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ABSTRACT

Application of feed pellets in animal and aquatic farming industries has grown because
of both the physical and the nutritional benefits it provides. Development of feed pellets
manufacturing industry is also considerable. Steam conditioning process, which plays an
important role in pelleting production, includes heating feed particles, adding moisture,
and mixing the mash. Pellets cooling and drying processes are also involved in heat
transfer phenomena. In this study, thermal conductivity of feed pellets was determined at
different temperatures ranging from 25 to 85°C and moisture contents of 11.8 to 18.2%
wb. It was measured by the transient technique using the line heat source method
assembled in a thermal conductivity probe. It turned out that decreasing moisture
contents from 18.2 to 11.8% (wb) produced non-linear reduction in thermal conductivity.
The average values of thermal conductivity changed from 0.1509 to 0.2143 W m™ °C! at
different moisture contents. Tests conducted on two pellet size categories (based on
nominal diameter) revealed a significant difference in thermal conductivity between these
categories. The thermal conductivities of the first category (minor than nominal dia.)
appeared to be 8.5% higher than those of the second category (superior to nominal dia.).
Average values of thermal conductivity changed from 0.1538 to 0.2333 W m™ °C™! for the
first category and from 0.1235 to 0.2456 W m™' °C"! for the second category (in 25°C). In
addition, some empirical models were developed to express thermal properties as a
function of moisture content and temperature.

Keywords: Feed pellets, Line heat source method, Thermal conductivity.

INTRODUCTION modification of starch and protein, etc.
Many factors such as diet formulation,
particle size, conditioning, die specification,
and cooling and drying affect pellet quality.
Steam conditioning plays an important role
in pelleting process (Gilpin et al., 2002). In
general, the main objective of conditioning
process includes heating feed particles,
adding moisture, and mixing. In a
conditioner, temperature is relatively easy to
control with steam typically added.
Conditioner discharge temperatures between
76 to 85°C are common. Temperatures have
to be controlled carefully to prevent harm to

Feeding pelleted diet has grown in animal
husbandry as well as aquaculture industries.
Feed pellets manufacturing factories are
developed in Iran. Today, pelleting is widely
used because of both the physical and the
nutritional benefits it provides. The physical
benefits include improved ease of handling,
reduced ingredient segregation, increased
bulk density, and less feed wastage.
Moreover, feeding pelleted diet improves
animal performance and feed conversion
compared with feeding a meal form diet .. S . .
(Behnke, 1996). Pelleted diets can affect heat-sensitive vitamins and amino acids
animal performance in a variety of ways (Kannadhason et al., 2008). The tempera?ure
such as reducing selective feeding, lowering must be quickly reduced to ambient

time and energy for prehension, thermal temperature or less and the moisture level
reduced to 10-12% or less for proper storage
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and handling. Pellets must therefore be
cooled and dried. Thermal conductivity of
pellets is an important property that must be
taken into consideration in calculations
relating to the rate of heat transfer
throughout conditioning, drying, and cooling
(Bhadra et al., 2010).

In mathematical terms, thermal
conductivity, denoted by k&, is the
proportional  factor in Fourier’'s law
describing steady-state conduction of heat
(Mohsenin, 1980):

q=kA— (

Where, g is the thermal energy flow per
unit time, A is the cross-sectional area, T is
temperature and x is the distance in the
direction of heat flow.

Methods of measurement of k can be
divided into two broad categories: those
using the steady-state condition of heat
transfer and those using the unsteady state.
The latter have been found more suitable for
biological materials, which are generally
heterogeneous and have high moisture
content, whereas, the steady-state method
requires a long time to reach a steady state
and moisture migration may introduce
significant ~ measurement errors. The
unsteady-state methods  of  thermal
conductivity measurements make use of
either a line source of heat or one or more
plane sources of heat. In both categories, the
procedure is to apply a steady heat flux to
the medium that must be in thermal
equilibrium initially, and to measure the
temperature rise resulting from the applied
flux at a certain point in the medium. The
line heat source method is one of the most
commonly used unsteady-state methods,
particularly with granular materials (Yang e?
al., 2003).

