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1. Cavitation
2. Krostula
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Table 1 Different treatments and their abbreviations

Number

Treatments

1 Control

2 Ultrasound waves with a frequency of 28 kHz for 30 minutes (U1)
3 Ultrasound waves with a frequency of 40 kHz for 30 minutes (U2)
4 Ultrasound waves with a frequency of 28 kHz for 15 minutes - Ultrasound waves with a frequency of 40

kHz for 15 minutes (U3)

5 Ultrasound waves with a frequency of 28 kHz for 20 minutes - Ultrasound waves with a frequency of 40
kHz for 10 minutes (U4)

6 Ultrasound waves with a frequency of 28 kHz for 10 minutes - Ultrasound waves with a frequency of 40
kHz for 20 minutes (U5)
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Table 2 Dimensionless moisture ratio modeling of potato slices during frying process as a function of
time (1-6) oil content (O), shrinkage (S) and apparent density (p) (7-9)

Number Model Reference
m,—m 8 <& 1 —(2n+1)’ 1’ Dt
M, = e e
! Cmem, ey T ) Crank [19]
2 M = exp(—a.t) Krokida et al. [20]
3 M=at’+bt+c Razzaghpour [15]
_ Ronaghi and Dehghannya
4 M =a +exp(bt) [16]
1 .
5 M = N Naghavi et al. [14]
a.
t+a
6 = Naghavi et al. [14
bt+a g [14]
7 M = a.exp(b.0°) Alizadeh [21]
8 M=aS*+bS+c Alizadeh [21]
9 M=ap’+bp+c Razzaghpour [15]
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Table 3 Initial moisture content of different
potato slices with various treatments

Treatment Initial moisture
content (Dry basis)

Control 3.29°

u1 3.61%

u2 4.80°

us 3.75%

U4 3.73%

us 3.85%
Different letters indicate significant differences
(p<0.05).
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Figure 1 Dimensionless moisture ratio of potato
slices based on experimental (Exp) and predicted
(Fit) data (model 2, Table 2) at 150°C (a), 170°C (b)
and 190°C (c)
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Table 4 Comparison of mean effective moisture diffusion coefficient at different temperatures and with
different pretreatments during frying

Temperature (°C) 150 170 190

Derr %10 (M?/s) 2.54114°  3.18554 3.72051°

Treatment Control U1 U2 UK U4 U5

Derr %10 (M?s) 2.55329°  2.89373" 3.89074" 2.89373% 3.33144% 3.33144%

Different letters in each row indicate significant difference (p<0.05).
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5. Cavitation
6. Sponge effect
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Table 5 Effective moisture diffusion coefficients obtained from Fick's diffusion model for different

treatments and temperatures during frying

Model 1 Temperature (°C)
150 170 190
Treatment  Deg %107 (m%s) R Detr X107 (m?/s) R? Dest X107 (M%s) R?
Control  1.568+3.64E-10" 0.9375  2.480+4.37E-09° 0.9849  3.063+5.83E-09"% 0.9974
Ul 2.115+2.18E-09°" 0.9706  2.699+3.67E-09%" 0.9859  3.720+8.02E-09¢  0.9957
u2 3.136+7.29E-10"% 0.9927  4.012+7.29E-10" 0.9973  4.595+2.18E-09° 0.9972
U3 2.115+7.29E-10°" 0.9661  2.918+1.45E-09°% 0.9919  3.209+0%% 0.9974
u4 2.626+1.45E-09%F 0.9950  3.136+2.18E-09%% 0.9983  3.939:+1.45E-09% 0.9985
U5 2.480+4.37E-09° 0.9739  3.282+3.64E-09"% 0.9987  4.231+4.37E-09" 0.9956

Different letters in each column indicate significant difference (p<0.05).
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Figure 2 Logarithmic changes of effective moisture
diffusion coefficient as a function of inverse absolute
temperature for different treatments
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Table 6 Pre-exponential factor and activation energy values for effective moisture diffusion coefficient

during frying
Dt (M?/s)
Treatment Do %10 (m?/s) Ea (kJ/mol) R?
Control 7.79132 -20.8515 0.90
Ul 3.49387 -17.694 0.96
u?2 5.63274 -9.8455 0.94
U3 2.33733 -16.1946 091
U4 2.32335 -15.6529 0.94
us 3.93736 -15.3002 0.94

Table 7 Statistical parameters obtained from models 2-9 in Table 2 for different treatments and
temperatures during frying

Model 2 T (°C)

150 170 190
Treatment R? RMSE R? RMSE R? RMSE
Control 0.9959 0.0090 0.9873 0.0216 0.9658 0.0391
U1 0.9960 0.0107 0.9791 0.0219 0.9409 0.0565
u2 0.9834 0.0209 0.9461 0.0546 0.9518 0.0581
U3 0.9438 0.0407 0.9692 0.0367 0.9621 0.0429
U4 0.9530 0.0428 0.9669 0.0393 0.9748 0.0401
us 0.9793 0.0282 0.9527 0.0485 0.9398 0.0620

