GLASSHOUSE DESIGN WITH HIGH PRESSURE

INTRODUCTION

Research glasshouses have been used
for many years in the study of the
growth ol plants. In using glasshouses
for research purposes, there are many
problems in cbiaining desirable en-
vironmental conditicits. The mos!
important of these is the oxcessive
temperatures occurring during the
summer months. Various methods ot
reducing maximum temperatures have
been used including shading, water
curtains, mechanical and evaporative
cooling (3). Another problem which
causes ditficulty is the non-uniformity
ol the lighting in a glasshouse. This
is caused by several factors including
struciural shading, size, shape and
orientation of the house, and variation
in solar altitude during the day and
[rom season to season. The elfect of
these variables can be such as to re-
duce the per cent solar energy trans-
mission to as low as 65% of the maxi-
mum  (6).

After consideration of the above
factors, 1t was decided to construct a
clear span glasshouse having extruded
aluminum structural members, and
diffusing glass for maximum light
uniformity and to equip the house
with a system of high pressure spray
nozzles to reduce summer house tem-
peratures.

GLASSHOUSE DESCRIPTION
AND EQUIPMENT
ARRANGEMENT

The house is 35 feet x 61 feet x 17

feet high with gable ends and 8 foot
high sidewalls. The main framing
consists of three rigid frames 8 inch
x 4 inch x 6.12 pounds per foot
aluminum “I” beam extrusions, alloy
6063 T5. The ridge beam consists of
short sections of 5 inch x 3 inch x
3.06 pounds per foot “I” beam, also
alloy 6063 Tb, between the frames
and the end rafters. Side walls and
eave members are also suitable alumi-
num alloy extrusions.

The glass is 3/16 inch “Klar” glass
in 3 foot x 5 foot panels which diffuse
the light and reduce the shading elfect
to a minimum without serious loss of
intensity. This glass is easy to clean
and inexpensive. The open span con-
struction feature can be seen clearly
in figures 1A and 1D. For summer
cooling, four 32-inch diameter vane-
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Figure |.
A—View dur‘ing construction showing open span
construction.

axial fans are mounted, two at each
end of the house, in a plenum below
floor level. The fans draw in cutside
air and pass it across an array of high
pressure spray nozzles to produce
evaporative cooling. The maximum
air velocity past the nozzles is 600
fpm. The conditioning plenum ex-
tends beneath the whole length of
the glasshouse in two sections, each 3§
feet deep by 4 feet 8 inches wide
(figure 1D). Air enters from both
ends of the house (figure 2) passes
through the fans and spray nozzles,
into the distribution plenum, upwards
through the expanded metal floor
grill, past the plants and is exhausted
from both sides of the house through
the continuous vent formed by
hinging the sash at the eaves (figure
1B).

The nozzles are 80° hollow cone
pressure atomizing nozzles operated at
600 psig by a duplex piston pump.
Nozzle orientation is horizontal down
wind. There are 30 nozzles per fan,
giving a total of 120 nozzles, each
rated at 0.5 gph at 100 psig and de-
livering approximately 1.0 gph at
600 psig. For winter heating, a combi-
nation of bare and fintube low pres-
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B—Exterior of completed greenhouse.
C—Control panel and recirculation shutters.
D—Interior showing floor air distribution grill.

sure steam pipes are arranged down
the length of both sides of the house.
The electrical switch gear and con-
trol panel are mounted on a panel at
the header house end of the green-
house (tigure 1C). Two modulating
thermostats, one for day and one for
night, as well as a low-limit tempera-
ture control and high-limit humidi-
stat are located on a pedestal in the
centre of the house (figure 1D). The
air inlet shutters are mounted in
separate enclosures external to the
greenhouse to avoid shading (figure
1B).

Part of the glasshouse air is re-
turned via the recirculating air shut-
ters (figure 2) to the suction side of
the circulating fans. The proportions
of air exhausted and recirculated are
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Figure 2. Schematic floor diagram.



t; = house dry bulb temperature
°F

ts — supply dry bulb temperature
°F
Fr — air flow required cfm
trts — diffusion temperature °F

Measurements were taken in the
glasshouse to enable the heat load to
be calculated and to compare actual
performance with theoretical design
calculations.

The heat balance for the glasshouse
can be expressed as follows:

Qec — Qsr + Qtr 4 Qeq ... 2

where Qec — heat removed by
evaporative cooling system
Qsr — solar radiation heat load

Qtr — transmitted heat load

Qeq — equipment heat load

For purposes of the heat balance,
the controls were set for maximum
cooling to establish equilibrium. An
average summer day was chosen to
take readings so that the house tem-
perature would not differ greatly
from ambient. Thus, the term Qtr
would not be too large. Errors result-
ing from uncertainty in estimating
heat transfer factors for the various
surfaces would therefore be mini-
mized. Temperatures were measured
with wet and dry bulb mercury-in-
glass thermometers plus dial thermo-
meters and thermocouples. House
outlet temperatures are averages of
fourteen different readings taken in
six different locations. Readings were
also taken of air entering and condi-
tioning plenum temperatures. Dry
bulb temperatures were taken with
the sensing elements shielded from
solar radiation and wet bulb tem-
peratures utilized saturated cotton
wicks. Air flows were measured with a
hot-wire anemometer and a moving
vane velometer. Air flow readings
were averaged over a six-inch grid
network on the inlet air shutters.
Solar energy was measured on a hori-
zontal surface with an Eppley Pyro-
heliometer and continuously recorded
on a Philips strip chart potentiometer
recorder. The average value of the
solar heat flux was calculated by
mechanical integration of the chart
record and the instrument calibration
correction factor applied. A sunny
day was chosen for the tests to reduce
solar heat flux wvariations due to
clouds. Only one pyroheliometer re-
corder system was available so it was
necessary to insure, by preliminary
tests, that the location chosen was
typical for the whole house.

