
PLANT GROWTH BUILDING WITH EVAPORATIVE COOLING

K. R

Engineering Research

INTRODUCTION

The artificially lighted growth
building was constructed to provide
a more closely controlled plant growth
environment than obtainable in the
field. At the same time a longer grow
ing season can be obtained by heating
the building during the winter and
cooling during the summer.

BUILDING ARRANGEMENT &
EQUIPMENT LAYOUT

The building is divided into two
rooms each 30 feet long x 14 feet
wide and having an actual growth
space 24 feet long and 8 feet wide.
One room is equipped with mercury
vapor lamps plus 100 watt reflector
incandescent lamps. The other room
is equipped with VHO (very high
output) fluorescent lamps plus lumi-
line incandescent lamps. The two
rooms are completely independent
with regard to temperature settings
and the timing of the lights. Heating
during the winter is accomplished
by the use of electric heaters.

Figure I. Exteri

In order to keep the cost of the
building to a minimum no mechanical
refrigeration is used. The method of
cooling consists of air circulation plus
evaporative cooling by means of high
pressure nozzles which inject water
into the air stream.

The selection and physical arrange
ment of the high pressure spray system
is generally in accordance with the
findings and recommendations of
Maher and Nelson (4). The nozzles
are Delevan 80° hollow-cone pressure
atomizing nozzles used in conjunction
with a John Bean duplex piston type
pump capable of developing 1000 psig
pressure and actually set to operate
at 600 psig. The nozzles were oriented
down wind in a plenum chamber
below the circulating fans. The maxi
mum air velocity past the nozzles was
800 fpm.
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with the warmer room air. The tem
perature rise depends on the heat
load and the amount of air circulated

and is called the diffusion tempera-

THEORY

Evaporative cooling involves an adi-
abatic exchange of heat. This means
that no external heat is either added
to or taken away from the system. In
effect, the sensible heat of the air (i.e.
dry bulb temperature) is reduced in
proportion to the latent heat required
to bring about the evaporation of the
spray water. The process is character
ized by the fact that during the ex
change of heat the thermodynamic
wet bulb temperature remains con
stant. The mechanism which causes
evaporation is actually the difference
between the spray water vapor pres
sure and the vapor pressure of the
water vapor already in the air at a
temperature equal to the dew point.
Theoretically, evaporation will con
tinue until the water vapor in the air
reaches a saturated condition. At this
point the dry bulb, wet bulb and dew
point temperatures will be equal and
no further evaporation will be pos
sible. The difference between the
initial temperature and the final tem
perature at which saturation occurs is
called the wet bulb depression. In
practice it is not possible to achieve
complete saturation and actual systems
obtain anywhere from 70% to 80% of
this cooling effect. Furthermore this
will not be the room temperature.
There will be a rise in temperature
as this cooled air comes in contact

ture. A heat balance was made for

the growth building for May 18, 1962
when the outside dry bulb tempera
ture was 89.6°F.

The results are tabulated below

based on the following data which
was either observed, derived or man
ufacturers' published values.

1) Ambient conditions at 3 pm EST,
Central Experimental Farm, Ot
tawa, Canada.
Dry Bulb-89.6°F; Dew Point-
65°F; Wet Bulb-72.5°F; Wet
Bulb Depression-17.1°F.

2) Room temperature 83°F. D.B.
(average of 3 readings taken with
shielded copper - constantan ther
mocouples).

3) Fan volume per room 24,000 cfm.

HEAT BALANCE
Heat Input BTU/hr/room

1. Lighting load 137,500
2. li/2 hp fan 5,600
3. 2 hp fan 7,400
4. Walls &ceiling heat gain 1,300
5. Floor (heat loss) -3,000

Net gain 148,800
BTU/hr.

Heat Removal BTU/hr/room

DB

°F

WB
op

WB
Depression

op

Specific
Volume

cu tt/lb.

