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A bstract The thermal properties of dairy cattle manure
were measured at the different temperature and moisture content.
The specific heat and thermal conductivity of dairy cattle manure
increased linearly from 1.9925 to 3.606 kJ kg™ °C"' and from
0.0901 to 0.6814 W m™ °C", respectively. The moisture content
was more effective than temperature in increasing the specific heat
and thermal conductivity. The thermal diffusivity of dairy cattle
manure varied from 1.13 to 2.94x107m?* s™". The effect of tempera-
ture was greater than that of moisture content in increasing the
thermal diffusivity. Comparison between measured and estimated
values, developed by regression models, showed that the accuracy
of the equations for thermal properties are suitable for engineers to
design thermal equipments of dairy cattle manure.

Keywords: dairy cattle manure, specific heat, thermal
conductivity, thermal diffusivity

INTRODUCTION

Modern livestock activities may result in large emis-
sions of ammonia, nitrous oxide, methane gas and odours
from buildings and manure storage (Burton, 1997). These
emissions lead to a large number of environmental problems
(El-Ahraf and Willis, 1996). Waste management of manure
has been widely recognized as a serious problem for live-
stock production (Ihara et al., 2006). When properly mana-
ged, manure can be used to provide nutrients to crops and to
improve soil properties through accretion of soil organic
matter. Drying is the common method to remove water from
moist particle. Drying of manure is an effective approach to
minimise pollution associated with it and use as fertilizer or
soil amendment in pellet form. Dried manure has been used
to prepare bed for dairy cattle, reducing the purchasing cost
of bed material such as sand and wood chips and availability
of dried manure at undesirable weather conditions. Histori-
cally the sun has been used for drying of manure. The main
advantages of sun drying are low operating costs and less
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energy requirement. However, this process has several dis-
advantages, like pollution of the environment, long drying
time and expletive approach of spread manure. These diffi-
culties necessitate using new technology in dairy cattle ma-
nure drying process. Thus the physical and thermal proper-
ties of manure, such as heat and mass transfer, moisture dif-
fusivity, thermal conductivity and specific heat are required
for designing an ideal dryer.

Specific heat, thermal conductivity and thermal diffu-
sivity are used in the engineering design calculations invol-
ving thermal processing of agricultural products. In agricul-
tural materials, temperature and moisture content greatly in-
fluence the specific heat, thermal conductivity and thermal
diffusivity due to the relatively high specific heat, thermal
conductivity and thermal diffusivity of water. Different me-
thods have been used by several researches to determine the
specific heat of agricultural and food materials. The method
of mixtures has been used as the most common technique for
measuring the specific heat of agricultural products. In this
method, the specific heat is determined for the solid by
cooling the hot material in cold water and equating the heat
losses by the substance to the heat gained by the cold water
(Mohsenin, 1980; Tabil, 1999). The specific heat of spring
wheat increased from 1.054 t0 2.521 kJ kg'1 °oCc!at tempera-
ture range of -33.5 to 21.8°C and moisture content of 1 to
23% dry base (d.b.) (Njie et al., 1998). Yang et al. (2002) de-
termined the specific heat of borage seeds in the moisture
contents of 1.2 to 30.3 % (w.b.) and temperatures of 6, 10 and
20°C. The specific heat of cumin seed increased with in-
crease of temperature from -70 to 50°C and moisture content
of 1.8 t0 20.5% (d.b.) (Singh and Goswami, 2000). The spe-
cific heat of minor millet grains and flours increased from
1.33t02.40kJ kg'1 °C"! with moisture content in the range of
10 to 30% (w.b.) (Subramanian and Viswanathan, 2003).
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The specific heat of four varieties of Iranian pistachio nuts as
affected by moisture content and temperature was studied by
Razavi and Taghizadeh (2007). The specific heat of berberis
increased linearly from 1.9653 to 3.2811 kJ kg'l ! at tem-
peratures of 50, 60 and 70°C and moisture contents of 19.3,
38.5,55.4, and 74.3% (w.b.) (Aghbashlo ef al., 2008).
Transient heat flow method using line heat source has
been used by many researchers for determination of thermal
conductivity of agricultural products. In this method, mea-
surement of temperature at different time intervals helps to
determine the thermal conductivity. The thermal conducti-
vity of mushrooms was determined in the range of 0.2084 to
0.5309 Wm™' °C”! (Shrivastava and Datta, 1999). The ther-
mal conductivity of cumin seed increased with the increase
of temperature from -50 to 50°C and moisture content from
1.81t020.5% (d.b.) (Singh and Goswami, 2000). The thermal
conductivity of minor millet grains and flours increased
from 0.026 t0 0.223 Wm’' °C™! with moisture content in the
range of 10 to 30% (w.b.) and the thermal conductivity of
flour was considerably less than that of grains (Subramanian
and Viswanathan, 2003). The thermal conductivity of berbe-
ris increased linearly from 0.1324 to 0.4898 W m!ec at
temperatures of 50, 60 and 70°C and moisture contents of
19.3,38.5,55.4,and 74.3% (w.b.) (Aghbashlo et al.,2008).
The thermal diffusivity can be determined having speci-
fic heat, thermal conductivity and bulk density of a material

