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Table 1. Mathematical models given by various authors for the drying curves

Model no. Name Model equation References
1. Newton MR = exp(—kt) [27]
2. Page MR = exp(—kt") [28]
3. Modified Page MR = exp[(~kt)"] [29]
4, Henderson and Pabis MR = aexp(—kt) [30]
5. Logarithmic MR = aexp(—kt) +c [31]
6. Two-term MR = aexp(—kyt) + bexp(—k;t) [32]
7. Two term exponential MR = aexp(—kt) + exp(—mt) [33]
8. Wang and Singh MR =1+ at +bt* [34]
9. Diffusion Approximation MR = aexp(—kt) + (1 - a)exp(—kbt) [35]
10. Midilli MR = aexp(—kt") + bt [36]
11. Weibull MR = exp(—( %)“) [37]
12. Modified Page equation-IT MR = exp( a(%kz))n ) [38]
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Table 2 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 50°C drying temperature and 4 mm thickness

2

Name Model equation R’ SSE X RMSE
Newton MR = exp(—0.022t) 0.912  0.009404  0.009957  0.096976
Page MR = exp(—0.001t"777) 0.990  0.002151  0.002278  0.046383
Modified Page MR = exp((-0.022t)") 0.912  0.009404  0.009957  0.096976
Henderson and Pabis MR =1.121exp(—0.025t) 0.932  0.007273  0.0077  0.085279
Logarithmic MR = 2.668exp(~0.006t)-1.633 0.985  0.001625 0.001721  0.04031
Two-term MR = 0.592exp(—0.025t) + 0.528exp(~0.025t) 0.932  0.007273  0.007701  0.085282
Two term exponential MR = 0.121exp(—0.025t)+ exp(—0.025t) 0.932  0.007273 0.0077 0.085279
Wang and Sing MR =1-0.014¢+2.537E - 005 0.984  0.001934  0.002048  0.043982
iffusi MR = —88.935exp(~0.002t) +
Ap];r‘gf;i;‘l‘:t‘ion s 88'93135() xp (_1?071 +0.0020 0.983  0.002222  0.002353  0.047142
Midilli MR = 0.955exp(—6.934E — 004t"%®) + 4 654E -4t 0.994  0.00278  0.002944  0.052728
Weibull MR = exp(~(Y45 44" 0.990  0.001071  0.001134  0.032728
Mgsifiirf;ge MR = exp(—0.009( /(1.8052))1‘777) 0.990 0.001122 0.001188  0.033496
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Table 3 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 50°C drying temperature and 8 mm thickness

Name Model equation R’ SSE r RMSE
Newton MR = exp(~0.009t) 0.861  0.013403  0.014148  0.115773
Page MR = exp(~7.352E — 5t*%%) 0.974  0.002488  0.002626  0.04988
Modified Page MR = exp((~0.009t)") 0.861  0.013403  0.014148  0.115773
Henderson and Pabis MR =1.125exp(-0.01t) 0.888  0.010649 0.01124 0.103192
Logarithmic MR = 4734.38exp(~1.309E — 6t) - 4733.324 0.981  0.001834 0.001936  0.042829
Two-term MR = 0.594exp(-0.01t) + 0.531exp(—0.01t) 0.888  0.010649  0.01124  0.103192
Two term exponential MR =0.125exp(—0.01t) + exp(—0.01t) 0.888  0.010649 0.01124 0.103192
Wang and Sing MR =1-0.004¢ —1.415E - 005> 0.991  0.000855  0.000902  0.029235
T MR = -8010.022exp(—4.195E — 7t) +
Ap];r‘gf;i;‘l‘:t‘ion (1+8010.0 2132() Xp(_2.695 *) ar0sp_7y 0972 0002674 0002822 0.051708
Midilli MR =0.977 exp(~1.691E — 005t>'"%) —0.003t 0.993  0.001382  0.001459  0.037174
Weibull MR = exp(~( Y17 ¢39)™ ") 0.974  0.002488  0.002626  0.049879
Modified page MR = eXp(—0-002(/ )7 0.974  0.006453 0.006811  0.08033
equation 2 (2.1217%)

Table 4 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 60°C drying temperature and 4 mm thickness

2

Name Model equation R’ SSE X RMSE
Newton MR = exp(~0.037t) 0.925 0.008596 0.009312  0.092713