The line heat source method uses either a
bare-wire type apparatus or a thermal
conductivity probe (Van Gelder, 1998). A
line heat source (no mass and no volume) is
placed in an infinite conduction heating,
homogeneous medium having a uniform
initial temperature distribution with constant
thermal conductivity. Heat is generated
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along the line source at a constant rate
(Wang and Hayakawa, 1993). This method
estimates the thermal conductivity based on
the relationship between the sample core
temperature and the heating time. In
principle, the heat is generated in a hot wire
atarate g in W:

g=1I’R ]

Where, [ is the electric current in A and R
is the electric resistance in Q m™. For a long
cylindrical sample, where the end effects
and the mass of the hot wire can be
neglected, when the sample is homogeneous
and isotropic, heat conduction in the sample
is governed by the following equation (in
cylindrical coordinates), assuming that k
remains constant (Incropera and DeWitt,
2006):

oT o°T T

—_ a PR _

ot (aﬂ rarJ

Where, T is the sample temperature
anywhere in the cylinder in °C, ¢ is the time
in s, r is the radial axis in m, and o is the
thermal diffusivity in m* s™'. The solution to
Equation (3) is (Suter et al., 1975):

7= Q (~exp(—x")dx

27tk I8 X

Where, f is a dimensionless parameter

equals to r/(2\/E and x is the variable. The

solution to Equation (4), which is a definite
integral, is (Yang et al., 2002):

3

4

T-T, zﬁF(m) (5

Where, T, is the initial sample
temperature, n is an intermediate variable
and

2 4
F(rn)zA—ln(rn)+%+%+... (6

1 -1/2
- 7
n 2(ozt) (

Where, A is a constant. If the product of r
and n is very small, namely, a negligibly
small value for r and a large value for ¢,
Equation (6) can be approximated by the
first two terms:
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q
T-T, =—% [A—1n(rn 8
0=5 [ (rn)] (
gA q 1 -1/2 q
ro1 =9 _ 4 L 4 e
D=0 2 MG D

Equation (9) shows a linear relationship
between (7-Ty) and In(t) with the slope S=
q/(47k). The slope S can be obtained from
the experimental data of (7-7) versus In(t)
by linear regression, and the thermal
conductivity can then be calculated from the
linear slope S (substituting q= I°R):

2

k= 'R (10

47s

Due to non-ideal conditions during the
experimental trials, such as non-zero mass
and volume of the hot wire, heterogeneous
and anisotropic properties of biological
materials, finite sample size, and axial heat
flow (Mohsenin, 1980; Suter et al., 1975;
Wang and Hayakawa, 1993), temperature
rise (T-T,) versus In(t) does not always
follow a linear regression relationship. This
calls for correction during data analysis. The
most commonly used method for data
correction is the time-correction factor
method, which minimizes the non-linearity
of the (T-T,) versus In(t) curve by
subtracting a factor from the time elapsed.
Considering the time correction factor (ty) in
Equation (9):

q =1
= 1 T, —1T 11
iy, |: n(tl _t0 j/( 2 1):| (

Where, t, is the time correction factor.
Thermal conductivity of many foods and
agricultural products such as pistachios (Hsu
et al., 1991), peanuts (Suter et al., 1975),
rough rice (Morita and Singh, 1979),
rapeseeds (Moysey et al., 1977), cumin seed
(Singh and Goswami, 2000), corn
grain(Kustermann et al., 1981), chickpea
(Sabapathy and Tabil, 2004), borage seeds
(Yang et al., 2002), frozen meats (Kumcuglu
et al, 2010) was studied using line heat
source method. The results have shown that
the thermal conductivities determined by
this method are more accurate than the
steady-state condition methods.
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The objective of this study was to
determine the thermal conductivity of feed
pellets as a function of pellet moisture
content and temperature. The study
consisted of two parts. The first part was
conducted to investigate the effect of
temperature and moisture content of pellets
on thermal conductivity. The other part
aimed to measure the thermal conductivity
and its variations with moisture content in
two categories of feed pellets selected based
on nominal diameter.

MATERIALS AND METHODS
Sample Preparation

The feed pellets with 18.2% initial
moisture content (wb) were obtained from
Pars Animal Feed Co. in two nominal
diameters: 4 and 8 mm. The specification of
utilized die in pelleting process i.e., holes
diameter, overall die thickness and depth of
relief, determine the final pellet size and
characteristics. The crude fat/oil, protein,
and starch contents were 1.53, 8.55, and
65.63%, respectively. The pellets had an
initial bulk density of 644 kg m~ and an
average pellet length of 10.5 mm (Standard
deviation= 1.2 mm). The samples were
prepared by drying pellets in a laboratory
scale hot-air dryer of the “static-tray type” at
40°C (Tahmasebi et al., 2011). The pellets
were conditioned to four different moisture
contents, namely, 11.8%, 13.5%, 15.1%, and
16.4%. Moisture content was determined for
randomly selected pellets according to
S269.4 method (ASAE, 2002). The samples
were then stored at 4°C before testing.