(Eq. (1) .

a=—-",
PCp

where: a is the thermal diffusivity, £ is the thermal
conductivity, p is the bulk density and C), is the specific heat.
Several researchers have already determined the thermal
diffusivity from the measured values of specific heat, ther-
mal conductivity and bulk density (Tansakul and Lumyong
2008; Singh and Goswami, 2000; Shepherd and Bhardwaj,
1986; Wratten et al., 1969; Yang et al., 2002).

The aim of this study was to determine the specific heat,
thermal conductivity and thermal diffusivity of dairy cattle
manure as well as to develop mathematical models for predi-
ction of the specific heat, thermal conductivity and thermal
diffusivity of dairy cattle manure as a function of moisture
content and temperature.

()

MATERIALS AND METHODS

Fresh dairy cattle manure was taken from an industrial
cattleman (suburb of Tehran), homogenised completely and
stored in a refrigerator at temperature of 5°C for experi-
ments. Initial moisture content (MC) of fresh manure was
determined using the oven method at 103°C for 24 h (ASAE,
2002). The experiments of MC were replicated three times to
get an average value of MC for each sample. The initial
moisture content of fresh dairy cattle manure was 82% (w.b.).

M.A.NAYYERI et al.

The moisture content and temperature were selected as
the variables to simulate variations of thermal properties of
dairy cattle manure affected by the actual process conditions
during the dehydration. The experiments were preformed at
temperatures of 40, 50, 60 and 70°C and moisture contents
0f 20, 40, 60, and 82% (w.b.). Each test was replicated three
times and the average values are reported.

In this research, the mixtures method was used for
measuring the specific heat of dairy cattle manure. The fol-
lowing assumptions could be considered for using this
technique:

— heat loss was negligible during transfer of capsule from
the hot air oven to the calorimeter,

— temperature of capsule and dairy cattle manure were equal
at the end of heating,

— evaporation losses in the calorimeter were negligible
during equilibration period,

— changes were not significant in the heat capacities of the
calorimeter and the capsule within the range of studied
temperature.

The experimental set-up was similar to the one used by
previous researchers (Razavi and Taghizadeh, 2007; Singh
and Goswami, 2000; Sreenarayanan and Chattopadhyay,
1986; Subramanian and Viswanathan, 2003). The apparatus
consisted of a cylindrical aluminium capsule, with 15.2 mm
diameter, 52.6 mm height and 2.1 mm wall thickness, to
hold the samples. It was provided with a threaded lid to en-
sure no moisture was lost from the sample and no water ente-
red into the capsule during the experiments, a T-type thermo-
couple with a temperature indicator, with 250 cm’ capacity
an insulated vacuum thermo-flask and a hot air oven.

The heat capacity of the calorimeter was determined ex-
perimentally. For this purpose a known quantity of distilled
water at a known high temperature (maximum 70°C) was
added to the calorimeter that contained a known quantity of
distilled water at a known low temperature (room tempera-
ture). The system was assumed to be adiabatic. Therefore,
the heat capacity of the calorimeter was determined by using
of the heat equilibrium equation between the calorimeter,
high and low temperature distilled water (Razavi and Taghi-
zadeh, 2007; Shrivastava and Datta, 1999).

The heat capacity of cylindrical aluminium test capsule
was also determined experimentally. For this purpose the
capsule was added to the calorimeter containing a known
quantity of distilled water at a low temperature (room tem-
perature). The system was assumed to be adiabatic. The heat
capacity of the capsule was given by using the heat equili-
brium equation between the cylindrical aluminium, the calo-
rimeter and distilled water in the calorimeter (Razavi and
Taghizadeh, 2007; Shrivastava and Datta, 1999).

