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Vigneault, C, Lemieux, M. and Masse, D. I. 1988. Development of
an automated ice-block-making system utilizing winter outdoor
air. Can. Agric. Eng. 30:77-82. A technique for producing a block
of iceusing thecoldness of outdoor airwas developed. Thin layers of
water were sprayed on the ice surface, and cold air was blown onto
the water to accelerate freezing. A time-temperature integrator was
developed andused to control the timing of water application. Anice
height sensor, and lifting mechanism were developed to maintain the
air and water distribution circuits at an optimal height above the ice
surface. Tests were performed to develop optimum design criteria for
the components of theautomated system. Fora large system, theprice
of the ice was established at $15 per tonne, compared to the current
price of $25 per tonne. This system also reduced the energy con
sumption for ice production 12 times compared to a conventional
mechanical refrigeration system.

INTRODUCTION

Low temperatures are usedextensively to preserve foods, and
use a considerableamount of energy. In gas compressionrefrig
eration systems, 2-4 J of heat are removed per Joule used to
operate thecompressors. Asmuch as21J areremoved perJoule
used to operate an ice block system (Vigneault and Lemieux
1985).

The Canadian winter offers a limitless source of cold air, but
this coldness is available for only a few months and must be
stored in some form for warm season uses. In 1982, Agriculture
Canada undertook studies aimed at introducing the production
of ice as a means of storing winter coldness. The purpose of
this research was to reduce the energy consumed in the pro
duction of lowtemperature, forexample,in on-farm precooling
of fruits and vegetables.

Morofsky (1985) compared energy andcapital costsof con
ventional chilling equipment and seasonal storage. These con
siderations led to a limit of approximately $150 - $200 per
cubicmeter of ice produced for capital costs of the system.

Among thedifferentmethodspresentedin the literature (Gor-
skyet al. 1982; Anonymous 1982), it was foundthat the layer-
by-layer ice formation system was likely the most promising
(Vigneault 1985a). Alltheothericeformation systems reviewed
utilized a container filled up with water before ice formation
starts. These systemsrequired a structure strongenough to sup
port the hydrostatic pressure caused by a depth total of water
equivalent to the height of the final ice block.

With the layer-by-layerformation system, the ice block was
formed by adding a new thin layer of water when the previous
one froze. The structure only needed to support the hydrostatic
pressure of the thin layer of water, and protect the ice block
from warm air in the summer. Therefore the capital cost of the

CANADIAN AGRICULTURAL ENGINEERING

structurewas much lower than for a system utilizing a container
initially filled with water. Also, the rate of iceproduction was
much faster with the layer-by-layer technique since freezing
was always near the ice surface. In the container system ice
formed on the inside face of the walls. The conductivity was
therefore reduced and the freezing rate was slowed down.

Thefirstpublished workon iceblockformation based on the
layer-by-layer method was conducted in the winter of 1979-
1980 (Morofsky 1979). The block of ice was produced in an
insulated storage shed where a ventilation system introduced
cold outside air (Fig. 1). Continuous fluctuation of the outside
temperature affected the water freezing timeduring the icefor
mation period. The layer-by-layer system permitted the adjust
ment of either the quantity of water sprayed at each spraying
cycleor the time interval cyclesto optimize the freezing capac
ity of the system.

The specific objectives of this projectwere to: (1)develop a
waterdistributionsystem; (2) evaluatethe effect of the air flow
uniformity on the ice formation rate and determine the optimal
economiccold air distribution system; (3) evaluatethe effect of
the air flow rate on the ice formation rate and determine the
parameters permitting the designof the air distribution system;
(4) develop the necessary controls and sensors to automate the
ice-making sytem; and (5) evaluate the cost of the ice-making
and storing system.

ICE-MAKING SYSTEM

The ice-makingsystemconsistedof a water and air distribution
system, an ice heightsensor, a liftingmechanism, anda control
system. The entire system was housed in an insulated storage
shed. Thin layers of water were periodicallysprayedon the ice
surface and were subsequently frozen by blowing cold outside
air over the ice surface. A lifting mechanism periodically lifted
the air and water distribution systems maintaining them at a
constant distance from the ice surface as the ice block built up.
A control system adjusted the frequency of water applications
to the ice surface according to the outside temperature to max
imize the rate of ice production (Vigneault et al. 1987).

