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Fig 1 The schematic diagram of infrared heating

system used for determination of penetration depth of
infrared radiation on Carum carvi.
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Fig 2 The scheme representing the Carum
carvi’s sample and the device used to measure
the heat flux that crosses the Carum carvi seeds and

arrives on the black body.
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Table 1Infrared transparency of glass petri dish

Infrared Power Heat flux received by Black body (kW/m®) Infrared absorbed by IR transparency

(W) Without Petri dish With Petri dish the petri dish (kW/m®) factor (%)

222 0.92+0.03" 0.54+0.01™ 0.38+0.05° 58.70+6.37¢
302 1.64+0.014¢ 1.07+0.035¢ 0.58+0.03¢ 65.24+2 08¢
390 2.85+0.02% 2.16+0.01°%" 0.59+0.08¢ 75.79+2.53°
491 3.23+0.03% 2.5140.02% 0.7240.05¢ 77.70+1.51°
601 4.67+0.02" 3.64+0.01% 1.03+0.05° 77.94+0.89°
715 6.15+0.02%° 5.13+0.02"% 1.02+0.06° 83.41+0.91°
845 7.74+0.027° 6.51+0.02% 1.2340.12° 84.10+1.39?
960 9.71+0.024 8.31+0.03™ 14+0.17° 85.58+1.53"

The different capital letters in the same raw indicate significant differences between heat flux received by black body
with petri dish and without petri dish and the different lowercase letters in the same column indicate significant
differences among the treatments with different infrared power (p<0.05).
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Fig 3 Heat flux changes with respect to sample thickness of Carum carvi seeds with water activity values 0.24 (0),
0.56 (e) and 0.89 (A) at different IR powers.
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Fig 4 Heat flux changes with respect to sample thickness of Carum carvi seeds with water activity values 0.24 (0),
0.56 (®) and 0.89 (A) at different IR powers.
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Fig 5 Heat flux changes with respect to sample thickness of Carum carvi powder with water activity values 0.24 (0),
0.56 (e) and 0.89 (A) at different IR powers.
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Fig 6 Heat flux changes with respect to sample thickness of Carum carvi powder with water activity values 0.24 (0),
0.56 (e) and 0.89 (A) at different IR powers.
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Table 2 Parameters estimated and statistical results obtained from fitting the heat flux data to modified
Beer-Lambert model (Carum carvi seeds)

Infrared Power

Equation Parameters

. 2
(W) ay Adj.R RMSE
Qu(kW.m?)  qo(kW.m?) K(mm™
0.24 0.66+0.00%  0.99+0.01"  0.38+0.02™ 0.99 0.01
279 0.56 0.63+0.00%  0.94+£0.02"  0.39+0.05™ 0.99 0.01
0.89 0.56£0.01%  0.94+£0.02"  039+0.06™ 0.99 0.02
0.24 0.9240.02  1.66£0.03%  0.36+£0.04>* 0.99 0.03
302 0.56 0.85+0.01™ 1.64+0.01%  0.39+0.02¢P° 0.99 0.02
0.89 0.80+0.02 1.65+0.03%  0.36+0.04°° 0.99 0.03
0.24 0.98+0.04%  2.87+0.05™  035+0.03 0.99 0.05
390 0.56 1.06:0.04™  2.87+0.06™ = 03620.04< 0.99 0.06
0.89 1.00£0.03%  2.87+0.06™  035+0.03% 0.99 0.06
0.24 1.3240.06%*  320+£0.05%  0.27+0.0348 0.99 0.06
491 0.56 124+0.07°°  32240.08%  0.30+0.044%° 0.98 0.09
0.89 1.10£0.07%  3.28+0.07%  0.29+0.03"5° 0.99 0.08
0.24 1.54+0.11%  4.81+0.12°*  026+0.05% 0.97 0.07
601 0.56 1.67£0.12%°  4.74+0.13°*  02740.04%° 0.98 0.12
0.89 1.63+0.12%  4.75£0.10°*  0.28+0.04"° 0.98 0.13
0.24 1.75+0.10< 6.21+£0.12%*  0.30+0.034 1.00 0.12
715 0.56 1.58+0.12%°  6.2240.11*  0.27+0.03" 0.99 0.13
0.89 1.5240.17  6.2440.16*  0.26+0.03"° 0.99 0.18
0.24 2.15£0.08%  7.78+0.11%  0.36+0.02%% 0.99 0.12
845 0.56 1.71£0.16%  7.7620.16%*  0.260.02"5° 0.99 0.16
0.89 1.5240.14% 77440135  0.2440.02"5° 0.99 0.14
0.24 2.62+£0.08%  9.82+0.13%  0.42+0.02% 0.99 0.13
960 0.56 201£0.12%°  9.93+0.15*  0.27+0.03% 0.99 0.12
0.89 1.9240.13%  9.90+0.17%  0.25+0.025° 0.98 0.11