To determine the specific heat of dairy cattle manure,
the capsule was filled with the dairy cattle manure and put into
a hot air oven at desired temperature for at least one hour.
Then the filled capsule was dropped into the calorimeter,
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containing a known quantity of distilled water at a known
temperature, and then the equilibrium temperature was
recorded. The specific heat of dairy cattle manure was calcu-
lated using the following heat balance equation (Razavi and
Taghizadeh, 2007; Shrivastava and Datta, 1999):

B (H f+M o C\, (T = Toy) = H (T,
? Mm (Tm - Te)

_Te)

4.1868,

(2)
where C, is specific heat of dairy cattle manure (kJ kg
°C ) M, is mass of dairy cattle manure (kg), T}, is tempe-
rature of dairy cattle manure (°C), His heat capacity of flask
(kJ°C” ) M., is mass of cold water (kg), C,, is specific heat
of water (4.186 kJ kg-1 °C” ) w 18 temperature of cold
water (°C), T, is temperature of equlllbrlum (°C), and H,. is
heat capacity of capsule (kJ °C” )

The transient-state heat transfer methods were used to
measure the thermal conductivity of dairy cattle manure.
The thermal conductivity was determined based on the rela-
tionship between the sample core temperature and heating
time. A bare wire was used as a heating source. For an infi-
nitely long line heater in an infinite, homogeneous, isotropic me-
dium, the temperature rise at a radial distance 7 from the line
heat source can be represented by the Eq. (3) (Mohsenin, 1980):

2
-7, = —(Q)Ei(— r] :
4k 4at
where: Q is the heat productlon of the line heat source (W)
and can be calculated as O= RP? in which I is the electrical
current (A) and R is the electric resistance per un1t length (Q
m’ ) k is the thermal conductlvrty (Wm® Poc ) k is the

thermal diffusivity (m s ) tis the time (s); and Ei(-x) is an
exponential integral function. The Eq. (3) can be restated as:

Q 1’2 r2
I-7,=—|—jh——y+ —
Ak dat 4at

2
_* (2 Y
22!\ dat ] dat
where: y is Euler’s constant and equal to 0.58. For small
values of 72 / (4at), all terms after the second term at the

right-hand side of the Eq. (4) would be negligible. Thus, the
Eq. (4) can be expressed as:
]+ In t} ,

T—To= (Q){ln( r?
4rk dae™

The Eq. (5) means that the gradient of a plot of (AT) ver-
sus natural logarithm of time (Ln (¢)) is equal to. The thermal
conductivity can be calculated as:

)

(="

n.n!

4)

)
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The hot-wire thermal conductivity apparatus used in
this study is shown in Fig. 1. The apparatus consisted of a
brass cylindrical sample tube with 240 mm in height and
58.6 mm in inner diameter, a removable rubber top cover
and fixed bottom base. A constant resistance heating wire
with a diameter of 0.32 mm and length 0f 235 mm (11.49 Q)
was connected to a stabilised DC power source and the desi-
red current was adjusted by resistor. A pre-calibrated T-type
thermocouple with 0.8 mm diameter was installed for mea-
suring the core temperature and glued approximately at the
middle, about Imm far from the heating wire. The assump-
tion of an infinite medium required that the surface tempera-
ture of the sample holder was constant during the experi-
ments. To validate this assumption, a second thermocouple
was attached to the outer surface of the cylinder to monitor
its temperature. A data logger multi-type thermometer
(CHY502A, Taiwan) was used to collect the temperature
data. The dairy cattle manure, filled in the sample container,
was placed in an oven which was fixed at a pre-set initial
temperature (40, 50, 60, and 70°C), for at least 2 h, in order to
equilibrate to the desired initial temperature for the samples
and the container. As soon as a stable temperature of the thermo-
couples was reached, a constant DC voltage was applied
from the power supplier, resulting in a constant electric cur-
rent through the heating wire. A digital multi-meter was
used to monitor the electric current. Power levels of 2.5 to 6
Wm™! were used, which resulted in a temperature rise of the
sample from 5 to 14°C at the thermocouple tip. The thermo-
couple temperatures were recorded by the data logger every

T-type thermocouple Top cap (Teflon)

