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Linearized Rheological Models of Fruits
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SUMMARY

The stress relaxation and creep characteristics of fruits have usually been fit to an exponential expre-
ssion based on a generalized Maxwell model and Burger’ s model. It is known that two to three terms
in the expansion of those models are necessary to obtain a satisfactory fit to the rheological characteris-
tics of fruits. Since four to six constants appear in the models, it is very difficult to determine their phy-
sical meaning according to the experimental conditions and levels.

Therefore in order to ease the comparison of data, this study was conducted to develop the linearized
rheological model of the fruit from the previous studies of stress relaxation and creep characteristics
of fruits. Stress relaxation and creep characteristics were able to normalize and presented in the linear
form of t/S(t) =K,+K, t and t/C(t) =Ky'+Ky' t, respectively. It was possible to compare the effects
of experimental conditions and levels much easier from the linearized models developed in this study
than from the generalized Maxwell model and Burger’s model.
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Relaxation parameter, S(f)
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Fig. 1. Stress relaxation curves and their linea-

rization.
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ameter, C(f)
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Fig. 2. Creep curves and their linearization.
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Table 1. Parameters of the generalized Maxwell model and the linearized stress relaxation model for

the fruits flesh according to the loading rate

—  Apple

LR LS.

o(t) =eLEiexp(—t/r) + Esexp(—t/r) + Ee]l

t/S(t) =K1+Kzt, S(t) = [Uo—c(t)]/ao

E,
MPa

E,
MPa

T
sec

Tz

mm/min | mm/mm sec

E.
MPa

r K, K. Ea r

MPa

Ca
MPa

0.025
0.050
0.075

0.788
0.698
0.649

0.894
0.791
0.735

4.620
4.609
4.626

143.493
144.092
144.322

10

4.236
3.738
3.476

0.991
0.991
0.991

96.498
96.498
96.498

3.349
3.349
3.349

0.104
0.184
0.256

4.158
3.672
3414

0.998
0.998
0.998

0.025
0.050
0.075

1.226
1.066
0.981

1.296
1124
1.034

9.016
9.068
9.053

369.834
371.718
369.904

25

3.736
3.243
2.988

0.992 || 88.297
88.297

88.297

2.689
2.689
2.689

0.099
0.172
0.238

3.967
3445
3.172

0.995
0.995

0.992 0.995

0.025
0.050
0.075

1375
1175
1.074

1446
1.237
1.133

8.995
9.043
9.044

365.917
367.195
371.193

40

3.662
3.128
2.847

0.992
0.992
0.992

81544
81.544
81.544

2.485 1 0.098
0.167

0.229

3.912
3.344
3.051

0.996
0.996

2. 485 0.996

0.025
0.050
0.075

1.026
0.886
0.815

0.943
0.821
0.754

8414
8.357
8.388

352.591
352.869
352.830

10

1.858
1.608
1479

0.991
0.991
0.991

61.221
61.221
61.221

2.081
2.081
2.081

0.050
0.087
0.120

2011
1742
1.602

0.025
0.050
0.075

1.297
1109
1.012

1176
1.006
0.920

8.260
8.309
8.338

334.522
335.812
339.296

25

1787
1525
1.388

0.991
0.991
0.991

53.185
53.185
53.185

1.830 | 0.049
0.084

0.114

1.956
1672

1.830 1525

0.025
0.050
0.075

1.599
1.334
1.200

1.426
1.189
1.071

8.268
8.235
8.302

321.242
321.460
325.746

40

1.755
1.463
1.309

0.991
0.991
0.991

47.892
47.892
47.892

1.667
1.667
1.667

0.049
0.081
0.109

1.940
1617
1453

Note ; L.R. ¢ loading rate, LS.  initial strain
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Table 2. The results of statistical analysis for difference between Ee in the generalized Maxwell model
and E, in the linearized stress relaxation model

. Hypothesis | Mean of di’s | S.D. ABS Comparison | Significant
Fruits H. D SA/N | t=D/(Sey/N) | ta/s | Difference®
Apple | p=0(H,=0) 0.120 0.059 2.024 2.145 NO
Pear up=0(H,5£0) 0.149 0.072 2.068 2.145 NO

