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Misener, G.C. , McLeod, CD., Esau, C.A. and Gerber, W.A. 1990.
Drying of large roundhay bales. Can. Agric. Eng. 32:263-268. An
experimental hay dryer was developed toconduct drying experiments
on large round bales. The dryer can accommodate nine bales and can
beused tostudy differences in thedrying rates of thebales caused by
variations in the properties of the drying air and characteristics of the
bales. The facility is instrumented to continuously measure thepsy-
chrometric properties of the drying air and the bale weight.
Experiments were conducted to determine theeffectof twobaletypes
andthreeairflow inletconfigurations to the baleson the dryingrateof
thebales. Softcorebalesdriedmoreevenlythanuniformdensitybales
wherea highermoisturecontent was retained in the top outer portion.
The airflowinlet configurationdid not influence the drying rate of the
soft core bales but did affect the drying rate of the uniform density
bales.

INTRODUCTION

Large round balers have been developed to mechanize hay
harvesting and handling and they are a one-person forage
system with relatively low equipment investments. When cov
ered storage and long distance hauling are needed, the cost of
the system increases. The labour required from harvesting to
feeding is approximately 0.17,0.12, and 0.09 person hours per
tonne for 360, 550, and 900 kg round bales, respectively
(ANON 1978).

In eastern Canada, hay harvested at the optimum stage of
maturity must be field dried for up to three days before it is
suitable for storage. This long period on the field often leaves
the hay exposed to rain. Baling hay at a moisture content of 30
to 35% reduces the field curing time and the risk of inclement
weather while also reducing leaf losses which result from
harvesting a dry crop (MacDonald and Clark 1987). Artificial
drying is needed to lower the moisture content of large round
bales to less than 18% thereby preventing heat and mould
growth within the bale. It is necessary to provide an external
source of heat to dry large round bales whereas no external
heat is necessary to dry conventional square bales. In both
cases, part of the energy required to evaporate the water is
provided by the hay itself (Wood and Parker 1971). However,
with more mass and longer moisture migration paths in the
large bales, the moisture reduction is slower. This combination
of high moisture for longer times provides conditions suitable
for moulds and secondary chemical and biological reactions.
Also, Collins et al. (1987) suggested that the storage method
significantly affects dry matter and the quality of alfalfa hay in
round bales.

The two types of balers most commonly used in eastern
Canada are balers with either an expandable chamber or balers
with a fixed chamber. The expandable chamber machine pro
duces a relatively uniform density bale and the fixed chamber
machine forms a variable density bale with a lower density
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core. Bledsoe et al. (1985) suggested that the effect of dry
matter density on drying rate is critical for a given bale size.
Marchant (1976), using equations describing the flow of air
through porous agricultural materials, investigated the resis
tance to airflow through hay packaged in large round bales.
VanDuyne and Kjelgaard (1964) found the resistance to air
flow varied exponentially with dry matter density. Bledsoe
and Hitch (1986) used finite element analysis to predict the
effect of bale, duct, and air inlet/outlet characteristics on air
flow through large bales. They concluded that dry matter
density and its distribution within the bale were the key factors
that determined the drying rates. D6silets (1976) suggested
that the end of a uniform density bale opposite to the air
entrance was nearly impossible to dry even when an air distrib
utor was inserted longitudinally in the bale centre.

The objective of the study reported in this paper was to
determine the effect of components for directing airflow
through bales and of bale type on dryer performance.

REVIEW OF LITERATURE

Henry (1977) suggested that the minimum airflow rate re
quired for drying large round bales was 16 m /min per tonne
of hay. Bledsoe et al. (1981) used 34.5 m /min per package
while Garthe (1985) used 22 m3/min in his experiments.
Frisby etal. (1985) measured airflow rates of38.4 m3/min at
a static pressure of 831 Pa in an experiment with a uniform
density bale and of57 m3/min ata static pressure of 498 Pa
with a soft core bale. The static pressure decreased during
drying (Garthe 1985), which suggested that the airflow rate
from a well selected fan will increase as the drying progresses.

There is some variation in the estimated power require
ments as Bledsoe et al. (1981) used a 2.2 kW motor for a four
bale dryer and Morrison and Shove (1981) installed a 0.75 kW
motor on a one bale dryer. Frisby et al. (1985) powered the fan
with a 1.1 kW electric motor on a single bale dryer. D6silets
(1976) used a 2.2 kW electric motor to power an axial flow fan
on a two bale dryer.