-AIp ere meter

% Resistance

+—D.C power supply

—Frame

Data logger— |:|

Heating wire

Sample container (Brass)

(C'onstantam)

Bottom cap (Teflon)

Fig. 1. Schematic of the apparatus used for measuring thermal conduc-
tivity of dairy cattle manure, PC — personal computer, DC — direct
current.
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second for 3 min. The recorded temperature values were
then plotted against the natural logarithm of elapsed time.
The slope (S) and the coefficient of determination (RZ ) were
determined successively for each experimental run using
different data intervals. The slope for the highest R® was se-
lected from the data intervals and used in the thermal con-
ductivity determination (Casada and Walton, 1989; Mura-
kami and Okos, 1988). Slopes with R’ values of less than
0.990 were not used in the thermal conductivity determi-
nation. The thermal conductivity was calculated using the
Eq. (7). The thermal conductivity was measured at tempera-
tures of 40, 50, 60 and 70°C and moisture content of 20, 40,
60, and 82% (w.b.).

Thermal diffusivity of dairy cattle manure was calcula-
ted by using experimental data of thermal conductivity,
specific heat and bulk density of dairy cattle manure by the
Eq. (1). The average bulk density of dairy cattle manure in
kg m"> was obtained by dividing the sample weight recorded
each time upon completion of sample loading by the effecti-
ve volume of the sample capsule. The bulk density was mea-
sured in situ to eliminate the influence of loading pattern and
container size on bulk density measurement.

RESULTS AND DISCUSSION

The variations in specific heat of dairy cattle manure
with moisture content and temperature are presented in Fig. 2.
The specific heat of dairy manure varied from a minimum of
1.9925 kJ kg'] °C™! to a maximum of 3.606 kJ kg'] ! for
the experimental range of the variables. As depicted in Fig. 2,
an increasing trend in the specific heat of dairy cattle manure
was observed with the increase in both moisture content and
temperature. Multiple regression analysis showed that there
is a linear relationship between dependent variable of the
specific heat (C,,) and the independent variables of moisture
content (MC) and temperature (7) as follows:

C, = 0.68298+0.0256627+0.01306 MC, R%=0.9925. ®)

w
o

w

25

Specific heat (kJ kg '°C ")

Fig. 2. Effect of temperature and moisture content on specific heat
of dairy cattle manure.
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The Eq. (8) was the first order linear model, so the respon-
se surface shown in Fig. 2 was also flat. Analysis of variance
(ANOVA) table was constructed to evaluate the individual
effect of independent variables on the specific heat (Table 1).
The high F-value of regression confirmed the adequacy of
the linear fitted model which accounted for 99.25% varia-
tion of the specific heat within the experimental range of the
studied input variables (Gomez and Gomez, 1984). Compa-
rison showed that the maximum differences between
measured and estimated values of specific heat were within
+0.04 kJ kg'1 °C'1, which is desirable accuracy for estima-
ting the specific heat (Fig. 3). Comparing F-values of the
moisture content and temperature showed that the effect of
moisture content on the specific heat was higher (high
F-value) than the effect of temperature (low F-value).

The increasing trend of the specific heat of dairy cattle
manure with increase in moisture content and temperature
was in agreement with pervious findings of some resear-
chers. The specific heat of borage seeds varied from 0.77 to
1.99 kJ kg'1 ol at temperatures in the range of 6 to 20°C
and moisture content in the range of 1.2 to 30.3% (w.b.)
(Yang et al., 2002). Investigations of Tocci and Mascheroni
(2008) revealed that the specific heat of kiwi fruit varied
from 0.709 to 2.679 kJ kg'1 °C’! The specific heat of cassava,
yam and plantain was reported by Njie ef al. (1998) as a fun-
ction of moisture content and temperature. They found that
there was similarity in specific heat of the three crops which
increased with increasing of moisture content and tempera-
ture. Shrivastava and Datta (1999) found that the specific
heat of mushrooms increased linearly from 1.7158 to 3.9498
kJ kg'1 °C”! with increase in temperature from 40 to 70°C
and moisture content from and 10.24 to 89.68% (w.b.). Singh
and Goswami (2000) investigations revealed that the speci-
fic heat of cumin seed was depended on both moisture and
temperature and increased as a second-order polynomial
from 1.330t0 3.090 kJ kg'1 °C”! with increasing of tempera-
ture and moisture content in the ranges of -70 to 50°C and
1.8t020.5% (d.b.), respectively, except for the 20.5% mois-
ture content which displayed a linear relationship. The spe-
cific heat of whole and ground guna seed as a function of
moisture content and temperature was determined by Aviara
et al. (2008). They found that the specific heat of whole and
ground seed increased from 1.391 t0 3.020 and from 1.459 to
3.058kJ kg'1 K'l, respectively, as the moisture content and
temperature increased from 4.7 to 25.35% (d.b.) and 307.12
to 368 K. As well, Razavi and Taghizadeh (2007) research
work showed that the specific heat of four varieties of
Iranian pistachio nuts was a function of moisture content and
temperature. They found that the specific heat increased
from 0.419 to 2.930 kJ kg'1 ! with increasing of moisture
content from 5 to 45% (w.b.). and temperature from 25 to
70°C as a non-linear polynomial. The specific heat of
straw mushroom varied from 2.284 to 4.008 kJ kg'1 oc!
at temperature range of 50 to 80°C and moisture content
range of 30 to 90% (w.b.) (Tansakul and Lumyong, 2008).
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Table 1. Analysis of variance (ANOVA) for effect of moisture content and temperature on specific heat, thermal conductivity and
thermal diffusivity of dairy cattle manure