Page MR = exp(~0.003t""'®) 0.986  0.002426 0.002628  0.04925
Modified Page MR = exp((~0.037t)") 0.925 0.008596 0.009312  0.092713
Henderson and Pabis MR =1.104exp(-0.041t) 0.939  0.007009 0.007593  0.083721
Logarithmic MR =1.454exp(-0.022t) - 0.401 0.966  0.003853 0.004174  0.062072
Two-term MR =0.585exp(—0.041t)+0.519exp(-0.041t)  0.939  0.007009 0.007593  0.083721
Two term exponential MR = 0.104exp(=0.041t) + exp(=0.041t) 0.939  0.007009 0.007593  0.083721
Wang and Sing MR =1-0.027¢ +1.773E - 004> 0.968  0.003732 0.004043  0.06109
Diffusion Approximation ~ MR =exp(=0.031t) + (1-1)exp(~1*0.031t)  0.893  0.01222  0.013239  0.110545
Midilli MR =0.948exp(—0.001t>%%) +8.142E —4t  0.989  0.001279 0.001386  0.035762
Weibull MR = exp(~( Y57 47" ™) 0.986  0.001616  0.00175  0.040196
Modified page equation 2 MR = eXp(—0.017(/(1. 60 4z))l‘m) 0.986  0.001618 0.001753  0.040222
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Table 5 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 60°C drying temperature and 8 mm thickness

Name Model equation SSE X RMSE
Newton MR = exp(—0.012t) 0.881  0.011753  0.012445  0.108413
Page MR = exp(-2.344E — 4t"7") 0.985  0.001443  0.001527  0.03798
Modified Page MR = exp((-0.012t)") 0.881  0.011753  0.012445  0.108413
Henderson and Pabis MR =1.129exp(—0.014t) 0.909  0.008975  0.009503  0.094738
Logarithmic MR =3676.78 exp(-2.327E — 6t)-3675.733 0.989  0.001086  0.00115  0.032953
Two-term MR =0.594exp(—0.014t)+ 0.535exp(—0.014t) 0.909 0.008975 0.009503  0.094738
Two term exponential MR = 0.129exp(~0.014t)+ exp(-0.014t) 0.909  0.008975  0.009503  0.094738
Wang and Sing MR =1-0.006¢ —1.750E - 005¢* 0.991  0.001527  0.001616  0.039071
Diffusion A imati MR = ~8388.336exp(=3.907E ~ 70 + 0.983  0.001692 0.001792  0.041139
HHUSION Approximation (1+8388.356)exp(—2.610¥5.907E —7t) - ' ' '
Midilli MR =0.983exp(-2.549E —004t"74) - 0.002t  0.994  0.000831  0.00088  0.028821
. _ ot 1.930
Weibull MR = exp(~( 45_964) ) 0.985  0.001442  0.001527  0.037979
930
Modified page equation 2 MR = e><p(—0-004(%2 0 42))1 %) 0.985  0.002337  0.002474  0.048339
Table 6 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 70°C drying temperature and 4 mm thickness
Name Model equation R’ SSE 1 RMSE
Newton MR = exp(-0.047t) 0.958  0.004385  0.004872  0.066218
Page MR = exp(-0.011t"4") 0.993  0.000705  0.000784  0.026556
Modified Page MR = exp((-0.047t)") 0.958  0.004385  0.004872  0.066218
He“‘g}i‘i’:‘ and MR =1.067 exp(—0.050t) 0.965 0.003654  0.00406  0.060451
Logarithmic MR =1.525exp(—0.024t) - 0.508 0.993  0.000754  0.000838  0.02746
Two-term MR =0.551exp(—0.050t) + 0.516 exp(—0.050t) 0.965  0.003654  0.00406  0.060451
Two term MR = 0.067 exp(—0.050t) + exp(—0.050t) 0.965  0.003654  0.00406  0.060451
exponential
Wang and Sing MR =1-0.034¢ + 2.648E - 004¢* 0.994  0.000611  0.000679  0.02472
Diffusion MR =-84.241exp(—0.013t) +
Approximation (1+84.241)exp(—1.021*0.013t) 0993 0.001144 0.001271 0.033822
Midilli MR =0.985exp(—0.013t"*%*) —0.002t 0.996  0.000538  0.000598  0.023189
Weibull MR = exp(~(Y5 1 295)"*") 0.993  0.000701  0.000779  0.026481
Modified page MR = eXp(—0-033(/ 20 0.993  0.000707 0.000785  0.026581
equation 2 (1.4577)
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Table 7 Results of the model fitting statistics and kinetics parameters of various thin layer drying
models at 70°C drying temperature and 8 mm thickness