Probe Design and Construction

One of the key parameters for proper
probe design is its dimensions. Despite the
practical limitations in this case, it is
important to know what should be the
minimum ratio of length to diameter, L/d, in
order for the conditions of radial heat flow


https://dorl.net/dor/20.1001.1.16807073.2012.14.5.14.2
https://jast.modares.ac.ir/article-23-8984-en.html

[ Downloaded from jast.modares.ac.ir on 2024-11-29 ]

[ DOR: 20.1001.1.16807073.2012.14.5.14.2 ]

Sadeghi

and negligible axial heat flow to be valid.
Considering the heater wire, temperature
sensor and connection wires diameters, a
steel hollow cylinder (outer diameter 8 mm
and thickness of 1 mm) was used for probe
assembly. Assuming a probe length of 56
cm, the ratio of length to diameter would be
70, which is acceptable according to
recommendations of some researchers such
as Christoffel and Calhaem (1979). In order
to calculate the maximum error due to axial
heat flow, the following expression can be
used (Mohsenin, 1980):

5.64

+ 6.8 X 10_3 {}',1,(5 — Tr) 8—0.01:-’.2

(12

Where, (4R),.. 1S maximum relative error,
A is length to outside diameter ratio (L/d), o
is four times the proper wall thickness
divided by the outside diameter (for hollow
probes), ¢ is ratio of thermal conductivity of
probe to thermal conductivity of external
medium (Ky/K,), and # is ratio of
conductivity to diffusivity of probe (k,/a,) to
conductivity to diffusivity of external
medium (ko/0,). Substituting L/d= 70, o=
0.5, &= 70, and 5= 5.25; the maximum
percent error is found to be (4R),.< 1x107'8

(&R)max =

A

High Thermal
Conductivity Paste

Solder Tip

that is very small and insignificant. Bare
constantan wire (diameter 0.7 mm and
resistance of 26.67 Q m™) with insulation
stripped at both ends was utilized as the
heater wire. A temperature sensor (RTD)
was inserted into the probe to half its length.
Then, the tube was filled with high thermal
conductivity paste material. The heater wire
and the sensor were insulated from each
other. The heater wire was fed through the
steel tubing until it emerged from the paste
at the opposite end. One end of the heater
wire that emerged from the tubing was
crimped and soldered to the tip of the tubing.
The other end of the heater wire was
attached to the power supply. A piece of
heat shrink was attached to the end of the
tubing to hold the heater and the sensor in
place. A diagram of the assembled probe is
shown in Figure 1.

The wires connecting the heater in the
probe were plugged into a power supply set
with a constant current supply of 0.575 A.
Temperature data was recorded at every 0.25
second interval by data logger device (Kasra
Electronics, Inc.). A schematic diagram of
the instrumentation for measuring thermal
conductivity is shown in Figure 2.

Temperature Sensor
(RTD)

Heater Wire
(Constanian)

f

Steel Tubing

Figure 1. Assembled probe for thermal conductivity measurement.
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Figure 2. Schematic diagram of the thermal conductivity measurement.
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The components of the system for thermal
conductivity measurement consisted of the
power supply, thermal conductivity probe
and the data logger. The heater wire of the
probe was connected to the power supply
and the temperature sensor was connected to
the data logger. The time-temperature data
was monitored using the data logger.

Determination of Time Correction Factor

As mentioned before, a time correction
coefficient is required in order to get
compensation for non-ideal conditions
during the experimental trials, such as non-
zero mass and volume of the hot wire,
heterogeneous and anisotropic properties of
biological materials, and finite sample size.
To determine the time correction factor, the
temperature rise (T) versus time (t) was
plotted on arithmetic scales. Next, the
instantaneous slope, dt/dT, was taken at
several different times from this plot. Then,
the dt/dT values against time were plotted on
arithmetic scales. Finally, the intercept of
the best straight fit line was read as time
correction factor (Figure 3).

Thermal Conductivity Measurement of
Feed Pellets

Thermal conductivity measurements were
conducted in triplicate at some stage in two
factorial experiments based on completely

147 ty = 6 sec

0(°C)

)
L

T-
[}

0 ; T

randomized design (CRD). In the first
experiment, thermal conductivity was
measured within the temperature range of
25°C to 85 at 15°C intervals for 11.8, 13.5,
15.1, 16.4%, and 18.2% wb moisture
contents. The pellets tested for thermal
conductivity at different temperature ranges
were allowed to equilibrate in the respective
chamber before the experiments were
conducted. A two-way ANOVA test was
performed to analyze the thermal
conductivity dependence on temperature and
moisture content (temperature, 5 levels
fixed; moisture content, 5 levels fixed). In
the second experiment, thermal conductivity
of the two feed pellet categories for different
moisture contents was studied. Another two-
way ANOVA test was also performed to
analyze the thermal conductivity
dependence on pellet size (nominal
diameter) and moisture content (pellet size,
2 levels fixed; moisture content, 5 levels
fixed). Before performing the analysis, the
variance homogeneity was assessed by
Cochran’s test. All statistical tests and
correlation analysis were made using the
MSTAT-C statistics toolbox. In all cases,
the significance level was fixed at P< 0.01.