Source Sum Degree Mean sum

of variation of squares of freedom of squares Fegr-value* Probability
Specific heat

Regression 2.6772 2 1.3386 869.356 0.0000

MC 1.3645 1 1.3645 886.180 0.0000

T 1.3127 1 1.3127 852.528 0.0000

Residual 0.0200 13 0.0015

Total 2.6972 15

Thermal conductivity

Regression 0.5551 2 0.2775 817.493 0.0000

MC 0.5298 1 0.5298 1560.331 0.0000

T 0.0253 1 0.0253 74.656 0.0002

Residual 0.0044 13 0.0003

Total 0.5595 15

Thermal diffusivity

Regression 5.03x10™ 3 2.51x10™ 336.096 0.0000

MC? 1.5120 1 1.5120 20.200 0.0000

° 4.8802 1 4.8802 651.991 0.0000

Residual 9.73x10™° 12 7.48x10"7

Total 5.12x10™ 15

*Highly significant.

38 The specific heat of berberis increased linearly from 1.9653
= . . t03.2811kJ kg'1 oclat temperature range of 50 to 70°C and
2 R'=09926 moisture content range of 19.3 to 74.3% (w.b.) (Aghbashlo
g 3.3 - et al.,2008).
= The thermal conductivity of dairy cattle manure varied
o - - . .
2 - = from 0.0901 10 0.6814 Wm™! °C ldependmg upon the mois-
% ' ture content and temperature within the experimental range
a of the variables. An increasing trend in the thermal conduc-
E 2.3 tivity of dairy cattle manure was also observed with the in-
£ crease in both moisture content and temperature (Fig. 4).
i Multiple regression analysis showed that there is also a li-
18 18 03 28 33 4g  hear relationship between thermal conductivity (k) and

. I moisture content (MC) and temperature (7)) as follows:
Measured specific heat (kJ kg™ °C™)

2_
Fig. 3. Measured versus estimated specific heat values for dairy k=-0239615+000356T'+0.00813 MC, R"=0.9921. (9)

cattle manure.
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The response surface presented in Fig. 4 was almost flat
due to the fitted linear model. The analysis of variance
(Table 1) indicates a greater effect of the moisture content
(high F-value) than that of the temperature on the thermal
conductivity. The magnitudes of respective regression
coefficients in Eq. (9) also confirmed the results. The model
seems adequately fitted based on the observation of high
F-value as well as high coefficient of determination (R”).
The model accounted for 99.21% variation in the thermal
conductivity within the experimental range of input varia-
bles (Gomez and Gomez, 1984). The maximum difference
between measured and estimated values of the thermal
conductivity was within £0.02Wm’ loc! , which is desirable
accuracy for estimating the thermal conductivity (Fig. 5).