With the higher resistance to moisture migration encoun
tered when drying large bales, the heat produced by the hay is
not sufficient. Therefore, a supplemental heat source is re
quired. Henry (1977) and others did extensive studies of solar
collectors for this particular application and Garthe (1985)
used a wood stove. Morrison and Shove (1981) measured
energy consumptions of 6.2 and 8.7 kWh per percentage point
of moisture removed during experiments with a solar collector
and airflow rates of 36.6 m /min per bale operated intermit
tently and 39.6 m3/min per bale operated continuously. Frisby
et al. (1985) measured the energy consumption of the electric
motor in two experiments (uniform density and soft core
bales); their figures were 5.4 kWh per percentage point of
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moisture removed from the uniform density bale and 3.2 kWh
perpointof moistureremovedfromthe softcorebale.Thebale
dry mattermasseswere 620.5 kg and 603.3kg, respectively.

DESCRIPTION OF DRYER

Facility

The dryer was designed to dry up to nine bales simultaneously
with a configuration that facilitates comparison among treat
ments including field treatments, airflow rates, and drying
temperatures. Air is distributed to three separate bale sets by
three ducts located in the concrete floor. A damper was in
stalled in each duct to individually control the airflow rate.
The ducts have a square cross-section 0.6x0.6 m with three 0.6 m
diameter holes equally spaced for directing airflow into three
bales. The ducts are insulated with SO mm thick styrofoam.
Each bale is placed in a plywood and steel frame that is
suspended from a load cell during drying and is connected to
the duct with a flexible tube.

One duct is equipped with a 50 kW electrical resistance
heater while the other two ducts have 24 kW heaters. To
accommodate the range of power and flows previously re
ported, each duct is equipped with a 3.73 kW electric motor
driven fan (Delhi Bl-18).

A roof over the facility provides protection from rain and a
support structure from which to suspend the bales.

Instrumentation

Parameters thatweremonitored during thedrying process and
the sensors required were as follows:

- bale temperatures (typeT thermocouples)
- ambient temperatures (RTD sensors andthermocouples)
- ambient humidity (capacitive type humidity sensor)
- ducthumidity (capacitive typehumidity sensor)
- duct temperatures (RTD sensors and thermocouples)
- duct pressures (pressure transducer with amplifier)
- baleweights (strain gaugetypeloadcells)

A multichannel data logger with a tapedrive for data stor
age was used to record these parameters. The data logger, a

Table I. Speciflcationsof sensors utilized in drying facility

Parameter Sensor Type Accuracy

Temperature Thermocouple TypeT ±0.5C

RTD PT100 ±1.5C

Humidity Capacitive Humicap ±2%RHat0-80%

± 3% RH at 80-100%

Pressure Pressure Strain ±0.5% F.S.

transducer gauge

Weight Load cell Strain 2% F.S. zero balance

gauge 0.03% F.S. nonlinearity
0.02% F.S. hysteresis
0.01% F.S.

nonrepeatability

FlukeModel 2280B, was programmedto accept voltage input
fromtype T thermocouples and the signal was conditioned by
using the data tables available on the data logger. Signal
conditioning wasnot required for either the humidity-temper
ature sensors or the pressure sensors. Conditioning for the
straingaugesensors was obtainedby a conditioning unit that
provided excitation voltages and sensoramplification. Fig. 1
shows the various locations of the sensors within the drying
facility. Table I lists the type and accuracyof the sensorsused
in the facility.

Scaling is provided for the humidity, RTD, pressure, and
strain gauge sensors togiveoutput readings in theappropriate
SIunits. Data are stored onanon-board tape drive unit capable
of holding up to 500 kbytes of formatted data. Data are trans
ferred from thetape drive through an RS232C serial port and
downloaded onto a microcomputer forfurther analysis.

The thermocouples were thermoelectric typeT, connected
with 16gauge extension wire with PVC jacketing and shield
ing. The conductors were twisted internally to minimize
electromagnetic pickup. Other temperature sensors were part
of the humidity sensor and consisted ofa temperature depen
dent resistor whose voltage drop was linearized by the sensor
linearizing circuit to givean outputof 50 mV/°C.

DUCT XI 0UCT ZXZ

Fig. 1. Schematic diagram ofdrying facility with instrumentation and method ofbale -duct inlet configuration.
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Pressure readings were obtained using Sensotec TJE/83,
0-3.4 kPa pressure transducers. An internal amplifier was
included togivea full scale output of 2.9V/kPa and to provide
ratiometric excitationvoltages. The duct pressures of the three
systems were monitored and reinitialized every 15 minutes to
account for changes in atmospheric pressure.

Relative humidity readings were taken with a Vaisala ca
pacitive sensor humidity probe outside the ducts for ambient
conditions and inside the ducts for predryingconditions.

Individual bale weights were determined by transducers
(tension) manufactured by Transducers Inc. with a maximum
capacityof 900 kg. The sensor signals from the load cells were
conditioned by aSensotec Strain Gauge Amplifier. Theampli
fier provided excitation voltages of 10Vdc andamplified the
sensor output to 5 Vdc. A shunt calibration resistor was in
cluded to provide linear calibration of the output. The
amplifier is field programmable for various types of input
levels as well as full scale and zero adjustments.

