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Jiang, S. and J. C. Jofriet. 1988. Thermal properties of ensiled hay
lage. Can. Agric. Eng. 30:243-247. The thermal properties of fresh-
cut unfermented alfalfa haylage have been published earlier. Both the
thermal conductivity and the diffusivity were found to be dependent
on bulk density and moisture content. This paper presents the results
of three replicationsof four conductivity and four diffusivity tests car
ried out on ensiled alfalfa haylage. The moisture contents were 59 and
68%, the bulk densities 400 and 600 kg/m3. The objective of the tests
was to uncover possible differences between the thermal properties of
fresh-cut and ensiled haylage. The results of the present tests indicate
that there is no significant difference in the conductivities of fresh-cut
and ensiled haylage of the same moisture content and bulk density.
The diffusivity of ensiled alfalfa haylage appears to be about 90% of
that of fresh-cut material of the same moisture content and bulk den

sity. It is recommended that the same prediction equation be used to
estimate the thermal conductivities of fresh-cut and ensiled alfalfa hay
lage. It compares favorably with Pitt's (1983) equation. The diffusivity
of ensiled material can be taken as 91% of that predicted for fresh-cut
haylage.

INTRODUCTION

The quality of the silage in a tower silo is affected by high silage
temperatures and by the entry of oxygen. The entry of oxygen
in turn is caused to a large extent by temperature fluctuations
in the head space. Temperatures of the silage and of the gases
in the head space can be predicted successfully by numerical
means (Jiang 1987) provided the phenomenon can be described
mathematically and the various parameters in that mathematical
model are known.

There is a limited amount of information on the thermal prop
erties of silage. Jiang et al. (1986) determined by test the ther
mal conductivity and diffusivity of wilted unfermented alfalfa
haylage. The bulk density ranged from 400 to 800 kg/m3 and
the moisture content from 50% to 80% (WB). The test results
for thermal conductivity ranged from 0.216 to 0.408 W/(m.K);
diffusivity values varied slightly from 0.153xl0~6 to
0.141 xl0-6m2/s.

A study carried out in Hungary of ensiled alfalfa haylage
(Csermely 1975) produced much lower conductivity values. For
bulk densities ranging from 147 to 344 kg/m3and moisture con
tents of 20% to 50% (WB), the conductivity was reported to
range from 0.066 to 0.095 W/(m.K). Although the range of
density and moisture content was quite different in the two stud
ies, the moisture content of 50% was common and it is rea
sonable to extrapolate the densities used by Jiang et al. (1986)
to 344 kg/m3. A comparison of the conductivity at 50% mois
ture content and a bulk density of 344 kg/m3 shows Csermely's
result to be about 50% of those found by Jiang et al. (1986).

This raised the question of whether the fermentation process
would drastically alter the thermal properties of a silage. To
answerthe question a small experimental project was conducted
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to determine by test the thermal conductivity and diffusivity of
fermented alfalfa haylage. The objective of this paper is to pre
sent the test results.

TEST METHOD AND MATERIAL

The test equipment and experimental methods were identical to
those used by Jiang et al. (1986). Figure 1 shows the experi
mental setup for the conductivity tests. It included (from left to
right) a Fluke datalogger, a test box containing the test material
placed on top of a hot plate, a watt meter and a transformer.
The datalogger, the watt meter and the transformer were also
used for the diffusivity test setup. In addition, it includes (from
left to right in Fig. 2) a Dickerson tube, a heating element and
an insulated water bath with a circulating pump. A detailed
description of the principles and assumptions involved in the
tests were given by Jiang et al. (1986).

The experiments were conducted with 59% and 68% mois
ture content (WB) alfalfa haylage at two bulk densities, 400
and 600 kg/m3. The four variables were tested using a random
ized complete block design, with three replications. The num
ber of tests was therefore 12 for both conductivity and
diffusivity.

The material was obtained from two top-unloading silos at
the Ontario Ministry of Agriculture and Food experimental
dairy farm at Elora, Ontario, the same place from which the
fresh-cut material was obtained one year earlier (Jiang et al.
1986). The alfalfa material was ensiled in June 1985. The sam
ples were taken in November 1985, sealed in double plastic
bags and stored in a refrigerator at 4°C until testing. The pH
values were 4.3 and 4.8 for the 59% and 68% moisture content

materials, respectively. The crude protein contents were 21.5
and 24.9%.