Figure 4 revealed that the thermal conductivity of dairy
cattle manure also increased with increase in moisture con-
tent and temperature, which is in general agreement with
previous findings of some researchers. The thermal conduc-
tivity of wheat increased linearly from 0.107 t0 0.128 Wm ™ K!
with increase in temperature from 2 to 20°C and moisture
contentof 13.12% (d.b.) (Bozikova, 2005). Investigations of
Yang et al. (2002) showed that the thermal conductivity of
borage seed varied from 0.11 to 0.28 W m! K at tempe-

Fig. 4. Effect of temperature and moisture content on thermal con-
ductivity of dairy cattle manure.
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Measured thermal conductivity (W m™ °C™)

Fig. 5. Estimated thermal conductivity of dairy cattle manure ver-
sus measured values.
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rature range of 6 to 20°C and moisture content in the range of
1.2 to 30.3% (w.b.). Martinez-Monz6 et al. (2000) found
that the thermal conductivity of apple due to vacuum
impregnation varied from 0.57 to 0.67 W m! K at tempe-
rature range 30 to 50°C. The thermal conductivity of straw
mushroom varied from 0.212 t0 0.668 W m™! °C™ at tempe-
rature in the range of 50 to 80°C and moisture content in the
range of 30 to 90% (w.b.) (Tansakul and Lumyong, 2008).
Shrivastava and Datta (1999) investigations showed that the
thermal conductivity of mushrooms increased from 0.2084
to 0.5309 W m™' °C™! with increase of temperature and
moisture content in the ranges of 40 to 70°C and 10.24 to
89.68% (w.b.), respectively. The thermal conductivity of
cumin seed increased from 0.046 t0 0.223 W m™! °C”! with
increase in temperature from -50 to 50°C and moisture con-
tent from 1.8 to 20.5% (d.b.) and its variation with tempera-
ture and moisture content was represented by second order
polynomial (Singh and Goswami, 2000). Aviara et al. (2008)
found that the thermal conductivity of ground seed and ker-
nel increased from 0.125 to 0.223 W m™ K™! and 0.107 to
0.191W m’! K‘l, respectively, as the moisture content and
temperature increased from 5.6 to 19.13% (d.b.) and 308 to
368 K. Lisowa ef al. (2002) investigation showed that the
thermal conductivity of four apple varieties (Golden Deli-
cious, Jonagold, Idared, and Jonathan) increased linearly at
temperature in the range of 273 to 333K and moisture con-
tent of 50% (d.b.). Yang et al. (2003) investigations revealed
that the thermal conductivity of rough rice increased from
0.080t00.138 Wm™' °C! at temperature range of 3 to 69°C
and moisture content range 0f 9.2 to 17.0% (w.b.). A second
order polynomial was developed to estimate the values of
thermal conductivity as a function of moisture content and
temperature by these researchers. Njie et al. (1998) investi-
gations showed that the thermal conductivity of cassava,
yam and plantain was a function of moisture content and
temperature. Also, they found that the thermal conductivity
of the three crops increased with moisture content and tem-
perature. The thermal conductivity of brown rice increased
linearly from 0.34t0 0.39 W mec ! at temperature range of
10 to 50°C and moisture content range of 14.9 to 30.1% (w.b.)
(Muramatsu ef al., 2008). The thermal conductivity of ber-
beris increased linearly from 0.1324 t0 0.4898 Wm™' °C™! at
temperature range of 50 to 70°C and moisture content range
of 19.3 to 74.3% (w.b.) (Aghbashlo et al., 2008).

The bulk density values of dairy cattle manure were 351
to1220kg m> at experimental moisture contents. The mean
experimental value for thermal diffusivity of dairy cattle
manure varied from 1.13x107 to 2.94x10"'m? s™! at three
replications in the moisture content range of 20 to 82% (w.b.)
and the temperature range 0f40 to 70 °C. An increasing trend
in the thermal diffusivity of dairy cattle manure was obser-
ved with increase of temperature. At increasing moisture
content of dairy cattle manure from 20 to 82%, its thermal
diffusivity increased first and then decreased beyond
moisture content of 40% (Fig. 6). The reason was explained
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Thermal diffusivity (m?s ")x10-7

Fig. 6. Effect of temperature and moisture content on thermal dif-
fusivity of dairy cattle manure.