The capital letters indicate the comparison between different powers and the lowercase letters indicate the
comparison between different a,,. The same letters indicate no significant difference (P > 0.05).
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Table 3 Parameters estimated and statistical results obtained from fitting the heat flux data to modified
Beer-Lambert model (Carum carvi powder)

Infrared Power Equation Parameters

W) ay Adj.R? RMSE
Q(kW.m?)  qo(kW.m?) K(mm™
0.24 0.66+0.01™  0.93+0.01™  0.36+0.06"° 0.98 0.02
222 0.56 0.66+0.01™  0.93+0.01™  0.35+0.05"* 0.98 0.01
0.89 0.66+0.017  0.92+0.01™  0.37+0.05* 0.98 0.01
0.24 0.924£0.02%  1.61+£0.03%  0.36+0.04°* 0.98 0.03
302 0.56 091£0.01%  1.6440.01%®  0.38+0.01°° 0.99 0.01
0.89 0.87+0.02%  1.6240.03%®  0.35+0.05>° 0.99 0.03
0.24 1.08+£0.08™  2.80+0.09"  0.33+0.06“>* 0.98 0.09
390 0.56 1.05+0.08™  2.79+0.10"  0.33+0.06* 0.98 0.10
0.89 1.02£0.08™  2.78+0.10"  0.35+0.06"* 0.98 0.09
0.24 1.34+£0.07%  321+0.06®  0.26+£0.03" 0.99 0.06
491 0.56 1.2540.06%  3.1840.06%*  0.28+0.04%B 0.99 0.07
0.89 1.2240.08%  3.15+0.08%*  0.29+0.04%B 0.98 0.09
0.24 1.66+£0.12%*  4.68+0.09%  0.25+0.03 0.99 0.10
601 0.56 1.69+0.10°  4.63+0.08™*  0.25+0.02% 0.98 0.08
0.89 1.84+0.07%  4.66+0.07%  0.28+0.02% 0.99 0.07
0.24 2.78+0.05%  6.18£0.06*  0.31+0.028% 0.99 0.06
715 0.56 2.7240.05%  6.20+£0.05%  0.28+0.015% 0.99 0.05
0.89 2.75+0.08%  6.23+0.08%  0.26+0.025% 0.99 0.09
0.24 3.02+0.13%  7.70+0.14%*  0.37+£0.04"° 0.99 0.15
845 0.56 2.88+0.14%  7.70+0.09%  0.29+0.04% 0.98 0.17
0.89 2.78+0.13%  7.81+0.16%  0.24+0.03 0.98 0.11
0.24 3.61£0.08"  9.71+0.12%  0.43+0.03°> 0.99 0.13
960 0.56 3.60£0.09%  9.73+0.12%  035+0.02> 0.99 0.13
0.89 346+0.12%  9.68+0.11°*  0.26+0.03™ 0.99 0.11

The capital letters indicate the comparison between different powers and the lowercase letters indicate the
comparison between a,,. The same letters indicate no significant difference (P > 0.05).

Table 4 The results of analysis of variance for penetration depth values

Source of variation Sum of square Degrees of freedom  Mean square

Sample 0.040 1 0.040™

Power 24.043 7 3435”7

aw 2426 2 1213™

Sample x Power 1.249 7 0.178™

Sample x aw 0.050 2 0.025™

Power x aw 11.818 14 0.844"

Sample x Power x aw 0.758 14 0.054™

Total error 12.975 96 0.135
Total 1595.673 144

** Correspond to significant at the 0.1% level
ns Correspond to none significant
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Fig 5 The penetration depth of infrared into seeds (A) and powder (B) of Carum carvi with water activity values 0.24
(o), 056 (m) and 0.89 (™) at different IR powers.
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In recent years, infrared radiation (IR) has been considered as one of the suitable methods for drying and
decontamination of different spices. However, the low penetration depth of the IR limits its use for food
processing in the industry. Due to the importance of Carum carvi as a spice with medical properties, this
research aimed to determine the effect of the sample’s structure (powder and seeds), water activity (0.24,
0.56 and 0.89) and the power of IR emitter (222 to 960W) on the penetration depth of the IR into Carum
carvi For this propose, the heat fluxes received by copper black body that placed under samples with
different thickness was measured. Afterward, the penetration depth was calculated through a mathematical
model. The results indicated while aw of the sample, the IR power, and their interaction had a significant
effect on the penetration depth of the IR, the structural properties of the sample had no significant effect
on it. Increasing the infrared power to 601 W enhanced the penetration depth in all of the samples. The
highest penetration depth into the powder and the seeds of Carum carvi with aw 0.24 was achieved at the
IR power of 601W, and was recorded 4.07+0.27 and 3.85+0.23mm while the samples with aw 0.89 were
shown the highest penetration depth when they were irradiated by IR power of 845W (4.12+0.18 and
4.094+0.13mm). According to the results, determining of IR penetration depth in the spice can be used to
determine of their optimal thickness during the infrared food process.
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