Water
Moisture

grains
lb of air

Enthalpy
BTTJ/lb
of air

1. Outside 89.6 72.5 17.1 14.15 36.15

Air

2. Conditioned 76.8 (a) 72.5 13.85 114 36.28 (b)

Air

3. Room 83 14.05 114(c) 37.75

Air

Enthalpy difference BTU/lb. of air (2-3) = 1.47

(a) 89.6-.75 x 17.1 assumes 75% spraying efficiency
(b) Difference from outside air due to enthalpy of make-up water
(c) Assumes sensible heat factor = f.O

Heat Removal BTU/hr/room
= BTU/lb x lb of air per hr.
= 1.47 x 24,000 x 60 = 150,000 BTU/hr.

14.15

This indicates a balance within 1% and therefore substantiates the ini
tial assumption of a 75% spraying efficiency.
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Figure I. Accomplished temperature ratios for a four
foot bed of potatoes when ventilated at 75.5 cubic

feet per hour per square foot.
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Figure 2. Accomplished -temperature ratios for a four
foot bed of potatoes when ventilated at 273 cubic

feet per hour per square foot.
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Figure 3. Accomplished temperature ratios for a
four foot bed of potatoes when ventilated at 454

cubic feet per hour per square foot.

30 40

Figure A. Accomplished temperature '»*ios to- a four
foot bed of potatoes when ventilated at 1060 cubic

feet per square foot.

The method of Furnas (2) for the
temperature history of solids and gases
was used to analyze these data. Where
a uniform fluid stream is allowed to
flow through a bed of broken solids,
knowing the temperature history of
any point, and the thermal properties
of the gas, one can estimate the ther
mal properties of the broken solids, in

this case, potatoes.

Y -- k x
hg v

k 6 .

hs (1-f)

where x = distance from bottom of

column in feet

6 = time hours

v = fluid velocity in cfh/sq ft
f = fractional voids in bed (no
units)
hs = heat capacity of solid in
Btu/cu ft °F

hg = heat capacity of fluid in
Btu/cu ft °F

k = surface coefficient of heat trans
fer in Btu/°F hr cu ft of volume of
bed.

Using the curves of best fit (figures
1 to 4) and Schumann's curves for
Temperature History of a Solid (2)
it is possible to determine Y and Z
which yield temperature ratios close
to those found by experiment. These
calculated ratios are also plotted on
figures 1 to 4. From the Y and Z
values thus obtained it is possible to
calculate the surface coefficient of
heat transfer k and the heat capacity
of the solid hs from equations 1 and 2
since all other variables are known.

The method of finding Y and Z is
described by Furnas (2). As the first

Tsstep the observed ratios of are

plotted on semilog tracing graph pa
per with time in hours on the log
scale. Then, selected ratios from Schu
mann's (2) computed curves of the
temperature history of a solid are
plotted in a similar manner with Z
on the log scale. Thus, the graph of
the observed data can be superim
posed on Schumann's computed data
and the observed data displaced along
the abscissa until the observed curve
coincides throughout its length with
one of the computed curves. The
value of Y on Schumann's computed
curve is then the correct value of Y
for the data, and the value of k can
be computed by means of equation
(1). Using any suitable coinciding

values of Z and 0 and knowing k, the
value of hs can be computed from
equation (if). Both k and hs change
with changing air velocity. The values
of k and hs thus obtained are plotted
in figures 5 and 6 respectively. From
these figures, it is possible to calculate
that k = .039V°% and that V —
34e0.043hs_

Using the observed values of k and
hs, the half cooling times were cal
culated for 0.3, 2, 4, 8 and 12 foot
beds of potatoes at the air velocities
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Figure 5. Relationship between the apparent surface
coefficient of heat transfer (k) and ventilating air

velocity.
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Figure 6. Relationship between apparent heat capa
city and ventilating air velocity.

that were used in the experiment. In
figure 7, the calculated times required
to cool any level through 50% of the
possible cooling available are plotted
against various ventilating air veloci
ties in cfh/sq ft of floor area. Half
cooling times found by experiment are
also plotted for purposes of compari
son. By way of illustration if potatoes
at 70°F were ventilated with 540
cfh/ft2 of air at 40°F, then in seven
teen hours the temperature at a point
4 feet from the floor would be reduced
50% of 70° - 40° = .50 (30) = 15°F
and hence the temperature at that
time would be 70 — 15 = 55°F.