Temperatures were monitored at the fan inlet (ambient), the
fanoutlet, the heater exhaust, and points along the duct. These
established the base temperatures of the overall system. Ther
mocouples were also placed in various locations within the
bales to obtain a temperature-time profile from each bale.

MATERIALS AND METHODS

Three trials were conducted to determine the effect of compo
nents for directing airflow through bales and of bale type on
dryer performance.

Alfalfa was mowed and conditioned in the morning and was

Table II. Mean drying characteristics1 ofbales

tedded and raked the following day. Nine bales were made
during each of three trials with either a baler with a variable
chamber or one with a fixed chamber. The bales were 1.2 m
wide and 1.5 m in diameter. They were transported to the
dryer, weighed, and sampled to determine the initial moisture
content. The nine bales were then placed on the dryer accord
ing to the arrangements presented in Table II with three bales
on each duct. The nine bales were dried simultaneously. This
arrangement allowed three treatments (inlet configuration)
and three replications of each treatment.

Eachbale placed on duct I was penetrated by a cylindrical
steel ring, 0.15 m high and 1.1 m in diameter. The ring was
attached symmetrically to a frame base made from plywood
1.8 m in diameter with a 0.9 m circular hole similar to the
arrangementused by Bledsoe et al. (1981). The ring penetrated
the bale end to ensure that an air seal was obtained between the
plywood base and the large bale. The frame and bale were then
suspended over the duct outlet and were connected to the
outlet with a flexible vinyl tube. There were three frames with
mounted bales connected to duct I.

Bales were suspended over duct II outlets by using straps
under the bales instead of plywood frame bases. The exterior
of each bale was wrapped with plastic film and the bales were
connected to the duct outlet with flexible tapered vinyl tubes.
This maximized the airflow area through the bales and pre
vented air from escaping out the sides of the bales.

The bales on duct III were placed on plywood bases, similar
to those on duct I except the steel ring was not used and the
circular hole in the plywood was only 0.6 m in diameter.

Trial I Trial H Trial ffl

Duct I Ductll DuctEI Duct I Ductll Ductm Duct I Duct II Duct in

Soft Uniform Soft Uniform Uniform Soft Uniform Uniform Uniform

Original moisture, % 44.0 41.1 43.7 53.3 54.3 53.0 39.6 40.6 38.8

(wet basis)

Final moisture, % 19.4 22.7 19.4 18.2 12.9 12.5 17.3 12.9 17.5

(wet basis)

Original weight, kg 588.4 910.9 578.9 810.2 772.8 574.9 610.1 613.4 598.2

Dry weight, kg 329.1 536.8 325.7 367.9 353.0 270.8 368.3 364.0 366.1

Airflow/bale, m /sec 0.43 0.21 0.39 0.39 0.17 0.65 0.34 0.21 0.30

Static pressure in duct, 1020.2 1082.5 1032.7 1032.7 1094.9 958.0 1045.1 1082.5 1057.6

Pa at time = 0

Drying time, h 116.0 116.0 116.0 134.0 134.0 134.0 115.0 115.0 115.0

Average water 1.6a 1.9a 1.5a 2.6a 2.7a 2.0b 1.5a 1.8b 1.4a

removal, kg/h

Mean drying rate , %/day 5.10a 3.80b 5.03a 6.56a 7.71b 7.54ab 4.85a 6.55b 4.61a

All parameters listed are means of the three bales placed on the individual ducts.
Averaged rate over drying period.
Means followed by the same letter in rows within the trials arenot significandy different at 0.05 level as measured by the Duncan's Multiple
Range Test.

ab
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As a result of a recommendation by Morrison
and Shove (1981), 1.2 m diameter plywood cov
ers were placed on the top of the bales on ducts I
and III during the drying process. Four thermo
coupleswere inserted into each bale at the top and
bottom core, as well as the top and bottom exte
rior. The temperature of the bales was monitored
hourly. Four samples were taken from each bale
daily with a powered probe at the top and bottom
core and the top and bottom exterior. The samples
were then oven dried to determine the moisture

content.

All fans were turned on and the thermostats on

the heaters were set to maintain a duct tempera
ture of 26.7 °C. Individual bale weights were
monitored hourly as well as duct pressures as
outlined by the instruments described earlier.

RESULTS AND DISCUSSION

Figs. 2 to 4 show the decline in the average moisture content
of the bales during drying for each trial. The initial moisture
content was higher than expected due to inclement weather
conditions before baling in 1988. However, most bales
reached an average moisture content that was less than the 20
percent (wet basis) objective originally established as the max
imum acceptable. The dryingrates obtainedin this studywere
similar to the values reported by Morrison and Shove (1981)
and Frisby et al. (1985) and are summarized in Table II.