RESULTS AND DISCUSSION

Figure 3 shows the values of the thermal diffusivity. One set of
data is for a moisture content of 59%, the other 68% (WB).
The linear regression lines shown in Fig. 3 are those for the
diffusivity of 59% and 68% moisture content fresh-cut alfalfa
(Jiang et al. 1986). It is apparent that the diffusivity of ensiled
alfalfa haylage is consistently less than that of fresh-cut alfalfa.

The variation of diffusivity with density and with moisture
content was small compared with the effect of ensiling. An
analysis of variance that included the present test results and
those from earlier tests of fresh material (Jiang et al. (1986)
indicated that the effect of ensiling on the diffusivity was sig
nificant at the 1% level, while the interaction of ensiling with
the other variables was not. It may be concluded that the var
iation of diffusivity with density and moisture content was not
affected by whether or not the plant material was fermented.
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Figure 1. Conductivity test setup showing (from left to right): datalogger, conductivity box on top of hot plate, Wattmeter, and transformer.

This means that the influence of fermentation on the thermal

diffusivity can be determined by comparing the means found
for fresh cut and fermented material, with pooled density and
moisture content.

The mean values of diffusivity for fresh-cut and ensiled
alfalfa haylage were 0.148 X 10 6 m2/s and 0.134 X 10"6 m2/s,
respectively. The ensiled haylage had a diffusivity approxi
mately 9% lower than that of fresh cut material. Jiang et al.
(1986) published a regression equation for predicting the dif
fusivity of fresh-cut alfalfa:

a = 0.183 - 0.922 x 10" d +

0.600 xl0-7<f - 0.108xl0~5M2 (1)

where a is the predicted diffusivity in m2/s, d'is the bulk density
in kg/m3 and M is the moisture content in % WB. For ensiled
haylage the diffusivity, df, can be predicted with Eq. 1 and the
relationship:

a, = 0.91 a (2)

The maximum error between the predicted values using Eqs. 1
and 2 and the mean values of the experimental results was 2%.

Figure 4 shows the test results for the thermal conductivity
of the 59 and 68% moisture content ensiled alfalfa haylage. The
results are plotted against the bulk density. Again, the linear
regression lines shown in Fig. 4 are for the thermal conductiv
ity of fresh-cut haylage of the same moisture contents (Jiang
et al. 1986).

The mean value of conductivity of the fermented haylage was
about 4% less than that of fresh-cut material. This is hardly a
significant difference considering experimental errors. For
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engineering purposes it is proposed that the same prediction
equation be used for fresh-cut material and ensiled haylage. The
prediction equation that includes the results of 36 tests of fresh-
cut haylage (Jiang et al. 1986) and of the 12 tests presented here
is:

Mk = 0.213 - 0.292 x 10-3 d - 0.106 x 10"

+ 0.812xl05dxM (3)

where k is the predicted conductivity in W/(m.K). Including
both fresh-cut and ensiled material test results, the coefficient
of determination, R2, equals 0.95, the estimated standard error
is 0.157X 10"3 W/(m.K). Equation 3 is not significantly dif
ferent from the prediction equation published earlier by Jiang
et al. (1986).

Pitt (1983) reported an equation for thermal conductivity of
ensiled forage based on porosity

£=K { } +K{ }
L l + y} L i + yJ

(4)

where k„ is the thermal conductivity of air (0.024 W/(m.K), kd
is the conductivity of the forage dry matter, and Y is the volume
ratio of air to herbage. Pitt suggested a value for kd equal to
that of water at 6°C (0.57 W/(m.K)). The calculated values for
Y for 400 kg/m3 haylage with moisture contents of 59 and 68%
(WB) are 1.95 and 1.84, respectively. The predicted values for
k using Eq. 4 then are 0.209 and 0.216 W/(m.K) which are 7
and 11% lower than the values 0.225 and 0.244 W/(m.K) pre
dicted with Eq. 3. A similar comparison for 600 kg/m3 haylage
gives 20 and 9% higher values with Eq. 4 than with Eq. 3. It
appears that Pitt's (1983) prediction equation overestimated the
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Figure 2. Diffusivity test equipment showing (from left to right): Dickerson tube, heating element with pumper, and water bath.
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Figure 3. Diffusivity vs. bulk density at 59% and 68% moisture contents; fresh-cut and ensiled
haylage.
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Figure4. Conductivity vs. bulk density at 59% and68% moisture contents; fresh-cut and ensiled
haylage.
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effect of density and underestimated the effect of moisture con
tent on thermal conductivity. This is probably due to the approx
imation of kd.

