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Summary. An inexpensive system for
monitoring and controlling relative
humidity (RH) above 90% and for
monitoring temperature was devel-
oped and tested in a storage research
facility for horticultural crops. A gen-
eral-purpose IBM-PC microcomputer
connected to an analog/digital inter-
face system allowed for 16 differential
analog inputs and 12 digital outputs
for monitoring temperature and RH
in eight storage rooms. Relative hu-
midity, measured at 2-min intervals
by an inexpensive wet/dry bulb psy-
chrometer in each room, was regu-
lated by a cool-mist humidification
system. The standard deviation of RH
from set-point was + 2.8% at 2C and
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+3.1% at 10C dry bulb temperature.
The software. written in BASIC, al-
lows for additional upgrading to meet
future requirements. Commercially
available components were used to
construct the system at a cost of about
Cd$1400 (Canadian) (microcomputer
and cool-mist humidification system
excluded).

recise control of relative humid-

ity (RH) and temperature is im-

portant in maintaining quality
of stored horticultural crops. Proper
storage temperature prevents freezing
or chilling damage and condensation
of water on the product, and mini-
mizes transpiration losses and sprout-
ing. A RH of 90% or more is desirable
for most horticultural crops. How-
ever, RH close to 100% may result in
free water on the product, excess
growth of microorganisms, or surface
cracking (Thompson, 1992 ).

A research facility to investigate
the storage parameters required to
maintain quality of horticultural crops
was constructed at the Univ. of
Manitoba in 1987. The facility consists
of eight controlled environment rooms
of 12 to 20 m’per room, situated in an
air-conditioned building. All rooms are
equipped with a thermostatically con-
trolled refrigeration system and a com-
puter-controlled humidification system.

Continuous measurement of RH
is labor-intensive when using standard
chart dataloggers. Humidification con-
trol and datalogging require a hygrom-
eter with an output that can be read by
a computer interface. Hunter and Rowe
(1987) evaluated various electronic
methods of RH determination in high-
humidity environments. Some devices
that sense RH as a function of capaci-
tance of a thin polymer film were un-

reliable at a RH >90%. Commercially
available RH sensors that claim accu-
racy of +3% or better in the 90% to
100% RH range are costly. Psychrom-
eter, if properly calibrated and main-
tained, can measure high RH accu-
rately in horticultural crop storages
and can be built at a low cost compared
to other appropriate sensors.

The objective was to design and
construct an inexpensive system for
electronic data collection of tempera-
ture and RH that would also control
RH in individual rooms of a storage
research facility for horticultural crops.
A modified wet/dry bulb psychrom-
eter interfaced with a mist humidi-
fication system was used to monitor
and control RH. Software was needed
that allowed total control over system
customization and future modifica-
tions at a low cost.

Materials and methods

Hardwave. A system was as-
sembled that consisted of an IBM-PC
(8088, 4.77 MHz) equipped with a
hard drive, serial port, and analog/
digital interface system (Remote Mea-
surement Systems, Model ADC-
1 + 12C, Seattle) with 16 analog inputs,
12 digital outputs, and four digital in-
puts (Fig. 1). Sixteen solid-state tem-
perature transducers (AD590 J-grade,
Analog Devices, Norwood, Mass. ) al-
lowed for one wet and one dry bulb
temperature reading for each of the
eight controlled environment rooms.
The transducers were soldered onto
two-conductor 0.5 -mm (24-AWG)
stranded, shielded wire. They then were
sealed with 6-mm-diameter heat-shrink
tubing made of adhesive wall polyolefin
to prevent moisture from corroding the
connections. The wire spanned 15 to
30 m between the control center and
the transducers in each room.