Air was distributed uniformly over the ice surface to avoid
the production of unfrozen pockets of water and to create tur
bulence in the air layer at the ice surface to maximizeheat trans
fer. The system was automated to minimize the manpower
required to make the ice, but the technology used also mini
mized the production cost of the ice. Because the system
included water transportation below the freezing point of water
the system was designed to avoid any pipe freezing problem.
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Figure 1. Ice production system. (1) air system intake; (2) air and water distributions systems; (3) water supply line, the water
flow isa function ofthe outside air temperature; (4) ice; (5) plastic liner used toform a watertight reservoir; (6) air outlet; (7)
ice reservoirs; (8) integrator sensor; (9) pump; (10) water tank; (11) melting water output and warm water input (deactivated
during the winter).

WATER DISTRIBUTION SYSTEM

The water was distributed uniformly toensure that thefreezing
time was uniform over the ice surface to maximize the effi
ciencyof the system. The following criteriawereconsidered in
the search for the waterdistribution system: (1) uniform water
distributionover the largest possible area to minimize the num
ber of nozzles required; (2) low water flow rates to reduce the
total flow rate required to supply all nozzles simultaneously;
(3) no splashing of water above the nozzles to prevent the
accumulation of ice on the air distribution system; (4) minimal
pressure loss through the nozzles to reduce the total pressure
required in thewaterflowdistribution system; (5)dropsofwater
large enough that they would not be swept up by the air con
tinuously circulating above the ice; and (6) optimum vertical
distance of600 mm allowed for the air distribution outlets above
the ice surface.

Several commercial nozzles were tested but none gave the
desiredresults (Vigneault1985b)becausesplashinginducedice
formation on the air and water distribution system. A nozzle
(Fig. 2) satisfying all the requirements was therefore devel
oped. The pressure-flow characteristics are given in Fig. 3. The
nozzles were operated at 20 kPa, and 500 mm above the ice,
and covered an area of 9 m2 each. The water flowed evenlyon
the ice before freezing which provided a uniform surface.

The optimal thickness of the layer of water was determined
by comparing the uniformity of the ice surface for different
thicknesses of the water layer. When the water layer was too
thin, the water did not have time to flow onto the ice surface
to form a uniform surface prior to freezing. This happened
mainly when the air temperature was relatively low (below
- 15°C) and the thickness of the layer of water was under 1.25

78

3.2 mm DIA. ROD
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Figure 2. Nozzle developed to meet the requirements of the ice pro
duction system.
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Figure3. Flow and spread surface diameter of water layer versus pres
sure drop through water distribution nozzles, located 500 mm above
the ice surface.

mm. When any large low spot appeared on the ice surface, a
thick layer of water (thicker than 3.0 mm) caused water migra
tion to this spot and formed water pockets which had insuffi
cient time to freeze before the next spray. This situation was
corrected by operating the system manually; the water in the
pockets was allowed to freeze completely before applying the
next layer of water. This slowed the rate of ice formation but
when this was not done, some pockets of water remained
entrapped between successive layers of ice and damage was
caused to the structure when the water subsequently froze and
expanded. A 1.5-mm layer of water was found to be the min
imum thickness which yielded a uniform ice surface.

The water was spread in a short time (1 min or less) to ensure
it flowed uniformly onto the ice before freezing. Because fluc
tuations occured in the water line a reservoir was provided in
a heated insulated area and contained sufficient water for one

spraying cycle.
A pump controlled by a timer supplied water from the res

ervoir distribution circuit for the length of time required to add
a 1.5-mm layer of water to the ice surface. The reservoir level
was controlled by a float valve. The water distribution system
was completely emptied between sprayings or heated to avoid
freezing. System draining was accomplished by adding a valve
to allow air in, and all the water to drain out. The nozzles were
very susceptible to freezing. Some drops of water remained in
the orifices and froze between spraying, thus, plugging the noz
zles. The installation of a heating cable avoided this problem.