The specific heat calculated from conductivity and diffusiv
ity values predicted with Eqs. 1, 2 and 3 ranges from 3.31 to
4.47 kJ/(kg.K). These specific heat values areabout 10% higher
than those for fresh-cut haylage of comparable moisture content
and density mainly due to the lower diffusivity of the ensiled

material. They agree well with the values derived from Siebel's
equation (Muck et al. 1983) at a bulk density of 600 kg/m3 and
a moisture content of 59% (WB):

C = cd (1 - M/100) + cw M/100 (5)

In Eq. 5 cdis the specific heat of the haylage dry matter and cw
is the specific heat of water. Appropriate values for cd and cw
(at 2(M0°C) are 1.89 kJ/(kg.K) (McDonald 1981, p. 106) and
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4.18 kJ(kg.K) (Kreith and Black 1980, p. 514), respectively.
At a bulk density of 400 kg/m3 the values for specific heat esti
mated by Eqs. 1, 2 and 3 are 26 to 29% higher than those by
Eq. 5 and about 40% higher than those by Csermely (1975).

Figure5 showsa comparisonof specific heat values reported
by different researchers. The specific heat of water at 20Mtt)oC
(Kreith and Black 1980) is also shown. The estimated specific
heat of haylage from the results of this study and that by Jiang
et al. (1986) are the highest. The predicted specific heat for
68% ensiled and for 80% fresh-cut haylages exceeds that of
water at a bulk density of 400 kg/m3. Other researchers have
observed thattheheatcontentof waterin bleached sulphite pulp
(Shipley et al. 1939), wheat (Disney 1954; Muir and Viravan-
ichai 1972;Pfalzner 1951), wood (Hearmon and Burcham 1955;
Kelseyand Clarke 1955), and gelatin gels (Hampton and Men-
nie 1934) was higher than that of free water.

Shipley et al. (1939) found that the specific heat of water
adsorbed by cellulose was greater than that of free water in the
temperature range -5 to 25°C. Experimental results indicated
that the amount of water bound to cellulose decreased with
increasing temperature. Shipleyexplained the specific heat dif
ference by noting that additional heat is required to change
bound water to free water.

Haylage is a wet material with considerable cellulose con
tent. The amount of bound water may therefore be large com
pared with that in wood or grain, and to that in the cellulose
(2-12%) considered by Shipley et al. (1939), especially at low
densities. This then might explain why the specific heat of hay
lageexceeds that of water and why it is higher at lower densities.

Shipley's results for the specific heat of the water in the cel
luloseranged from 4.52 to 4.64 kJ/(kg.K) for moisture contents
ranging from 4 to 12% (WB). Comparable values calculated
from the present study range from 4.30 to 5.68 kJ/(kg.K) for
moisture contents from 59 to 68% and bulk densities from 600

to 400 kg/m3. These calculations assume that the haylage dry
matter has a specific heat of 1.89 kJ(kg.K).

The specific heat in this study is a derived quantity (C =
Ida). It is based on an "effective" conductivity which includes
the effect of moisture migration in the test specimens. In view
of this and of the question of bound water it should be viewed
as an "apparent" specific heat encompassing some physical
phenomena not strictly included in the equation used to derive
it. It may be concluded that a direct measurement of specific
heat for a wide range of moisture contents and bulk densities
is desirable.

SUMMARY

Fourconductivity and four diffusivity tests of fermented alfalfa
silagewere carried out to complement a previous similar study
of the thermal properties of fresh-cut alfalfa. The thermal dif
fusivity of the ensiled material is about 9% less than that of the
fresh material at all tested densities and moisture contents. No
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significant difference was found in the thermal conductivities
of ensiled and fresh-cut alfalfa.

The diffusivity of ensiled alfalfa may be predicted by using
91% of the values calculated with the prediction equation pro
posed by Jiang et al. (1986) for fresh-cut alfalfa. The conduc
tivity of fermented and fresh-cut alfalfa may be predicted with
Eq. 3.

The predicted thermal conductivity by Eq. 3 compares quite
well with that of Pitt (1983). The specific heat calculated from
predictedconductivity and diffusivity by Eqs. 1, 2 and 3 com
pares reasonably well with values determined with Siebel's
equation (Muck et al. 1983) for haylage with moisture contents
ranging from 59 to 68% and a bulk density of 600 kg/m3. For
less dense material (400 kg/m3) the calculated specific heat is
higher than that of water.
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