DISCUSSION OF RESULTS

The theory of computed tempera
ture history curves is strictly appli
cable only to non-compressible fluids
and for solid particles of infinitely
great thermal conductivity. Fortunate
ly, as has been found experimentally,
it also applies to almost any sort of
gas-solid system (2). This agreement
between experimental and calculated
curves found here would tend to
confirm this.

In systems of large solid particles
wherein the thermal conductivity of
the particles is small it becomes neces
sary to explain the term "temperature
of the solid" for there is a gradient
within the solid piece itself at all
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times during the heating and cooling.
In such cases the temperature of the
solid must be considered the mass
average temperature if the data are to
satisfy the definition of heat capacity.

The surface heat transfer coefficient
is determined by the value of Y which
fits the curve regardless of the amount
which the abscissa has been shifted to
accommodate the observed data. In
other words, the coefficient is depen
dent only on the shape of the curve.
On the other hand, at any given velo
city the length of time the apparatus
takes to acquire a given temperature
is determined by the heat capacity of
the solid.

In order for the temperature history
of potatoes, which includes evapora
tion and temperature gradients, to
fit Schumann's idealized situation, cer
tain deviations from the "true" values
of the thermal properties must be
permitted. Hereafter, the thermal
properties necessary to satisfy Schu
mann's analysis are referred to as the
apparent coefficient of heat transfer
and the apparent heat capacity of the
solid. This differentiation is necessary
in order to distinguish the real prop
erties from the values found to satisfy
Schumann's analysis.

The apparent coefficient of heat
transfer k is found to vary as the 0.96
power of the velocity (see figure 5).
Furnas (2) reports values of 0.8 for
iron balls, and 0.7 for beds of iron
ore and coke. The coefficient where
gradients occur in the solid would
tend to be less dependent on gas
velocities since the internal resistance
to heat flow resides within the par
ticle and does not vary with gas velo
city. The temperature gradients were
small and varied with air velocity. At
high velocities they became a signifi
cant proportion of the maximum tem
perature difference 3i/£/35 = 10%.

Another factor contributes to the
value of k. Evaporation is taking place
at the surface of the potato, and of
course is absorbing heat energy. Un
less moisture migration to the surface
of the potato is a limiting factor,
evaporation would be expected to
increase with increased air velocities,
although measurements are not avail
able to substantiate this fact. If evap
oration rates increase with increasing
air velocities, then k will increase
faster than should be expected in dry
solid materials. Therefore, it appears
that evaporation overrides any ten
dency of temperature gradients to re
duce the velocity dependence of k.
The fact that the slope changes from
0.8 to 0.96 would indicate that the

rate of evaporation increases slowly
with velocity.

t,. TEMP.OF POTATO AT TIME 6

t,,- INITIAL TEMP OF POTATO

ty' INITIAL TEMP. OF ENTERINS

-^-EXPERIMENTAL

-e-CALCULATED

HALF COOLING TIME [HOURS)

Figure 7. Half cooling times for potato beds of
various depths as related to ventilating air velocity.

The factors contributing to the ap
parent surface coefficient of heat
transfer include heat conduction
through laminar surface film, inter
nal resistance to heat flow, and the
latent heat of evaporation of water.
Research is continuing to further de
fine these interrelationships. However,
this apparent surface coefficient is a
measure of heat removed, both sensi
ble and latent, (since only the tem
perature history of the solid was used
in calculating it), and appears to be
independent of the heat capacity and
the time required to cool the potatoes
to any given temperature. Unfortu
nately, these values of k cannot be
used to calculate the temperature his
tory of the gas because the latent heat
of evaporation does not increase the
gas temperature.

