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a. Three dimensional model of b. Schematic diagram of heat flow
heat conduction direction of internal sample

e WSk RR G b ORFEIRSE, mm; g EE R, Wem?; LSRR
K FEEE, mm.

Note: The arrow is the direction of heat flow; 4 is the thickness of the sample,
mm; ¢ is the constant heat flow, W‘m'z; and L is the length or width of the

sample, mm.
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Fig.1 Schematic of heat conduction model
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a. Physical drawing of heat conduction test device
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b. Feed sample in heat conduction test
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l.Infrared thermal imager 2.Bracket 3.Feed sample 4.Heating plate

5.Temperature controller
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Fig.2 Heat conduction test device and feed sample
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1.Thermal characteristic analyzer 2.Connecting line 3.Plug 4.Probe 5.Test tube
6.0il bath 7.Heater 8.Bracket 9.Feed 10. Dimethyl silicone oil
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Fig.3 Test device of thermal conductivity
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Fig.4 Infrared thermographs of feed (moisture content is 17%) at
different heating time
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Table 1 Moisture content of feed at different heating time
%
FE R[] B 7K 287K Moisture content level/%
Heating time/s 11 14 17
0 11.01£0.26" 13.9840.13" 17.00+0.35%
5 10.9840.10* 13.984+0.28" 17.00+0.10*
10 10.98+0.41* 13.97+0.01* 16.97+0.14"

s SERFR PSR, RAAFTRRREREE (P<0.0D .
Note Results expressed as means + standard deviation, different letters in the
same column are significantly different (P<0.01).
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Fig.5 Comparison between calculated and measured values of
thermal characteristic parameters
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Table 2 Comparison between calculated and measured values of
thermal characteristic parameters of two kinds of feed

Lk #4 Specific heat F#4 Thermal conductivity
BRI g VEREL gy UERK
Feed type . Coefficient of . Coefficient of
Regression L Regression L
determination determination
model R model R
HERAER
Growing pigs y=0.980x+0.002 0.980 ¥=0.9780x+0.011 0.977
feed
il £ %6}
Channel fish y=0.9871x+0.016 0.979 y=0.979x+0.015 0.976
feed

ey NUIEE, x AIE.

Note: y is calculated value, x is measured value.
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Fig.6 Variation of specific heat of feed with temperature and
moisture content
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Fig.7 Variation of thermal conductivity of feed with temperature
and moisture content
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Fig.8 Variation of thermal diffusivity of feed with temperature
and moisture content
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Inversion of the thermal property parameters of fish feed based on adjoint
equation method

Chen Jiyuan!, Wang Liangju!, Wang Hongying'*, Zhang Guodong?, Wang Wei
(1. College of Engineering, China Agricultural University, Beijing 100083, China;
2. COFCO Grains Holdings Limited, Beijing 100020, China)

Abstract: Thermal properties of feed and artificial experience have been generally considered, when adjusting the process
parameters of hygrothermal treatment in the production of fish feed, including cooling and drying. Specific heat, thermal
conductivity, and thermal diffusivity are the important thermal properties of fish feed. In this study, grass carp (adult fish)
extruded feed was taken as the research object. The inversion algorithm was established to obtain the temperature distribution
of feed using the adjoint equation. A test was also carried out using the self-developed heat conduction device and infrared
thermal imager. When testing, the feed was quickly spread on the cast aluminum soaking plate, where the feed was closely
arranged in a single layer, with a thickness of about 4 mm and a total of about 10 g. The infrared thermal images were captured
for the feed layer surface and the upper surface on the cast aluminum soaking plate using the infrared thermal imager
(accuracy+0.1°C). SmartView software was selected to process the infrared thermal images for the temperature-time data of
the feed sample test surface (x=h) and heating surface (x=0), from the 7-¢ data of heating surface x=0 and the feed sample test
surface x=h. MATLAB software was selected first to solve the adjoint equation for the adjoint variables, then obtain the
gradient value, and finally obtain specific heat ¢ and thermal conductivity £. As such, the specific heat, thermal conductivity,
and thermal diffusivity of feed were obtained, according to temperature distribution with the moisture content of 11%-17% and
the temperature range of 20-80°C. The results show that the specific heat of grass carp extruded feed was 1.710-1.840
kJ/(kg-°C). Specific heat of feed increased significantly with the increase of temperature (P<0.05). When the moisture content
increased from 11% to 17%, the specific heat of feed increased significantly (P<0.05), indicating a linear law. The thermal
conductivity of grass carp extruded feed was 0.086-0.148 w/(m-K). When the temperature increased from 20°C to 80°C, the
thermal conductivity of grass carp extruded feed increased significantly (P<0.05). The effect of water content was also
significant (P<0.05). The thermal diffusivity of feed ranged from 5.701 to 10.003 m*/s, depending significantly on temperature
and moisture content (P<0.05). At the same time, the specific heat and thermal conductivity of feed were measured by
Differential Scanning Calorimetry (DSC) and thermal characteristic analyzer, respectively, where the thermal diffusivity was
calculated as the measured value. Before the test, the feed particles needed to be crushed. The inversion datum was taken as the
calculated values. The linear fitting showed that R* was equal or greater than 0.980, indicating the feasible determination of
thermal characteristic parameters of fish extruded feed using the inversion. The finding can provide a new idea for the
determination of the thermal properties of fish feed.

Keywords: inversion; specific heat; thermal conductivity; thermal diffusivity; fish feed