Note 5 pp=pa—pe, pa=mean of E,, p.=mean of E., * =5% significant level

—141—




BIEA7IANA A 192 A2 5 19949 69

Ze zAgAN BEFHE EH ol =% A
o, RS EEE O maoke A ¢
% ek,

E 3& B AFZA R A7 ge
EtiRe] A9 ARE KA EhRmEe
2 ESHTE Aot BolA B vpsbgo)
PR 271858 JyHoE B
o] |ME= o), 31 A|gko] Aol BEMEH (Wi
EEME I, s Ed ©E EHiteE
o EHERQ) ¥RV} PV S R A A E
olg} WA o2 Vel oot Wi
HEEYQ Slvle BK JuFoz & @Al
bt A 37} 4A ol 4 Utk 44
3 FHE FHABMEFEM(EDZ 3E FAT
% itke Helth

3% 2% 3,4 R 5904 BE uhsleo]
HHRHE AEE BASE VK9 gt HE
B % 279 EHMBEEE YEhlE 1K
BT MEHRG YD RXo) EREEEY 2o
Hlghe] 2 UElgtom, 1 atole RREIMIO]
o] A £% © FHAAL, vle) A9 A
Bl ¥ate] F 3 2% 24 Uehnt 28 £
o) EH BES JEhE BRI
Aol 7 97) o) B 958 2 Uehgom,
T BRI BRI BE o gage
Azhol wlshe] wle H$7} o 2A vhebwt,
R e AHE HFU2, F06] MG RK
SRR T 2 YAk

Table 3. Parameters of the linearized stress relaxation model for the fruit flesh at the loading rate of

25mm/min
Apple
S.P. s.c LS. t/S(t) =K, +Kst, S(t) =Lo,— (1) 1/o, 2
days "7 | mm/mm K K. o, MPa | E, MPa

0.025 88.297 2.689 0.099 3.967 0.995

0 - 0.050 88.297 2.689 0.172 3.445 0.995
0.075 88.297 2.689 0.238 3.172 0.995

0.025 77523 2.376 0.087 3472 0.996

NT 0.050 77523 2.376 0.154 3.070 0.996

1 0.075 77523 2376 0.214 2.857 0.996
0.025 84.412 2.596 0.094 3.763 0.996

LT 0.050 84412 2.596 0.165 3305 0.996

0.075 84.412 2.596 0.230 3.064 0.996

0.025 75.779 1.983 0.070 2.804 0.994

NT 0.050 75.779 1.983 0.127 2.530 0.994

% 0.075 75.779 1.983 0.179 2.382 0.994
0.025 80.171 2472 0.088 3515 0.996

LT 0.050 80.170 2472 0.156 3.128 0.996

0.075 80171 2472 0219 2.921 0996

0.025 58311 1.780 0.056 2.253 0.996

NT 0.050 58311 1.780 0.104 2.084 0.996

20 0.075 58.311 1.780 0.149 1991 0.996
0.025 75.755 2344 0.081 3.254 0.996

LT 0.050 75.755 2344 0.147 2.930 0.996

0.075 75.755 2344 0.207 2.756 0.996
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Pear

0.025 53.185 1.830 0.049 1.956 0.996

0 — 0.050 53.185 1.830 0.084 1.672 0.996
0.075 53.185 1.830 0.114 1.525 0.996

0.025 47.863 1.670 0.041 1.625 0.997

NT 0.050 47.863 1.670 0.071 1419 0.997

10 0.075 47.863 1.670 0.098 1.310 0.997
0.025 50.372 1.740 0.045 1.784 0.996

LT 0.050 50.362 1.740 0.077 1.534 0.996

0.075 50.372 1.740 0.105 1404 0.996

0.025 37.654 1.356 0.022 0.898 0.997

NT 0.050 37.654 1.356 0.042 0.836 0.997

2 0.075 37.654 1.356 0.060 0.801 0.997
0.025 44295 1.553 0.035 1.391 0.997

LT 0.050 44.295 1.553 0.061 1214 0.997

0.075 44.295 1553 0.084 1.122 0.997

0.025 29.465 1104 0.007 0.270 0.998

NT 0.050 29.465 1.104 0.013 0.265 0.998

%0 0.075 29.465 1.104 0.020 0.262 0.998
0.025 41.763 1.327 0.022 0.880 0.996

LT 0.050 41.763 1.327 0.040 0.792 0.996

0.075 41.763 1.327 0.056 0.744 0.996

Note 5 S. P. . storage period, S. C. . storage conditions, L. S. * initial strain,
mm/mm, — : initial state, LT . low temperature [3+ 1, rh 85+ 5% ],
NT : normal temperature(15+ 1C, rh 45+ 5%)