The values of k reported here must
be used with care when applied to
other situations. Any change of con
dition that alters the rate of evapora
tion will undoubtedly yield different
values of k from those reported.
Changes that would alter evaporation
rates would include excessively high
or low rates of air flow, gross changes
in diameter of the solid, as well as
changes in the water vapour permea
bility of the surface of the sofid and
the relative humidity of the ventilat
ing air.

The apparent heat capacity of the
potatoes hs required to fit these data
to Schumann's curves are plotted in
figure 6 and vary as the logarithm of
the air velocity. No explanation has
been found to account for this
straightline relationship. Two factors
are used to account for the deviation
of this apparent heat capacity from
the constant values expected. At low
velocities, the latent heat of evapora
tion absorbed by the evaporating
water prevents the gas stream from
warming the expected amount. Thus,
the stream of gas is cooler than theory
would predict, and consequently the
cooling time is shortened, with con
sequent reduction in the apparent
heat capacity. At higher velocities,
temperature gradients would tend to
increase the cooling time over that
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expected for infinite conducting sol
ids. Here, theory forces the postulation
of a larger than normal heat capacity
in order to fit the idealized situation.

The latent heat of the water evapor
ated is related to the deviation in the
apparent heat capacity of the potatoes
at low velocities. The value of hs at
75 cfh/sq ft is 20 Btu/cu ft/°F where
as the usual specific heat of potatoes
would indicate a true value of 50
Btu/cu ft °F. Assuming the potatoes
were cooled through 30°F, the quan
tity of heat necessary to explain the
difference between the true and ap
parent heat capacity is (30) (50-20) =
900 Btu/cu ft. Assuming the latent
heat of evaporation of water from the
potato surface is 1050 Btu per pound
of water, then 900 Btu would require
the evaporation of 1.25 pounds of
water per 100 pounds of potatoes.
This is a reasonable value for water
loss during cooling since for the 480
pounds of potatoes in the bin, losses
of 5.75 and 6.0 pounds were measured
during a cooling and warming run
respectively. On the basis of this as
sumption, the straight line relation
ship of hs vs velocity would be ex
pected to break down at very low
velocities because the mechanism of
water evaporation would very likely
change considerably at very low air
velocities.

The fact that hs tends to increase
with increasing air velocity could be
caused by decreased evaporation rates,
although this is contrary to the usual
theories of evaporation, and does not
explain the fact that hs increases
beyond the normal expected heat
capacity of potatoes. Since the time
taken to acquire a given temperature
is determined by the heat capacity, it
might be suggested that temperature
gradients and internal resistance to
heat flow increase the apparent heat
capacity by lengthening the time re
quired for the potatoes to reach a
given temperature.

The heat of respiration at 52°F is
reported to be 70 Btu/ton/hr (1).
This amounts to 16.8 Btu/hr for 480
pounds, or 1.45 Btu/cu ft/hr. As
suming 30 hr cooling and 30°F tem
perature change, the heat of respira
tion amounts to approximately 4% of
the heat capacity. The heat of respira
tion would constitute a smaller per
centage of the total heat at shorter
cooling times. Since there is little dif
ference between heating and cooling
rates at higher velocities the effect of
the heat of respiration does not appear
to be too significant. The fact that at

Continued on Page i0



Continued from Page ZU

resistant to damage when placed with
the crease on the side; and under both
velocity conditions, those most easily
damaged were at the 1% moisture
level. When an oat kernel was placed
on end under medium velocity load
ing, the apparent damage occurred at
about the same work level as the low
values for the other two positions.