The wet/dry bulb system (Fig. 2)
is similar to the conventional aspirated
psychrometer described by Barber et
al. (1989). The apparatus used a 100-
mm-diameter, five-blade axial fan with
a 48 liters- capacity mounted on an
air plenum constructed from ABS
plumbing fixtures (floor flange and a
76.2-mm-50.8-mm female adapter).
The adapter was machined inside to
accommodate 63.5 -mm (o.d.) clear
polycarbonate tubing »500 mm in
length. Three 5-mm holes were drilled
into the side of the tubing, allowing
for insertion of the transducers and the

wick for the wet bulb. The wick was
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made from new, washed, 8 -mm-diam -
eter 100% cotton shoelaces. One end
of the wick was inserted into a 500-ml
container mounted on the side of the
tube, which acted as a reservoir of
distilled water for the wick. The appa-
ratus were installed on the rear wall of
each room with the fan output 250
mm from the ceiling.

The humidification systems were
controlled by the microcomputer
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Fig. 2. Schematic of wet/dry bulb psychrom-
eter for monitoring temperature and RH in
a storage research facility for horticultural
crops.
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through the eight digital outputs of
the analog/digital interface, which ac -
tivated solid-state relays (3 to 24 VDC
input, 120-220 VAC load) located in
junction boxes on the outside of each
room. The load side of each relay was
connected to a 120-VAC electric sole-
noid valve for air flow control and to an
electric solenoid valve for simultaneous
water flow control.

Air pressure of 483 kPa was sup-
plied by a 2.2-kW DeVilbiss compres-
sor model 44642 (DeVilbiss Canada
Ltd., Barrie, Ont.) and water pressure
of 414 kPa was supplied by a Hypro
series 8600 plunger pump (Hypro
Corp, New Brighton, Minn.) driven
by a 0.36-kW/220-VAC electric mo-
tor. Air and water were piped through
the solenoids and into a Spraying Sys-
tems Co. (Chicago) stainless steel
nozzle assembly consisting of a model
No. 2050 fluid cap and 67-6-20-70°
air cap to produce a mist. The nozzles
were mounted near the ceiling of the
room on the opposite wall from the
psychrometer to minimize condensa-
tion on the dry bulb. The nozzle as-
sembly produced a cylindrical spray
pattern » 3 m in length and 0.3 m in
diameter, with an output of 1.3 ml-s*
(Spraying Systems Co., 1987).

The set-point temperatures in the
rooms were maintained with thermo-
stats that controlled individual refrig-

eration units. The refrigeration con-
tractor supplied evaporators with over-
size coil areas and adjusted suction
pressures to minimize the temperature
differential between the coil and room
air, thereby limiting room dehumidifi-
cation. Aperiodic hot-gas defrost cycle
was activated when room temperature
settings required that the evaporator
coil be operated below 0C.

Each room was equipped with a
continuously operating 12-liter-s*ex-
haust fan that brought in constant
21 C fresh air from within the building
through an air intake vent in the wall of
the room. Average air speed at the fan
intake was 3 m-s’. This provided indi-
vidual rooms with about two air
changes every hour.

Software. The software was writ-
ten in BASIC. Simple subroutines for
communication, supplied with the
ADC-1 manual (Remote Measurement
Systems Inc., 1983 ), were modified
and used in the system. The program
cycles for 2 min between sample inter-
vals, when it then addresses the ADC-
1 and requests wet and dry bulb tem-
peratures” from each room-.

A plot of vapor pressure (E) of
water (in kiloPascals) against tempera-
ture (0-20C) (Campbell, 1986) pro-
duced a curve that is best fitted (r’=
0.99) to the empirical equation:

[Eq. 1]

where T = temperature (°C) of the dry
bulb (T) or the wet bulb (T°). When
the dry bulb temperature and the wet
bulb temperature are substituted into
the equation, it produces values for
saturated vapor pressure (E,) and va-
por pressure at the wet bulb tempera-
ture (E’), respectively. Actual vapor
pressure (E) is calculated using a for-
mula (Campbell, 1986) for reduction
in psychometric observation

E = 0.614¢©070D)

E=E -aP(T-T") [Eq.2]
where a = psychometric constant 6.6
x 104 and P = assumed atmospheric
pressure of 100 kPa.