120

Fig. 3.
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Effect of the storage condition and the
storage period on the K; of linearized st-
ress relaxation model for the fruit flesh
at the loading rate of 25mm/min and the

initial strain of 0.050mm/mm.
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Fig. 4. Effect of the storage condition and the
storage period on the K, of linearized st-
ress relaxation model for the fruit flesh
at the loading rate of 25mm/min and the

initial strain of 0.050mm/mm.
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Fig. 5. Effect of the storage condition and the
storage period on the asymptotic relaxa-
tion model{EA) of linearized stress re-
laxation model for the fruit flesh at the
loading rate of 25mm/min and the initial

strain of 0.050mm/mm.
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Table 4. Parameters of the linearized creep models for the fruit flesh

Apple
Storage Initial t/C(H) =Ky +Ky't, C(t) = (Lo—L(D)/L,
period S.C. stress r
days MPa Ky Ky € Eu, MPa

0.040 1579.947 67.933 0.015 2.738 0.996

0 - 0.121 616.375 26.502 0.038 3204 0.996
0.202 397.891 17.108 0.059 3447 0.996

0.040 942.374 48434 0.021 1.952 0.997

NT 0.121 420.603 21.617 0.046 2.614 0.997

10 0.202 289.048 14.856 0.067 2.994 0.997
0.040 1130.092 55.925 0.018 2.254 0.997

LT 0.121 464.136 22.969 0.044 2.777 0.997

0.202 306.865 15.186 0.066 3.060 0.997

0.040 620.453 37.192 0.027 1.499 0.998

NT 0.121 291.757 17.489 0.057 2114 0.998

20 0.202 205.426 12.314 0.081 2481 0.998
0.040 824.728 46.528 0.022 1.875 0.997

LT 0.121 350.841 19.793 0.051 2.393 0.997

0202 235.783 13.302 0.075 2.680 0.997

0.040 485.683 29.271 0.034 1.180 0.998

NT 0121 240.311 15.336 0.065 1.854 0.998

30 0202 177.926 11.355 0.088 2.288 0.998
0.040 665.398 39.258 0.026 1.582 0.998

LT 0.121 311417 18.374 0.054 2221 0.998

0.202 218.788 12,908 0.078 2,601 0.998
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Pear

0.040 924.300 48.054 0.021 1.937 0.997

0 - 0.121 392.379 20.400 0.049 2.466 0.997
0.202 263.442 13.696 0.073 2.760 0.997

0.040 703.583 39.510 0.025 1592 0.997

NT 0.121 331.175 18.597 0.054 2248 0.997

10 0.202 233.288 13.101 0.076 2.640 0.997
0.040 729.366 43.589 0.023 1.757 0.998

LT 0.121 332.765 19.887 0.050 2.404 0.998

0.202 231.031 13.807 0.072 2.782 0.998

0.040 574.863 33.239 0.030 1340 0.998

NT 0.121 292.442 16.909 0.059 2.044 0.998

20 0.202 213.579 12.349 0.081 2.488 0.998
0.040 680.775 38.782 0.026 1.563 0.997

LT 0.121 326.945 18.625 0.054 2.252 0.997

0.202 232472 13.243 0.076 2.669 0.997

0.040 461.203 27.990 0.036 1128 0.998

NT 0.121 247.272 15.007 0.067 1814 0.998

30 0202 185.053 11.231 0.089 2.263 0.998
0.040 573435 34.260 0.029 1.381 0.998

LT 0.121 289.512 17.297 0.058 2.091 0.998

0.202 210.696 12.588 0.079 2.537 0.998

Note ; S. C. * storage conditions, — : initial state, LT . low temperature

(3+ 1%, rh 85+ 5% %, NT : normal temperature(15+ 1€, rhd5+ 5% )
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Fig. 6. Effect of the storage condition and the
storage period on the K’ of linearized
creep model for the fruit flesh at the ini-
tial stress of 0.1202MPa.
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Fig. 7. Effect of the storage condition and the
storage period on the Ky of linearized
creep model for the fruit flesh at the ini-
tial stress of 0.1202MPa.
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