The minimum and average values
for oats tested under low-velocity
loading are shown in Table I. When
the oat kernel was tested in the ver
tical position, the hull began to break
away almost immediately and was con
siderably damaged by a force of 2
pounds; at 3 pounds force, the entire
kernel showed excessive damage.
Hence, the oat kernel was weakest
when placed on end.

SUMMARY

The size, moisture content, and
position of the grain all influenced
its breaking strength. The two larger
grains (corn and soy beans) required
a greater amount of work to cause
damage than did the smaller grains.
As a rule under medium and high-
velocity loadings, more work was re
quired to damage the grains having
a higher moisture content than those
having a lower moisture content. It
is interesting to note also that the
curves for the low and medium mois
ture levels are generally much closer
together than are those for the med
ium and the high moisture levels.

The damage to soy beans, corn,
wheat and barley was quite easy to
ascertain, unless the latter three were
placed on end; in this position dam
age was more difficult to determine,
especially for barley and corn. The
oats were very difficult to evaluate
for damage in any position but espe
cially when placed on end.

Expenditure of a large amount of
work to break a grain does not neces
sarily mean a high load since the grain
might not be able to withstand deflec
tion. Quite often the actual force re
quired to damage a high - moisture
content grain was less than that re
quired for one with a lower moisture
content as at high moisture levels the
grains are more plastic.

After observing the reactions of the
grains to these tests, it is felt that in
actual threshing similar grains could
probably withstand greater forces
without damage since the hulls tend
to act as shock absorbers and prevent
damage to the kernels; hence, the
more covering matter or chaff and
straw present, the greater the amount
of impact that can be absorbed.
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low velocities, potatoes were found to
warm more slowly than they cool is
contrary to what would be expected if
the heat of respiration were a signifi
cant source of heat. The slowness of

this warming process is possibly due
to the effect ot evaporation which re
duces k where heat is flowing into the
potato and thus slows the warming
process.

The temperature history of the gas
was not analysed in every case since
this information was felt to be of lit

tle importance in potato ventilation
and cooling. However, in order to ex
plain the variation in hs with velocity,
calculations were made to determine

the theoretical temperature history of
the gas at 75.5 and 1060 cfh/sq ft. At
the higher velocities using hs = 80
Btu/cu ft/°F the calculated ratios
Tg/To during cooling were smaller
than the observed ratios, yielding the
oretical gas exit temperatures from 3
to 6 degrees higher than were ob
served. These deviations in gas tem
perature result from the fact that hs
is only an apparent value, and there
fore cannot contribute the expected
quantity of heat to the air stream.
Therefore, the measured temperatures
were lower than those calculated.

Using a more realistic hs = 50 Btu/-
cu ft °F, the calculated exit gas tem
peratures were closer to those actually
measured.

CONCLUSIONS

A mathematical technique has been
used to analyse the rates of warming
or cooling in a model bin of potatoes
with forced air ventilation. The ex

treme complexity of the situation
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necessitates the use of the mathemati
cal analysis designed for use with dry
solids of infinite conductivity (2).
Heat of respiration or heat of chemi-
cal reaction should not detract from
the usefulness of this analysis. How
ever, results indicate some irregulari
ties when this theoretical analysis is
used on potatoes. Evaporation of
water and temperature gradients with
in the solid appear to yield unusual
values for the surtace coetticient and
for the heat capacity of the solid.
Evaporation of water trom the potato
surtace would appear to be the major
factor causing tnese thermal charac
teristics to deviate trom their expected
values.

In spite of these deviations from
theory, the values obtained appear to
be usetul tor estimating cooling rates
tor various air velocities and lor dit-

terent depths of storage. Since evapora
tion appears to be an important lac-
tor, care should be used wnen extend
ing tnese data. Relative humidity ot
tne air stream, variety, size, and age
ot potato, as well as air velocity, could
weit be lactors governing evaporation
rates, and consequently mnuencing
the rate of cooling, further study is
required to estabnsti trie precise re
lationships between air velocity and
rates ot evaporation.
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