to be the effect of dairy cattle manure bulk density at high
moisture and also the total effect of thermal conductivity,
specific heat and bulk density in the Eq. (1) with the change
of moisture content (Mohsenin, 1980). This result for ther-
mal diffusivity of dairy cattle manure was in general agre-
ement with findings of some researchers. Kazarian and Hall
(1965) found that the thermal diffusivity of wheat decreased
consistently with moisture content and the thermal diffusi-
vity of corn decreased first and then increased beyond 20%
moisture content. The thermal diffusivit; of wheat increased
linearly from 2.40x 107 t02.68x10” m” s™! with increase of
temperature from 2 to 20 °C and moisture content of 13.12 %
(d.b.) (Bozikova, 2005). Investigations of Yang et al. (2002)
showed that the thermal diffusivity of borage seeds varied
from 2.32 to 3.18x107 m? s”'. Lisowa et al. (2002) found
that the thermal diffusivity of four apple varieties (Jonagold,
Golden Delicious, Idared, and Jonathan) increased linearly
from 1.229, 1.234,1.257 and 1.346x10” m”s™" with increase
in temperature from 0 to 60 °C and moisture content of 50%
(d.b.). Tansakul and Lumyong (2008) calculated the ther-
mal diffusivity from specific heat, thermal conductivity and
bulk density for the straw mushroom in the moisture range of
30 to 90% (w.b.) and the temperature range of 50 to 80 °C.
The values ranged from 1.064 to 1.962x 107 m?s!. Aviara
et al. (2008) determined the thermal diffusivity of ground
seed and kernel in the moisture and temperature ranges of
5.6t019.13% (d.b.) and 35 to 95 °C as 3% 107 10 8.468x10°®
m’ s and 1.768x107 to 4.214x10°® m? s'l, respectively.
Singh and Goswami (2000) reported that thermal diffusivity
of cumin seed decreased from 14.72x10 % t0 12.87x10% m? ™!
with increase in moisture content from 1.8 to 11.1% (d.b.) at
10°C, thereafter, it increased to 13.96x10°® m? 57! with in-
crease of moisture content at 20.5% (d.b.). Iwabuchi et al.
(1999) measured the thermal diffusivity of manure mixed
with sawdust of 1.18x10”7 m? s\, Investigations of Loklari
et al. (1957) showed that the thermal diffusivity of tobacco
(Maryland) decreased from 7.61x1 078 to 1.18x107m? 57!
with moisture content in the range of 2 to 20% (d.b.) and then
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increased from 7.92x10°% t0 7.61x10™® m? s™! with moisture
content in the range of 20 to 35 % (d.b.). Wratten et al.
(19609) calculated the thermal diffusivity from specific heat,
thermal conductivity and bulk density for rough rice in the
moisture range of 12 to 20% gd.b.) and the values ranged
from 8.56x107 to 1.05%x10"'m? s\, The thermal diffusivity
of Arabica and Robusta coffee parchments were calculated
from the specific heat, thermal conductivity and bulk densit};
as2.36x10” t0 1.69x107 m? s and 2.08x10” to 1.44x10"
m? 5! (Chandrasekar and Viswanathan, 1999).

Multiple regression analysis showed a polynomial
relationship between the thermal diffusivity () and the
moisture content (MC) and temperature (7)) as follows:

a=6.70 1078 =4.610" mc3 +4.476 10" T2,
(10)

The analysis of variance (Table 1) indicates a greater
effect of temperature square (high F-value) than that of the
moisture content on the thermal diffusivity. The magnitudes
of respective regression coefficients in Eq. (10) also con-
firmed the results. The model accounted for 98% of varia-
tion in the thermal diffusivity within the experimental range
of input variables.

R%=0.9812.

CONCLUSIONS

1. The specific heat of dairy cattle manure increased
with increase in both moisture content and temperature in
the ranges of 20, 40, 60, and 82% (w.b.) and 40, 50, 60, and
70°C, respectively, from 1.9925 to 3.606 kJ kg™ °C™!. The
results showed that there is a strong linear correlation bet-
ween the specific heat, moisture content and temperature.

2. The thermal conductivity of dairy cattle manure in-
creased with increase in moisture content and temperature in
experimental ranges. Its value lies between 0.0901 to 0.6814
wWmec! The relationship was found to be linear between
thermal conductivity, moisture content and temperature.

3. The mean experimental value for thermal diffusivity
of dairy cattle manure varied from 1.13x107 to 2.94x107’
m?s ™. An increasing trend in the thermal diffusivity of dairy
cattle manure was observed with increase of temperature.
By increasing moisture content of dairy cattle manure from
20 to 82%, its thermal diffusivity increased first and then de-
creased beyond moisture content 0of40% (w.b.). The relation-
ship existing between thermal diffusivity, moisture content
and temperature was fit to a third order polynomial model.
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