Table 7 (Continued)

Model 3 T (°C)

150 170 190
Treatment R? RMSE R® RMSE R? RMSE
Control 0.9976 0.0097 0.9922 0.0239 0.9886 0.0319
U1 0.9979 0.0110 0.9841 0.0359 0.9723 0.0547
u2 0.9967 0.0182 0.9779 0.0521 0.9824 0.0496
U3 0.9535 0.0524 0.9796 0.0424 0.9830 0.0406
u4 0.9925 0.0241 0.9945 0.0227 0.9866 0.0414
us 0.9964 0.0166 0.9839 0.04013 0.9816 0.0485

Table 7 (Continued)

Model 4 T (°C)

150 170 190
Treatment R? RMSE R? RMSE R? RMSE
Control 0.9960 0.0103 0.9901 0.0220 0.9722 0.0407
U1 0.9968 0.0110 0.9831 0.0302 0.9503 0.0598
u2 0.9859 0.0309 0.9532 0.0619 0.956 0.0641
U3 0.9534 0.0428 0.9752 0.0381 0.9689 0.0449
u4 0.9615 0.0447 0.9728 0.0412 0.9781 0.0431
us 0.9806 0.0316 0.9611 0.0508 0.9464 0.0675
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Table 7 (Continued)

Model 5 T (°C)
150 170 190
Treatment R? RMSE R? RMSE R? RMSE
Control 0.9887 0.0179 0.9949 0.0157 0.9951 0.0170
U1 0.9974 0.0099 0.9890 0.0243 0.9869 0.0307
u2 0.9983 0.0106 0.9919 0.0258 0.9968 0.0172
U3 0.9600 0.0397 0.9887 0.0257 0.9929 0.0215
U4 0.9908 0.0218 0.9976 0.0122 0.9958 0.0189
us 0.9928 0.0192 0.9917 0.0235 0.9933 0.0239
Table 7 (Continued)
Model 6 T(°C)
150 170 190
Treatment R? RMSE R? RMSE R? RMSE
Control 0.9787 0.0237 0.9902 0.0220 0.9946 0.0179
U1 0.9919 0.0176 0.9810 0.0320 0.9925 0.0232
u2 0.9946 0.0191 0.9956 0.0190 0.9989 0.0102
U3 0.9585 0.0404 0.9841 0.0305 0.9945 0.0188
u4 0.9976 0.0111 0.9976 0.0123 0.9904 0.0285
us 0.9911 0.0214 0.9955 0.0172 0.9991 0.0088
Table 7 (Continued)
Model 7 T (°C)
150 170 190
Treatment R? RMSE R® RMSE R? RMSE
Control 0.9363 0.0504 0.9908 0.0260 0.9775 0.0448
U1 0.9559 0.0502 0.9977 0.0136 0.9960 0.0207
u2 0.9967 0.0183 0.9975 0.0176 0.9931 0.0311
U3 0.9892 0.0253 0.9595 0.0597 0.9586 0.0634
u4 0.9811 0.0383 0.9931 0.0253 0.9583 0.0729
us 0.9792 0.0401 0.9959 0.0202 0.9856 0.0429
Table 7 (Continued)
Model 8 T (°C)
150 170 190
Treatment R? RMSE R? RMSE R? RMSE
Control 0.9681 0.0357 0.9981 0.0118 0.9949 0.0214
U1 0.9826 0.0315 0.9813 0.0389 0.9771 0.0497
u2 0.9997 0.0052 0.9825 0.0463 0.9854 0.0452
U3 0.9581 0.0497 0.9940 0.0071 0.9934 0.0253
u4 0.9897 0.0283 0.9897 0.0311 0.9909 0.0341
us 0.9585 0.0566 0.9958 0.0205 0.9983 0.0146
Table 7 (Continued)
Model 9 T (°C)
150 170 190
Treatment R? RMSE R® RMSE R? RMSE
Control 0.9963 0.0085 0.9900 0.0274 0.9644 0.0565
U1 0.9702 0.0412 0.9997 0.0047 0.9988 0.0116
u2 0.8913 0.1053 0.8816 0.1207 0.9757 0.0584
U3 0.8912 0.0802 0.9930 0.0249 0.9621 0.0429
u4 0.9578 0.0573 0.9942 0.0233 0.9890 0.0373
us 0.9936 0.0222 0.9466 0.730 0.9553 0.0755

V¢



\Y’q-\ %))\ c\i 692 c-\Yl a)l.o.‘;

L;U..&« @W}f}lﬁ

s el 5l s O Bls o3 Ak Soenl Sl
G el s Jbt glalas 5 b bl b 03 SE e
Lenl s 2ol oal 3 1 ey (sar 3055 1n p3Y sl
DAL b e 2l5 2t s i Grie Cosb) wb
oo gME el D353 L 03 SE e i e 53 opimes
sy s Bl (Bl 1 esle b glos Fls é g,
s Do a5 LS e Dt 4 gt oME esle sl s
Bl o Bl e US55 0kt St 115 ele e
wedls Olye 03,5 (b edd S35l edle [TY]
S5 Sasky @8 s a sl al &S b e Al 6 a b
Cusby G iledbe cnl pls A] Asb o a2,
~t Al Ay 5SSy Sl Al S 4 e Ok
ks esle AS ssp Gl L aol b ol e J S 4 Ll