Finally,

RH = (E/E ) x 100 [Eq. 3]

(Woodward and Sheehy, 1983).

Temperature and RH values are
kept in arrays for processing. RH val-
ues are compared to set-point values
for each room. When RH drops more
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than 2% below the set-point, the
humidification misters are actuated.
Mean values of temperature and RH
are calculated and logged to disk for
each room every hour, along with the
time. Similarly, at the end of every 24-
h period, mean, minimum, and maxi-
mum values for the previous 24-h pe-
riod are printed. In addition, an option
can be activated that logs all data to
disk. Temperatures, RH, and RH set-
point control can be monitored in real
time on the computer screen.
Experimental. Two storage en-
vironments consisting of empty rooms
with set-points of 2C, 95% RH and
10C, 90% RH were used to determine
the efficiency of the humidification
system. The temperature and RH were
recorded every 2 min over a 3-h pe-
riod. The RH values obtained from
the constructed psychrometer were
compared to a Hygro-MI optical dew-
point monitor (General Eastern In-
struments, Watertown, Mass. ).

Results and discussion

Hardware. The IBM-PC al-
lowed for hard-disk data storage and
facilitated data transfer to other com-
patible computers for subsequent data
manipulation and report-writing. Tem-
perature calibration and matching of
the AD590 transducers was achieved
with the addition of a separate piece of
hardware containing one potentiom-
eter circuit for each of the 16 analog
inputs. Outputs of the transducers were
adjusted by comparison to readings
taken with a Digimite electronic ther-
mometer with type-T thermocouples
and internal cold-junction reference
(Thermo Electric, Brampton, Ont.).
This method of calibration was chosen
over an alternative method of using
software to correct for variation in sen-
sor readings. Potentiometer circuits al-
allowed for easy calibration of replace-
ment sensors without the need to edit
software. Either calibration technique
would result in a dry or wet bulb tem-
perature uncertainty of less than + 0.3C
over the expected 15C operating tem-
perature span (Remote Measurement
Systems, 1983, p. D12). The ADC-1
was set at the low-speed sampling mode
with a 10-ms A/D settling time offer-
ing auto-zeroing and channel readings
with a 12-bit resolution. This enabled
the best accuracy of readings with a
minimum amount of noise (Remote
Measurement Systems, 1983, p. 2).

Average air flow speed measured
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Table 1. Comparisons of system costs (Canadian) for RH sensing and control of eigbt

environment rooms.

System costs (Cd$)

High-humidity
Components Psychrometer sensors
ADC-1+12C 700 700
Wire 205 205
Psychrometer plenums and fans 325
AD590] temperature transducers 160 ---
High-humidity RH sensors with temperature 3600
Total 1390 4505

at the psychrometer plenum intake
was 9.5 m-s*with the 48-liter-s*fan.
Accurate wet bulb temperature can be
achieved with speeds as low as 3 ms*
(ASHRAE, 1982). Wicks on the wet
bulb required periodic maintenance to
ensure adequate moisture around the
sensor. This involved refilling the dis-
tilled water containers every 3 to 6
weeks, depending on the temperature
and humidity in the room. Occasion-
ally, 3 to 5 cm was removed from the
end of the wick to ensure a clean
surface and uninterrupted supply of
water to the wet bulb. The frequency
of wick replacement varied from 1 to 3
months, depending on the amount of
dust circulating in the room.

The misting nozzles chosen had
one of the smallest output volumes
that was available from the supplier.
Air and water pressure balancing and
water flow rate adjustments gave ad-
equate misting nozzle output. Soft-
ware allowed for a variable misting
time during each cycle. The misting
period for each 2-rein sample cycle was
5 to 9 s. If misting time was outside of
this range, an unacceptably high de-
viation in RH from set-point resulted.