RESULTS AND DISCUSSION

Figure 4 shows a typical temperature history
curve for the feed pellets at 25°C. It was
observed that there was a rapid rise in
temperature at the beginning and the curve

© Actual time

x Corrected time

T-T0 = 2.3959Ln(x) + 0.0015

1 10

In time (s) 100 1000

Figure 3. Temperature rise of heating element before and after correction.
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Figure 4. Typical temperature history curves during measurement of thermal conductivity.

leveled off to a plateau after a certain period of
time. Data for thermal conductivity
measurement of the feed pellets was collected
at 1 second intervals for over 400 seconds.
Heating was rapid for the first 200 seconds as
shown in Figure 4. The rate of rise in
temperature became constant.

The analysis of variance for thermal
conductivity data (Table 1) showed that
temperature and moisture content both
significantly affected the thermal conductivity
at 1% level. The interaction terms of
temperature and moisture content (TxM) also
significantly affected the thermal conductivity
at 1% level. Table 2 shows the thermal
conductivity mean values of feed pellets at
moisture content of 11.8 to 18.2% wb, and

temperature of 25 to 85°C.

The thermal conductivity of the feed pellets
increased with increasing moisture content
because of high thermal conductivity of water,
~ 0.60 W m" °C". The values of thermal
conductivity for feed pellets ranged from
0.1235 to 02557 W m" °C". The thermal
conductivity of Kabuli chickpea for moisture
content ranging from 7 to 25% wb, were
reported to be 0.1535 to 0.3257 W m™ °C” by
Sabapathy and Tabil (2004). The k values of
Kabuli chickpea were slightly greater than that
of the thermal conductivity values of the feed
pellets. The thermal conductivity of the feed
pellets was comparable with that of borage
seeds (0.11 to 0.28 W m™ °C™") at moisture
contents from 12 to 30.3% wb, and

Table 1. Analysis of variance of thermal conductivity data.

Degrees of

Mean Square

Source freadom (10%) F Probability
Temperature 4 95.462 3481.5 < 0.001
Moisture Content 4 110.67 4036.2 < 0.001
T x M.C. 16 0.903 32.9 <0.001
Error 50 0.027
Coefficient of Variation: 0.89%.
Table 2. Means comparison of the thermal conductivity (W m™ °C™).
Moisture Content Temperature (°C) Average
(%wb) 25 40 55 70 85
11.8 0.1235 0.13959 0.1495° 0.1586" 0.1836’ 0.1509%
13.5 0.1449° 0.1566" 0.1629™ 0.1732" 0.1943" 0.1664°
15.1 0.1663™ 0.1794% 0.1893 0.20298 0.2342° 0.1944¢
16.4 0.1765" 0.1891" 0.20328 0.2204° 0.2491° 0.20778
18.2 0.1756' 0.1937" 0.2163f 0.2301¢ 0.2557% 0.2143*
Average 0.1574" 0.1717°  0.1842° 0.1970° 0.2234* 0.1867

Values with the same superscript letter within rows and columns are not significantly different using

least significant.

980


https://dorl.net/dor/20.1001.1.16807073.2012.14.5.14.2
https://jast.modares.ac.ir/article-23-8984-en.html

[ Downloaded from jast.modares.ac.ir on 2024-11-29 ]

[ DOR: 20.1001.1.16807073.2012.14.5.14.2 ]

Thermal Conductivity of Feed Pellets

JAST

0.30 ¢

0.25 -

0.20 -

0.15 -

0.10 -

Thermal Conductivity (W/m°C)

0.05 -

0.00

11.8

135, 15.1
Moisture Content (%w.b.)

16.4 18.2

Figure 5. Thermal conductivity of pellets as a function of moisture content and temperature.

temperatures from 6 to 20°C (Yang et al,
2002).

As shown in Figure 5, it was observed that
the thermal conductivity increased with
increase in moisture content and temperature.
The magnitude and trend of the thermal
conductivity of feed pellets versus increasing
moisture content were in agreement with
those from previous studies.