Ailad SaS el
A O Sosby s gladide ol o iled e A i
b 5 83 Jlesl Ol (S 3 51 b Oy 4 )
oy o itadr O g S5 i o 5145 Aas o OLAS 03 S e
O oy 4 Ol padsles i 2ils L dlodal
Sl eiie 4 g b Ayl b 5l alisd a3 1) g o,

25 ot oSS

23 day Oy Casb; Cemd golwdde Y=Y
il sla 8 B L s jlod w4 4o

OF 5l peina

Sleosls 5l Jool dny Oy Cosb) el edle O IS
Y s ¥ e b oS 5l ey O S sb s ol b
a4 Ve A0 glales oy e glajled s 5 1,
5 el Slansls i ke G5 Ao 5L 55 5L
Cails sers ¥ dsde ciliie sladde 5l ol slaesls
Sl el pxils b ladde ol (s cole w0 (Y Jsd)
Sdde s S a3l 1 il gleesls o 4 e (gLl
R?) s oy Sl S0l ssb 5 5 0 ALY sl
VAAD 5 +/AAY (/480 (+/84% (+/A4Y (+/AVY (+/AA0 (+/470
s g

day Ok Sursb s ol sladde Sl 5 4 V-4 sladu
AL anils 5 SuSs (s Sy 3l ol O s @
3> GEe el s Cusby @ W S5 S G5k AL e
@35 Ol ladie ul gl diien oa b Lo e SLlS ey

D550 Slsoee B b s 4 03 SE e b 03 sk

Table 8 Multivariate models for constants of models 2-6 in Table 2 according to process conditions

Model coefficients M =exp(-a ) R?
a=5.84E — 05F, —4.9E — 05t, —1.6E — 05F,, + 7.4E — 06t, + 1.18E — 05T 0.968
Model coefficients M = at®> + bt + ¢ R’
a=1.12E —07F,, —1.2E — 07t, — 4E — 08F,, + 4.16E — 08t, +1.58E — 08T 0.904
b=-5.8E — 05F,, +5.31E — 05t, +1.98E — 05F,, —1.7E — 05t, — 1.3E — 05T 0.965
c=-0.00023F,, +0.001856t, —3.9E —05F,, + 0.001513t, + 0.005538T 0.991
Model coefficients M = a+exp(b.t) R’
a=-0.00013F,, +0.000369t, —1.2E —05F,, —0.00096t, +7.97E — 05T —1.1E — 06T * 0.905
b=-47E-05F, +5.22E - 05t, +8.67E — 06F,, —9.4E — 06t, —1.1E — 05T 0.979
Model coefficients p = R?
at+b
a=0.000111F, —1E - 04t, - 3E - 05F,, + 8.26E - 06t, + 1.63E — 05T 0.949
b=-0.00011F,, +0.001853t, + 4.72E — 05F,, + 0.002186t, + 0.005574T 0.991
Model coefficients \j — L@ R?
bt+a
a=-33.1436F, +34.31542t, —3.71789F,, + 0.458755t, +33.38734T —0.13003T 0.852
b =0.101248F,, +0.245969t, +0.169453F , +0.245969t, + 0.031261T +0.000171T 2 0.943

Fui, Fu, t1, t, T correspond to initial frequency, secondary frequency, duration of initial frequency and frying
temperature, respectively. Both U1 and U2 pretreatments were considered as two 15 min periods.
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Influence of combined frequencies and various applied time
combinations of ultrasound waves on moisture loss during frying of
potato strips
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Moisture loss and oil uptake are closely related during the process of deep-fat frying. The aim of this
study was to evaluate the influence of ultrasound waves with combined frequencies on moisture loss
kinetics during frying of potato strips as well as modeling the moisture loss. Ultrasound pretreatment was
performed at 28 and 40 kHz for 30 minutes with separate and combined frequencies. Then, the frying
process was done at 150, 170 and 190°C for 90, 180, 270 and 360 seconds. To model moisture loss,
Fick’s second law was used. Effective moisture diffusion coefficient obtained from experimental data was
between 1.823x10™® - 4.377x10™® m?/s. The average correlation coefficient between the experimental data
and the data obtained from the Fick’s law was 0.96. The use of ultrasonic pretreatment with separate and
combined frequencies increased the effective moisture diffusion coefficient. This increase was significant
in some samples while it was insignificant in others. Empirical models were used to study the moisture
loss kinetics during frying. In addition, effect of temperature on the effective moisture diffusion
coefficient was calculated through the Arrhenius equation.

Keywords: Frying, Effective moisture diffusion coefficient, Ultrasound, Modeling
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