ than the unsalted vegetables. The
temperature coefficients of salted vegetables in liquid were 0.0206, 0.0192 and 0.0179
S/m°C for potato and 0.0207, 0.0209 and 0.0189 S/m°C for white radish compared to
0.0187, 0.0183 and 0.0153 S/m°C of unsalted potato in liquid and 0.0176, 0.0164 and
0.0143 S/m°C of unsalted white radish in liquid at 0.2, 0.4 and 0.6 vf (Table 4.11). This
was due to the higher ionic content in salted selid resulted in higher ¢ than the unsalted
solid (Wang and Sastry, 1993).

Comparing potato to white radish, increasing vf from 0.2 to 0.6
gave high decreasing in o of unsalted white radish-liquid system than the unsalted
potato-liquid system which was' due 10 thei lower conductivity ratio of unsalted white
radish compared to the uns‘alteA potato. On the other hand, increasing vf from 0.2 to 0.6
resulted in higher lowering’ effect in saltedapotato than salted white radish due to the
lower conductivity ratio of salted potato than sﬁalted white radish.

4.5.2.2 Two-type sohds in llqm&s

The results of Geer—T cmes ‘as well as the influence of volume
fraction of solids in llqmd were stown in TaBle 2* 1land F;gure 4.13. Similar to the
single-type solid in hqmd,—aﬂ—nmctwes—had—hnea:—reldﬂonshlps between ¢ and
temperature (R*> = 0.99). Inicreasing in solid fraction gave the lower Cesr in all mixtures
except the salted vegetables and surimi (Figure 4.13 e.f) which was corresponded to the
os of individual phasés (Figure 4.11)0 Inithe“mifure of ‘vegetable in liquid, increasing
the volume fraction of vegetable indicated an increase in lower conductive phase relative
to the liquid which-resulted in-lower-cer of the-system. These results-agreed with that of
Kanchanakitsakul (1999) which reported that the ‘ot of multi-component mixtures of
vegetable solids in salt solution decreased as the volume fraction of vegetables increased
and Palanaippan and Sastry (1991c¢) for potato in sodium phosphate solution.

In the mixture of vegetable and surimi in liquid, the o would
mainly depend on the combination of ¢ of apparently higher than liquid (surimi) and
much lower than liquid (vegetable) with equal fractions. Unsalted vegetables had relative

lower conductivity ratio than salted vegetables, thus gave lower oy while salted
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vegetables gave higher o, than the liquid when mixed with surimi. Comparing potato to
white radish in the mixture with surimi in liquid, the mixture with salted potato gave
lower oy than that of salted white radish while the mixture with unsalted potato gave
higher o.s than that of unsalted white radish which could be explained by the
conductivity of the individual phases. However, the cer of the vegetable and surimi
mixture were found to be higher than those of the mixtures of vegetables.

AUINENINYINg
RIANTUNRINYINY
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4.6 Prediction of effective electrical conductivity of solid-liquid mixture

Base on the circuit-analogy approach, the ¢ of solids from equations in Table 4.10
and o of liquid calculated from equation 4.1 were used to estimate the . of solid-liquid
mixture using equation 2.12-2.26. The predicted oy equations and the difference ranges
compared to those obtained from experiment were shown in Table 4.12 and the Ges -T
curves were shown in Figure 4.14 to 4.15. From;'f‘fable 4.12 the calculated G compared
to those obtained from the experiments agreed Well Within +10% difference for almost all
mixtures (Appendix D). This indicated that the ecircuit-analogy approach could be
effectively used to estimate Geft Of multi-component mixtures within satisfactory
agreement. The results agreed wath the cﬂh_ of vegetables in salt solution at 0.2-0.6vf
reported by Kanchanakits 1909 f2 =24

It was noticed )Mf( errors wer dolztahed at 0.6 vf in most combinations.
These might be due to the fa hat hlgh cohhentration of solids did not comply to the
assumption for the calculagion.s 'As the cmc}nt concept assumed that both phases

equivalent to the three resistanges: hqmd in | and series, and solid in parallel, the

packing of a large amount of solid cuEs in hﬁ may not follow the arranged patterns.