Deshpande and  co-workers  (1996)
observed a linear increase in bulk thermal
conductivity of soybean from 0.1157 to
0.1756 W m™ °C" at 27°C in the moisture
content range between 8 and 25% w.b.
Shepherd and Bhardwaj (1986) reported that
the bulk thermal conductivity of pigeon pea
linearly increased from 0.1358 to 0.1862 W
m™ °C™" in the moisture content range of 8 to
26% wb and temperature range of 10 to 40°C.
The thermal conductivity of the feed pellets
was comparable with that of whole rapeseed
(0.108 to 0.155 W m"' °C") at moisture
contents from 6.1 to 12.8% wb and

temperatures in the range of 4.4 to 31.7°C
(Moysey et al, 1977). The thermal
conductivity values of alfalfa cubes is higher
than feed pellets and ranges from 0.31 to 0.48
W m' °C" at 4.8 to 57°C (Khoshtaghaza et
al., 1995).

The variation of thermal conductivity with
temperature and moisture contents is shown
in Figure 6. It can be observed that the
thermal  conductivity  increased  with
temperature at given moisture content and
with moisture at a given temperature and
followed second order  polynomial
relationship at all the moisture contents under
study.

Empirical equations were developed to
describe the combined effect of temperature
and moisture content on thermal conductivity
of the feed pellets. Equation (13) gives the
linear relationship of temperature and
moisture content with thermal conductivity
(= 0.95).

K=0.03-(5.83x107)T+(6.591x107)

T 0.30

1025

S
—~
[
Thermal Conductivity (w/m)

F0.10
F0.05
-3 0.00
Ll 85
70
55 of C
gt
g

Figure 6. Variations in thermal conductivity of feed pellets with temperature and moisture

content.
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Figure 7. Thermal conductivity of feed pellets as a function of moisture content for two pellet size
categories.

M-+(7.39x10°)TM (13

However, a small improvement in the
coefficient of determination (R2= 0.97) was
obtained in the case of polynomial Equation
(14).

K=-0.1374-(9.09x10™)T+(7.74x10°)T*
(3.21x101)M-(8.53x 10 T)M*+(7.38x10°)TM

(14

The variation of thermal conductivity with
size and moisture contents is shown in Figure
7. It can be observed that the thermal
conductivity increased with moisture at a
given size and followed second order
polynomial relationship.

Table 3 shows the thermal conductivity

mean values of feed pellets at moisture content
ranging from 11.8 to 18.2% wb, for two size
categories (based on nominal diameter). The
thermal conductivity of the first category
(minor than nominal dia.) was 8.5% higher
than those of the second category (superior to
nominal dia.)). This difference may be
attributed to the difference in total contact area
between the pellets and the porosity of sample
bulk.

Several empirical equations (linear and
polynomial) were proposed to explain the
effect of moisture content on thermal
conductivity for both size categories. The
regression equations are listed in Table 4.

Table 3. Means comparison of the thermal conductivity among the two size categories (W m™ °C™).

Moisture Content (%w.b.)

Size 11.8 13.5 15.1 16.4 182 Average

Categoryl (minor) 0.1538¢  0.1721"  0.1931°  0.2099°  0.2333*  0.1925"

Category? (superior) 0.1235"  0.1549%8  0.1863°  0.2065°  0.2156°  0.1774"
Average 0.1386°  0.1635°  0.1897°  0.2082°  0.2244"

Values with the same superscript letter within rows and columns are not significantly different using

least significant difference test (LSD 0.05=0.4241).

Table 4. The regression equations on the effect of moisture content on thermal conductivity.

Size

Relationship”

Categoryl (minor)
Categoryl (minor)
Category?2 (superior)
Category?2 (superior)

K= 0.0044+0.0125M
K = 0.0002M*+0.0067M+0.0470
K=-0.0473+0.0150M
K = -0.0015M*+0.0596M-0.3745

R’ Eq. No.
0.98 15
0.99 16
0.95 17
0.99 18

“ Where k is thermal conductivity (W m’ °C'l), and M is moisture content (%wb).
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CONCLUSIONS

Thermal conductivity increased from 0.1509
to 02143 W m' °C' with increase in
moisture content from 11.8 to 18.2% wet
basis. It also showed a growth from 0.1574 to
02234 W m' °C' with increase in
temperature from 25°C to 85°C. Its variation
with temperature and moisture content was
best represented by second order polynomials.

Thermal conductivity of feed pellets with
minor nominal dia. appeared to be 8.5% higher
than those of pellets with superior nominal dia.
Average values of thermal conductivity
changed from 0.1538 to 0.2333 W m’' °C”
for the first category and from 0.1235 to
0.2456 W m™ °C™" for the second category (in
25°C). Construction of thermal conductivity
probe temperature sensors with higher
accuracy (up to 0.01°C) is suggested. Another
suggestion is to use longer time intervals.
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