AIR DISTRIBUTION SYSTEM

The optimization of the capital cost investment required a
forced-air distribution system which produced a higher block
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of ice than a natural circulation system. A freezing index was
utilized to compare the performance of thedifferent airdistri
bution systems. Thefreezing index is thenumber of thedegree
minutes below 0°C required to freeze a layer of water of unit
of thickness (°C min mm-1) assuming constant air-flow.

A time-temperature integrator was developed to control the
spraying system(Vigneault et al. 1987). This integratoraccum
ulated the number of degree minutes below 0°C, and could be
preset to generate a control signal at anyevennumber of degree
minutes between 2 and 510. Test runs of at least 4 h were per
formed to obtain the freezing index. Visual observations deter
mined whether the water was completely frozen or not. When
the ice surface was frozen, the freezing index was reduced by
ten °C min and a new test was started. This procedure was
followed up to the minimal freezing index whichresulted in a
solid ice surface. The vertical distance of the air outlets above
the ice surface was adjusted at intervals of 100 mm between
300 and 800 mm to determine the position which provided the
lowest freezing index.

Three air distribution systems, with 1, 5 and 25 outlets with
outlet areas of 162 000, 18 300 and 3800 mm2, respectively,
were compared. The same total air flow (46 L m-2 s_1) and
total ice surface of 9.29 m2were utilized. The extrapolation of
the results obtained in the comparison of the three systemsdem
onstrated little advantage to increase the number of the air out
lets with this ice surface and large increase in the costs of the
system. Using these systems, Vigneault et al. (1987) recom
mended 2.7 outlets of 3800 mm2per square meter of ice surface
and at a vertical distance of 600 mm above the ice surface as
the optimal economic system.

The same procedure was used to determinethe effect of the
air flow on die freezing index with the recommended outlet
position. It was obvious that when air flow increased, the freez
ing index decreased because of the increase in air turbulence at
ice level and corresponding increase in heat transfer.

Figure 4 shows the relationship between freezing index and
air flow. These data are useful in selecting operating parameters
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Figure 4. Ratio of the air flow and freezing index of the ice formation
system.
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for an ice-making system. Thefinal height of the block of ice
is setby economic and structural considerations (e.g., cost of
land, siteavailable, etc.) andtheair flow required canbedeter
mined from the height of ice to be made and the climatic con
ditions. Forexample, themeannumber ofdegree minutes below
0°C available during an average winter over 20 yr in Ottawa is
1.47 x 106 °C min (Vigneault et al., 1987). Thus with an air
flow of 60L m-2s_1 which corresponds to a freezing index of
150°C min mm"1, it is possible to make an ice block of (1.47
x 106 °Cmin)/(150°C min mm"1) = 9.8 m in height.

At the end of the ice-formation period, when the maximal
height of the ice was obtained, the air entrance and exit of the
storage were closed and air sealed to minimize ice melting
caused by natural convection air circulation.

CONTROLS AND SENSORS

To automate the ice-making system, the threefollowing control
systems were installed: the air distribution control system; the

115V AC.

water distribution control system and a lifting system which
maintained the air and water distribution system at a constant
distance above the ice surface as the ice builds up.

The air distribution system was controlled by a thermostat
which shut down the fan when the outside temperature rose
above -3.0°C; under these conditions, the time required to
freeze a layerof waterwas 45 min or more, and the efficiency
of the system was considered too low. At this air temperature,
the total energy required to make ice was approximately the
same as with a compression refrigeration system.

The water distribution system was controlled by the time-
temperature integrator. When the preset freezing index was
accumulated, the integrator initiated a timer which turned on
the water pump to supply a 1.5-mm layer of water. The inte
grator was controlled by the same thermostat as the air distri
butionsystemanddid not operatewhenthe outsidetemperature
was above - 3.0°C. The integrator probe was placed in the air
distribution systemdownstreamof the fan, whichpermittedthe
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Figure 5. Automatic filling system controlled by a sensor utilizing two electrodes to detect the ice
surface level.
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integrator to measure the air temperature of the air blown on
the ice surface.