*a. =

The chances of solid cubeﬁ attached to each other were poss:laly found and would directly

influence the calculation jl‘herefore this approach may have‘tlje limitation to the system
of very high amount of sollds which was not often found in commercial practice. It

should be noted that the error for oy calculation had mcluded the error of liquid

conductivity estimation as well.
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Table 4.12 Equations predicting effective electrical conductivity of solid-liquid
mixtures during ohmic heating from 25-125°C

Mixture vf Equation Difference range
(%)
Unsalted potato in liquid 0.2 Cur =0.678 + 0.0187T 24-6.6
0.4 Our=0.532+ 0.0170T -49-(-6.3)
0.6 Ger=0.396 + 0.0153T -3.0-(-8.5)
Salted potato in liquid 0.2 ce,,— 0.634 + 0.0201T -05-29
0.4 -0511+ 0.0194T 23-5.1
0.6 f 395+ 0.0187T -0.04- (-8.6)
Unsalted white radish in tiquid 0.2 4@( + 0.0184T 42 -4.4
2 o,ﬁ-om 0.0163T -3 -(-7.3)
i og=0.32 + 00143T -3.6-(-10.5)
Salted white radish in liquid Oer=0.734+ 0,0201T -1.0 - 2.0
Gu = 0.643 + 0.0197T -14 -(4.2)
! o= 0.556 +10.0193T 30- 1.2
Surimi in liquid G = 0,768 + 0.0217T 16 -2.9
6 =0.712% 0,0229T 0.1-08
3;,,, 0.656 + 0.0241T -3.1-1.0
Unsalted potato and white H‘F 0.648 + 0.0193T -1.8 - 0.2
radish in liquid =0.472 + 0.0180T -03 - (-11.3)
3 =0.310+ 0.0168T 5.1 - (-9.8)
end e '
Unsalted potato and surimi in 0. 2—— Gg=0.719 + 0.0210T LS - 7.7
liquid QAN Gep= 0.613 + 0.0215T 14 - 42
W 0.6 Ger=0.511+ 0.0320T 03 - (-2.0)
b & =
Unsalted white radish and - 0.2 Gaz=0.712 + 0.0210T 02- 1.0
surimi in liquid 'i 0.4 Oer= 0.600+ 0.0215T 25 - 48
-/ 0.6 Ger = 0.492 + 0.0219T 44 < 3.2
Salted potato and white radish 0.2 Geir = 0725 #+ .0.0208T -03 - 6.7
in liquid 04 Gefr = 01626 + 0.0211T 37 - 42
0.6 Gur = 0.500+ 0.0214T 28 - 62
Salted potato and sunmx in. 0.2 O =0.738 +, 0.0216T 22 - (-0.5)
liquid 0.4 Ot = 0.652 + 0.0228T 12 - 3.5
0.6 Ger=0.567 + 0.0239T 08 - 43
Salted white radish and surimi 0.2 Gur=0.765 + 0.0218T -19- 04
in liquid 04 Ger=0.705 + 0.0230T 06- 03
0.6 Oer = 0.645 + 0.0243T 92 - (4.0
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Figure 4.14 Effective electrical conductivity of single-type solid in liquid mixture
at various volume fractions (a) unsalted potato, (b) salted potato,
(c) unsalted white radish, (d) salted white radish, (e) surimi
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4.7 Temperature prediction from the developed mathematical model

The mathematical model developed in this study (equation 2.30) was generated by
assuming that the small solid cubes were uniformly distributed in the liquid like a
homogeneous system. As the solid and the entire mixture were found to be heated at
similar rate, the predicted temperatures were compared with the measured temperatures
for 5 combinations of single-type solid in liquid and 6 combinations of two-type solids in
liquid at 0.2, 0.4, and 0.6 vf.

4.7.1 Single-type solid in liquid 2

The heating profiles. of liquid and solid in the mixture as well as the
heating curves calculated from the model (Appendix F) for unsalted potato, salted potato,
unsalted white radish, saltjete radish, and surimi with various solid fraction were
shown in Figures 4.16 to Mespectlvely _,Addmonal heating profile curve of liquid
alone conducted at the same oltzge, gmd;entl)zvas overlaid on the same graph in order to
compare the heating rate. Tt wﬁs found that thc. liquid and solid were heated at similar
rates with the temperature dlf%erence not more jhg;n 10°C in most cases (Appendix E). It
was interesting to note that vegetdﬁlés which «g{é the low conductive particles could
heat as fast as the h1gh conductive liquid. Th'ls_ggreed w1th Sastry and Palaniappan
(1991a) who found that tﬁe low conductive potato particle cbuld heat as fast as the salt