The mean drying rates from each trial were compared to
determine the relativeeffect that airflowdirecting devicesand
baletypeshadon the rates.In trial I, the meandrying ratesfor
the soft core bales were significantly higher than the mean
ratesfor the uniform density bales. Thedrying ratesappeared

50

£ 30

Soft Core. 0.6 n Dla. Inlet
Uniform Density. 1.5 n Ole. Inlet
Soft Core. 0.9 m Dla. Inlet / Ring

36 46 60

TIME (h)

72

—i—

96 106 120

Fig. 2. Mean moisture content of bales during Trial I.

to be reduced by the higherdensity of the uniform bale type.
However, there was no significant difference in the average
absolute rate of water removed from the bales. The drying
rates of the soft-core bales did not differ with different bale
inletconfigurations. This trendis also shown in Fig. 2 where
theinitial moisture contents of thesoft-core baleswere higher
than the uniform density bales.

In trial II, where the uniform density bales were made with
a density less than that in trial I, the drying rates approached
those of the soft-core bales (Fig. 3). The drying rate of the
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Fig. 3. Mean moisture content of bales during Trial II.
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Fig. 4. Mean moisture content of bales during Trial in.
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Fig. 5. Moisture content profile of soft core bales during
Trial II.

uniform density bales (wrapped with plastic film) on duct II,
wassignificantly higher than that of the uniform densitybales
on duct I. The evaporation rate of water was significantly
higher for the uniform density bales than the soft-core bale.

In trial III, (nine uniform density bales) the inlet configura-
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Fig. 6. Moisture content profile of uniform density bales
during Trial III on duct III.

tion did have a significant effect and the bales on duct II dried
fastest (Fig. 4). The average evaporation rate of water from the
bales on duct II was also significantly higher than that from the
bales on ducts I and III.

Although several bales dried below a mean moisture con
tent of 20 percent, uniformity of the moisture content within
the bales varied. In trial I, the caps were not held in place
tightly and the moisture content of the outer top portion of the

Table 111. Static pressure* in air ducts

Bale Soft Core Uniform Density

Moisture

Content, % Static Standard Static Standard

(wet basis) Pressure, Pa Deviation Pressure, Pa Deviation

25.0 943.8 54.4 1051.0 17.2

30.0 968.5 59.5 1055.3 15.7

35.0 993.3 64.5 1059.5 20.1

40.0 1018.1 69.5 1063.7 21.6

* Values were determined from regression equations with static
pressureas a function of bale moisture content

bales did not dry below 23 percent (wet basis). However, in
trial II, when the caps were held firmly in place, the outer top
portion of the soft-core bales dried below 20 percent (Fig. 5).
In trial III, the top portion of lower density uniform bales, still
did not dry to a satisfactory level (Fig. 6). This is consistent
with Bledsoe et al. (1985) who also found it difficult to achieve
uniform drying, especially in the top outside sections of uni
form density bales. It appears that insufficient airflow is
achieved in the top sections of the bales. There was agreement
between the mean moisture content of the bales as calculated

from the hourly weight readings and the moisture content of
the four portions of the bales as determined from the samples.
The mean moisture content falls between the lower and higher
moisture contents as shown in Figs. 5 and 6.

The static pressure in the ducts during drying was higher
with the uniform bales (Table III). The pressures measured
were similar to those reported by Garthe (1985) and Morrison
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and Shove (1981) although higher than the static pressures
measured by Frisby et al. (1985). As shown in Table III, duct
static pressures dropped as the bales were dried. Morrison and
Shove (1981) indicated that static pressures measured under
the bales dropped an average of 14 percent as the bales were
dried from their initial to final moisture levels.

CONCLUSIONS

An experimental drying facility for large round bales was
designed and constructed, and during the initial trials, it oper
ated within expectations. The facility has the capability of
drying nine bales simultaneously with three drying parameter
treatments and three replications of each treatment. The dryer
is equipped with instruments to monitor the psychrometric
properties of the air entering the bales as well as the weight of
the bales.

The drying rates of uniform density bales were affected by
the method used to direct air through the bale. Bales wrapped
with a plastic film dried faster than those placed on plywood
that had either a simple 0.6 m diameter hole or a hole sur
rounded by a 1.1 m diameter ring to prevent leakage.

The final moisture content varied less within soft-core bales

than it did within uniform density bales. However, snugly
fitted caps were required to dry the outer top portion of the
bales during the time that the bale average was dried to the
desired moisture content. The top portion of the uniform den
sity bales did not dry below 20 percent.

The static pressure in the air ducts dropped as the bales were
dried from their initial to final moisture levels. The soft core bales
produced a lower static pressure than the uniform density bales.
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