The air and water distribution systems were mounted on a
frame. The lifting system maintained this frame at a constant
distance above the ice surface. An ice height sensor was devel
oped tocontrol thelifting system (Fig. 5). Thesensor consisted
of two electrodes fabricated from copper pipes 10 mm in diam
eter and 800 mm long. Electric heating cables were inserted
into the electrodes to prevent ice formation on their surface.
Whena layer of water was added to the ice surface, the elec
trode tipsbecame immersed in waterandan electric circuitwas
completed. A timer was initiated, which activated the lifting
sytem raising the frame by a 5-mm increment.

INSULATION

Since ice made in the winter months melts in warm weather,
insulating the storage shed reduces the loss due to melting.

The optimum amount of insulation is reached when the cost
of extra insulation equals the production cost of ice (including
variable costs and capital cost of equipment and storage facil
ities) saved by adding extra insulation.

A computersimulationwas carried out to determine the opti
mum amount of insulation of the storage shed to yield the min
imum cost per tonne of ice available for vegetable cooling in
the month of September (Vigneault 1983). The results were
plotted against quantity of ice required (Fig. 6).

STRUCTURE

A 300-t ice block building (Vigneault and Lemieux 1983) was
utilized to develop the structural criteria and performed satis
factorily during the three seasons of use. The outside structure
was built to support the climatic loads, such as wind and snow.
The inside structure was made with 38 x 89-mm wooden studs

400 mm on center; horizontal 25 x 100-mm wooden girths
400 mm on center completed the frame. A 25-mm white styro-
foam was installed inside this frame and covered by a 0.1-mm
polyethylene sheet. A pool was built to gather the melting water.
A layer of 50-mm blue styrofoam SM was installed under the
pool between the 38 x 89-mm wooden studs installed at
400 mm on center. This frame was covered with 18-mm ply
woodto support the ice load. This frame was not strong enough
and punctured the pool liner with its sharp edges. It was sug
gested to use the Styrofoam SM directly to support the ice. The
maximum compressive stress recommended for the styrofoam
SM is 207 kPa m~2 (Dow Chemical Co., Data Sheet BCI 5.13)
which corresponds to a 17-m high column of ice.

COST AND OPERATION

Based on the technology developed and the commercial struc
ture assembled as recommended, the design of a 2000-t ice
block system was accomplished to air condition a secondary
school. The investment for this complete system located in the
Ottawaregion was evaluated at $150 000 or approximately$80
per tonne of ice produced which is approximately half the price
suggested by Morofsky (1985). With a 20-yr depreciation for
the building and equipment and 10% interest, the cost of the
ice is approximately $15 per tonne compared to current price
of $25per tonnefor deliveredice for use in on-farmpostharvest
vegetable cooling operations (Morofsky 1983).

To evaluate the recommended system, a 300-t ice block sys
tem was installed in an existing building and operated for 3 yr.
The mean coefficient of performance (COP, the ratio of heat

CANADIAN AGRICULTURAL ENGINEERING

40-

35-

30-

O 25-

fc2(H
o
o

uj 15-
U

10-

5-

300

I

900

—I
1500

1
2100

ICE REQUIREMENT, TONNES

1—
2700

- ^

r e
Ui

•2 $
OC

Z
o

h-1 ?

D

2

a.

O

Figure 6. Ice cost and optimalinsulation rate as a function of ice pro
duction requirements.

removed from the water to electrical energy used to operate the
system) of the system during the last winter of the test was 25
when it was controlled by the integrator. Production of ice with
a conventional mechanical refrigeration system requires
approximately 12 times more energy.

The manpower required to operate this sytem was low
because the system was automated; a half hour daily check was
required to ensure the system was operating properly.

Design of a system requires careful study to evaluate the
needs of coldness before the construction of the system. The
fabrication of excess ice would result in a waste of energy and
capital expenditure for the building and equipment.

CONCLUSION

All the components required to design a winter coldness ice-
storage system were developed and tested on a 300-t ice system.
The tests conducted for 3 yr resulted in an automated system.
For a system as large as 2000 t of ice, the cost of the ice was
found to be much lower than commercial ice. The goal of $150
to $200 per cubic meter of ice for the construction cost of the
system was surpassed.
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