solution at volume fracti{m of 0.23 due to the restriction of parallel conduction paths
through the fluid. Therefore, it was justified to consider the-mixture of small solid cubes
in the liquid as a homogeneous System by assumming the population behavior as ‘average’
particles distribution in'the developed. mathematical _model (Sastry and Palaniappan,
1992a). Thus the o was used to calculate the energy generations or mean power
consumption which| convertéd| to.the thermal’ energy. of the entire \mixture. Then the
temperature was calculated using average thermophysical properties. So this model was
simple and less computing time compared to the previous models which predicted each
phase separately using complex calculation (deAlwis and Fryer, 1990; Palaniappan and
Sastry, 1991a; Fryer et. al., 1993; Fu and Hsieh, 1999).
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Since the sterilization process needed to ensure satisfactory commercial
sterility, the predicted temperature was thus compared with the slowest heating phase
(Figures 4.16 - 4.20). It was found that the model gave a very good fitting for most of the
experimental temperatures. In general, satisfactory agreement was obtained with the error
+ 11 % in most cases. Among five mixtures with three vf studied, thirteen out of fifteen
cases were found to predict temperature lower than the slowest heating phases and two
cases were found to be overprediction. However, the underprediction was not consistent
along the temperature range of 25-125°C. In mokiCases, small overprediction during 25-
70°C were found but it turned-to be undergrediction when temperature was higher than
70°C (Tables E1-ES5 in AppendixE). Since lethality would be significantly accounted for
sterilizing at relative high.témperature, thus the results in this study would show
sufficient prediction. High grror was obtam at high vf which corresponded to the error
arisen from o calculation }/ mentnoned m mtlon 4.6. The two exceptions out of fifteen
cases which overpredicted weére the unrs.altegahd salted potato mixture at 0.2 vf. The
differences between the model and the'potatg panicle temperature were not consistent
along the temperature range, 1.e. it incréased qp to about 10-13% as solid temperatures
increased from 25 to 40°C and then decreased ftuabfout 2% at the end of heating (Figures
4.16 and 4.17a and Tables El and___E_2f: in AppghdggE). These indicated that the model
predicted more closer. _to; the solid temperature upon heatij,;g The possible error for
overprediction in these ca§es might be due to the temperature?dépendence of C, of potato

which was ignored in the calculation. Rice et. a/ (1988) reported the temperature
dependence C, of potato as ‘shown in equation’2:10. The C, of potato was significantly
higher at high temperature, e.g.2.735 and 4.015 kl/kg’C at 40 and 90°C which indicated
the slower temperature rise upon heating. However, the overprediction,was not found at
high vf even though the\effect due to C, vamation should-be prodounced. This was
because at high vf, the error may counteract with the underestimated ey and resulted in
satisfactory agreement.

It was also found that in vegetable mixtures (Figures 4.16- 4.19), the
experimental heating rate of both phases were slower than the heating curve of liquid
alone and the salted mixture heated faster than the unsalted one while in surimi mixture,

both solid and liquid heated faster than the liquid alone (Figure 4.20). The temperature
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differences between both phases and liquid alone were higher as the volume fraction
increased. These corresponded to the o as presented in section 4.5 and 4.6. For the
vegetable mixture at 0.2 vf , the vegetable particles heated slower than the liquid while
that at 0.6 vf the liquid heated slower than the particle in all cases (Figure 4.16- 4.19).
This indicated that increasing the vf from 0.2 to 0.6, the slowest heating phase changed
from particle to liquid. This was possibly due to the fact that at high concentration, the
low conductive phase represented the major resistant part and hence the parallel
conduction paths for the current to pass througl{ the liquid were restricted and forced a
greater proportion of the total-euirent to gow tMoﬁéh the particles. These resulted in
higher energy generation rate.within the particles and consequently a greater relative

heating rate. The phenomanb’fl‘ as consistent with that of Sastry and Palaniappan
(1992a) which reported thayic("s’:g the pltato volume fraction from 0.23 to 0.345, the
particles heated faster e/? ough "Jgﬁe iﬁglt solution had a considerably higher
id from tl@ studies of de Alwis and Fryer (1990) with
thin -ﬁartic(é_;iiq;an electric field. If the particle was

conductivity. Similar point was fi
respect to orientation of a lon
oriented across the current, it tJef'ﬁdec_i_ano ‘blé;l'gl:;_: »the current, then the particle interior
heated faster than the fluid. il

o
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4.7.2 Two-type solids in liquid

The predicted temperature profiles were compared with the measured

temperature profiles for two-type solids in liquid (Figures 4.21 - 4.26) and corresponding
data was provided in Table E6-E11 (Appendix E). In most cases the predictions were
consistent with experimental data within + 11 % error. The exceptions were the mixtures
of liquid with unsalted potato and surimi at 0.4 vf (Figure 4.22b) and salted potato and
salted white radish at 0.4 vf (Figure 4.24b) which were about 13% overprediction and
that of unsalted white radish and surimi at O.6§f‘(Eigure 4.23c) which was about 13%
underprediction. In the mixture of two-type solids in‘ liquid, the heating profile of the
entire mixture was of compasable heating rate and comesponded to the c.s. The solids
heated slightly faster than.the ligtid i most cases. Inicrestingly, the vegetables either
ﬂéq(zlme 4%24) could heat faster than the liquid at all

volume fractions. Both ve b}es were of sumlar heating rate and slightly higher than

unsalted (Figure 4.21) or

the liquid at all volume fra ns For'the m‘}xl‘ure of vegetables, either potato or white
radish, with surimi in hquxd;’ (Flggre 14.22:_4_},;23!), the surimi heated faster than the
vegetable and liquid in all cases due to the higﬁp of surimt itself.