Name Model equation R’ SSE 1 RMSE
Newton MR = exp(=0.020t) 0.823  0.022281  0.023674  0.14927
Page MR = exp(-5.738E — 5t*°'%) 0.981  0.002339  0.002485  0.048366
Modified Page MR = exp((~0.020t)") 0.823  0.022281  0.023674  0.14927
He“‘gﬁ‘i’:‘ and MR =1.177 exp(~0.024t) 0.863 0017222 0.018299  0.131233
Logarithmic MR = 4430.95exp(—3.211E — 6t) - 4429.862 0.965 0.004418  0.004694  0.066466
Two-term MR = 0.635exp(—0.024t)+ 0.542 exp(~0.024t) 0.863  0.017222  0.018299  0.131233
Two term MR = 0.177 exp(~0.024t) + exp(—0.024t) 0.863  0.017222  0.018299  0.131233
exponential
Wang and Sing MR =1-0.0097 — 6.055E - 005 0.964  0.004508  0.00479  0.067142
Diffusion MR = —-8308.444 exp(—1.648E — 6t) +
sion 0.948  0.006526  0.006934  0.080785
Approximation (1+8308.444) exp(—1.922*1.648E — 6t)
Midilli MR = 0.953exp(~2.02E — 5t>7%6) — 4 859F — 4t 0.987  0.001667 0.001771  0.040824
Weibull MR = exp(~( Ve 368)"""7) 0.981  0.002339  0.002485  0.048365
Modified page MR=exp(-0.002 Y~ )>") 0981  0.00353  0.003751 0.059413
equation 2 (2.0837)

-0.2

C and 8 rm - Experimenta

70PC! and 4 mm - Exp enta.
B 70°C and 8 mm - Experimenta

——Predicated by Midilli

200

Drying Time (min)

Fig 1 Variation of the experimental and the predicted
moisture ratio by the best fitting model with drying
time at different temperature and 4 mm thickness
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Table 8 Kinetics parameters of zero-order model (Eq. (10)), first-order model (Eq. (11)) and
combined model (Eq. (12)) for TCD values

C=Cytky*t
Temperature Thickness CyxSE kotSE R’

50 0.4 3.916+0.704 0.213+0.014 0.934

0.8 3.998+0.658 0.100+0.007 0.924

60 0.4 5.264+1.120 0.270+0.032 0.869

0.8 4.295+0.815 0.198+0.012 0.947

70 0.4 1.676+0.508 0.165+0.019 0.903

0.8 1.048+0.476 0.286+0.010 0.981

C=C, *exp(xk, *1)
Temperature Thickness CytSE k,£SE R

50 0.4 6.562+0.787 0.015+0.002 0.836

0.8 6.283+0.710 0.007+9.326E-004 0.828

60 0.4 7.451+£1.111 0.018+0.003 0.772

0.8 7.843+0.957 0.011+0.001 0.848

70 0.4 2.790+0.548 0.027+0.006 0.790

0.8 5.002+0.732 0.020+0.002 0.885

o [ o Jearora s
C a Lﬁ CO} exp(xk; *1)

Temperature Thickness CSE ko+SE k=SE R’
50 0.4 0.982+0.494 -0.501+0.037 -0.021+0.003 0.988
0.8 0.895+0.399 -0.265+0.016 -0.013+0.001 0.990
60 0.4 0.951+0.687 -0.985+0.090 -0.050+0.006 0.983
0.8 0.664+0.403 -0.443+0.020 -0.015+0.001 0.995
70 0.4 0.208+0.227 -0.464+0.035 -0.052+0.006 0.993
0.8 -0.328+0.491 -0.401+0.030 -0.009+0.002 0.992

SE: Standard error of estimation, R*: Coefficient of determination
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The foam mat drying is a process in which liquid food is converted in to stable foam by combining gas
into it, then dried at a relatively low temperature. The effect of drying temperature (50, 60 and 70 °C)
and thickness (4 and 8 mm) on foam mat drying kinetics of shrimp under hot-air drying was
investigated. The drying curves obtained were processed for drying rates to find the most convenient
model among the 12 different expressions proposed by earlier authors. In addition, the various
statistical parameters such as: R%, reduced chi-square, SSE and root mean square error (RMSE) were
used to determine the quality of the fit. The colour change during concentration processes was
investigated. Total colour differences parameter was used to estimate the extent of colour loss. The
zero-order, first-order and a combined kinetics model were applied to the changes in colour
parameters. Based on the results, Midilli model was found to be the best model fitted to the
experimental hot air drying data at all temperature levels. These models exhibited the highest value of
R’ and the least RMSE, y* and SSE comparing to the other models. Results indicated that variation in
TCD followed combined kinetics model. This model implied that the colour formation and pigment
destruction occurred during foam mat drying process of shrimp.

Keywords: Color, Foam mat drying, Kinetics, Shrimp.
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