The major advantage of this sys-
tem over most commercially available
systems was its low cost. Standard chart
dataloggers may cost as much as Cd$900
to monitor one environment. Cost com-
parisons between psychrometer and
high-humidity RH sensors (Table 1)
show significant savings in favor of psy-
chrometers. There also would be addi-
tional maintenance cost for replace-
ment of high-humidity sensors.

Software. The BASIC program
operating on an IBM-PC required
about 3 s to collect all temperatures,
calculate RH, and update arrays. There
was an additional wait of 5 to 9 s when
misting was required. A batch file al-
lowed for automatic boot in the event
of a power failure. The menu was
accessed through key trapping rou-

tines and a BASIC shell routine al-
lowed system access without major
interruption in program flow. An IBM-
PC that may not have adequate com-
puting power for other commonly used
software packages was found to be
more than adequate for the BASIC
routine used in this application.
Experimental The mean tem-
peratures of the two rooms, which
were empty and were set at 2C and
10C, over the 3-h test period were
2. IC and 10.3C with a standard devia-
tion of =+ 0.4C and %0.5C, respectively.
The maximum temperature deviation
for the 2.1C room without the defrost
spike was = 0.7C. Maximum tempera-
ture deviation from the 10. 3C mean
was 1.3C. The mean RH of the 2.1C
and 10.3C rooms were 94.6% and
91.0%, with standard deviations of
+2.8% and +3.1%, respectively (Fig.
3). Total RH fluctuation for the 2.1C
and 10.3C rooms were *6.8% and
+7.7%, respectively. The optical dew-
point monitor reported mean RH val-
ues for the two rooms at 95.5% and
91.5%, with standard deviations of
+2.7% and *2.3%, respectively. Total
RH fluctuation reported by the dew-
point monitor was +6.5% and +6.4%
for the 95.5% and 91.5% rooms, re-
spectively. A sharp decrease in RH
corresponded with a 1.6C increase in
temperature in the 2.1C storage due
to the defrost cycle, which occurred
every 6 h. Atmospheric pressure varia-
tion in our area would account for
< 0.1% error when working in the 90%
to 100% range. A worst-case tempera-
ture error of £0.3C would result in an
error of »5i % RH; however, the actual
comparison to the optical dew-point
system shows similar means and stan-
dard deviations, verifying the reliabil-
ity of this system, which was designed
to operate in the 0C to 15C and 90%
to 100% RH range. System operation
at or slightly below 0C would result in
wet bulb temperatures that would cause
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Fig. 3. Temperature and RH profiles over a 3-h period in a storage research facility for horticultural crops held at 2C, 95% RH and 10C, 90% RH.
(RH determined by a wet/dry bulb psychometer and by an optical dew point monitor.)

the wick to supercool or freeze. Vapor
pressures derived from [Eqg. 1] would
be slightly overestimated, resulting in
higher RH estimates. At a RH reading
of 95% and OC, the actual RH would
be »1% lower. Operation of this sys-
tem below freezing for extended peri-
ods would require the ability to heat
the psychrometer, make the measure-
ment, and convert the result to the
temperature of the environment. The
relatively small fluctuations in tem-
perature and RH of the air that oc-
curred in these empty rooms would
result in negligible variations in tem-
perature and RH around large vol-
umes of stored product.

Conclusions

A data-logging and control system
for a storage research facility of this
complexity can be assembled success-
fully without expensive custom-made
computerized equipment and without
extensive computer control experience.
Matched temperature sensors and rou-
tine wick maintenance are extremely
important for obtaining accurate re-
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suits. This low-cost system provided
control of RH well within acceptable
limits for storage research. The modi-
fied psychrometer proved to be an ap-
propriate device for RH monitoring
and control applications within the range
of storage environments examined. The
reliability and durability of this system
which is available at low-cost makes it
suitable for commercial applications.
The ability to upgrade the software is an
important asset of the system.
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