As the temperature behavmr of' mlﬂ‘tl-component mixtures could not be
clearly explained, the error of predlctlon mlght be due to many factors. The heat transfer
between components cgdld have been occurred in real sﬁj‘xaﬂon (deAlwis and Fryer,
1990; Palaniappan and" gastry 1991a; Sastry and Palamappin 1992a,c; Fryer et. al.,
1993; Fu and Hsieh, 1999). The o ratio of solid components;, the ¢ distribution (from the

three different components) within the mixture;'and the ions diffusion may contribute for
the heating behaviors (deAlwisiand Fryer, 1990; Palaniappan and Sastry, 1991a; Sastry
and Palaniappan, 1992c; Fryer et. al.41993; Fu and Hsieh, 1999), The temperature-
dependence, of physical properties of material had proven to be significant effects (Rice
et. al, 1988; Sweat, 1986). It should also be noted that as the estimated values of liquid ¢
and o were used in temperature prediction, thus the errors of both predictions were
contributed in the error of temperature prediction. Therefore, even though some
overprediction was found from the model, within +11% difference could be of

satisfactory agreement compared to those obtained in other models (section 2.4.3)
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(deAlwis and Fryer, 1990; Sastry and Palaniappan, 1992a; Fryer et. al., 1993; Fu and

Hsieh, 1999). Further researches should be investigated for causes of the variation.
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Figure 4.21 Temperature changes of unsalted potato and white radish in 0.75% salt-

2% sugar-4% starch liquid at various volume fractions
(a)=0.2 vf, (b) =04 vf, (c) = 0.6 vf
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Figure 4.22 Temperature changes of unsalted potato and surimi in 0.75% salt-
2% sugar-4% starch liquid at various volume fractions
(a)=0.2 vf, (b)=0.4 vf, (c) = 0.6 vf
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Figure 4.23 Temperature changes of unsalted white radish and surimi in 0.75% salt-

2% sugar-4% starch liquid at various volume fractions
(a)=0.2 vf, (b)=0.4 vf, (c) = 0.6 vf
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Figure 4.24 Temperature changes of salted potato and salted white radish in 0.75salt-
2% sugar-4% starch liquid at various volume fractions
(a)=0.2 vf, (b)=0.4 vf, (c) = 0.6 vf
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Figure 4.25 Temperature changes of salted potato and surimi in 0.75salt-2% sugar-
4% starch liquid at various volume fractions
(a)=0.2 vf, (b)=0.4 vf, (c) = 0.6 vf
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Figure 4.26 Temperature changes of salted white radish and surimi in 0.75salt-2%
sugar-4% starch liquid at various volume fractions
(a)=0.2 vf, (b)=0.4 vf, ()= 0.6 vf
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4.8 The efficiency of energy conversion from electrical energy to thermal energy

Verification of the efficiency of energy conversion in ohmic heating could be
possibly determined from the measured voltage and current as energy input and the
thermal energy associated with temperature rise. Figure 4.27 and 4.28 showed the
thermal energy compared to the system energy input, for single-type and two-type solids
in liquid. The rate of energy input generally matched the thermal energy dissipation fairly
close, indicating that energy losses through the walls were small. Thus in ohmic heating,
the energy efficiency was considerably high".(ﬁ?..O%) in all cases studied in this
experiment which agreed with those claig}ed as-aél\’lantage of ohmic heating (Parrot,
1992; Sastry and Barach, 2000). However, slight difference among mixtures was
obtained even though the.sdme ohmic heating device and identical experimental
condition were used This ngqs:ibly due to the temperature rise associated with C,. As
C, depended on tempera diﬂé;entl‘il -.an;oﬁg materials, differences among mixtures
might be obtained. § _ .3' ‘

4
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Figure 4.27 Comparisons between the thermal energy from temperature rises to the electrical energy input,
for single-type solid in liquid mixtures——— energy input - ------ thermal energy
(a) unsalted potato, (b) saited potato, (¢ ) unsalted white radish, (d) salted white radish, (€) surimi
(1,2,3) = 0.2,0.4,0.6 vf
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Figure 4.28 Comparisons between the thermal energy from temperature rises to the electrical energy input,
for two-type solids in liquid mixtures energy input -------- thermal energy

(a) unsalted potato and white radish, (b) unsalted potato and surimi, () unsalted white radish and surimi,
(d) salted potato and white radish, (€) salted potato and surimi, (f) salted white radish and surimi
(1,2,3) = 0.2, 0.4, 0.6 vf
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