Evaluation of Heat Removal by
Evaporative Cooling System (Qec)

Air temperatures were measured as
above and the results are tabulated
below and plotted on the psycho-
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Figure 3. Psychrometric chart for evaporative cooled
glasshouse.

metric  chart  (figure3). Derived

and will, therefore, be dealt with in
some detail. The solar radiation re-
cevied from the sun at ground level
does not all become part of the glass-
house heat load. Some will be reflec-
ted from the glass surfaces, some will
be absorbed by the glass and glazing
bars and the balance will enter the
house. The major portion of the
entering radiation will be absorbed
by the solid objects in the house in-
cluding the brick header house wall,
benches, racks, etc. About 10% will
be reradiated but at a much longer
wave length and will, therefore, still
eventually become part of the space
load. The effect of the solar radiation
is to increase the temperature of the
solid objects in the house and this in
turn heats the air. Since the incoming
solar radiation has a cyclic diurnal
variation, the actual glasshouse heat
load will also be cyclic. Due to the
heat storage effect in the floor, how-
ever, the peak glasshouse heat load
will be less than the peak solar radia-
tion entering the house. Furthermore,
there will be a lag between the time of
maximum solar intensity and maxi-
mum glasshouse heat load. The
amplitude decrease factor 5 and the
time lag factor Ar depend on the
physical properties of the floor and
absorbing surfaces, the surface heat

TABLE I. TEMPERATURE AND ENTHALPY IN GLASSHOUSE

Point 1 Point 2. Point 3
(outside (spray (outlet
air) plenum) temp.)
Dry Bulb °F T4 60.5 69.7
Wet Bulb °F 60 60 63
Enthalpy Btu/lb 26.4 26.4 28.8
enthalpy values are also shown. transfer coefficients and the solar

Qec can now be calculated from the
equation:
Qec = Frx 60 x (HgHy) ................ 3
Vi
where V = specific volume ft3/lb
H = enthalpy Btu/lb

subscripts refer to points on figure 3.

Substituting measured and derived
values we obtain:

Qec = 31,300 x 60 x 2.4 = 331,000
13.6 Btu/hr

From the values in Table 1, the
spray efficiency can be calculated:

SE = DB;—DB,; x 100 ................... 4
=96%
Evaluation of Solar Radiaion Heat
Load (Qsr) (4) (b)

The solar load on the glasshouse
forms a major portion of the total
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cycle (i.e. 24 hours). The mathemati-
cal derivation of the pertinent equa-
tion is given in the appendix. For the
purpose of this report, the physical
properties of the floor alone were used
in the calculation of solar heat ab-
sorption. This is accurate to a first
approximation only since plant
canopy varies greatly in a glasshouse.
The accuracy of the final heat
balance, however, indicates that this
approach provides results within the
experimental error of the measure-
ments.

The measured values of solar radia-
tion were taken on a horizontal plane
and hence the cosine correction for
angle of incidence on the horizontal
surface is included in the reading. A
correction factor must be applied to
the area of the vertical south facing
wall so that this area can be combined
with the floor area for use in calcula-
ting solar heat gain. This factor de-

9



pends on the values of the solar alti-
tude and azimuth at the time and
place of the radiation measurements.
The value of this factor was calculated
from:

Kv — cos a cos z/sina ... 5
where Kv — area correction factor for
south facing wall

a — solar altitude degrees
z — solar azimuth degrees

Values of a and z were taken from
tables (8). Kv works out to 0.68 and
therefore the total effective area to
use in the heat transfer equation is:

AH (EFF) = An + 0.68 Av ... 6
where An (EFF) is the effective equi-
valent total horizontal area

AH is the actual horizontal area

Av is the actual area of the header
house wall

If the solar radiation measurements

are taken on a horizontal plane, the

total glasshouse heat load is given by:

Qsr — qsr AH (EFF) ... 7

where qsr is evaluated from equa-
tion 10 in the appendix.
Substituting measured and calculated
values yields

Qsr = 344,000 Btu/hr.

A further refinement of the solar heat
gain could be made by calculating the
load on the floor area over the plenum
without any amplitude reduction
factor since no storage effect occurs in
this portion of the floor area. The
effect on the final heat balance was
calculated to be only a few percent
and is, therefore, omitted for the sake
of simplicity.

Evaluation of the Transmitted Heat

Gains (Qtr)

Qtr is the sum of the transmitted
heat gains through the various por-
tions of the glasshouse and can be
positive or negative depending on the
direction of the temperature differ-
ence. The results are given by:

Qtr = 3U; Aj (to - &)
and are tabulated below.

Evaluation of Equipment Heat Load

(Qeq)

This is the last term in equation 2
and consists of the heat gain due to
electrical equipment. Since the system
was set for maximum cooling, the only
significant heat load was due to the
four 3$2-inch vaneaxial fan motors.
These are operated on 550 volt, three
phase current and the total heat
generated by the four fans is given by:

Qeq — 4 x 8418x\/3xEl ... 9
where E = Line to line voltage-volts
I — Average line current-ampercs

3.413 — Conversion factor-watts to
Btu/hr

\/3 — Voltage phase angle comper-
sation factor.
Substituting average measured values
for E and I:
Qeq — 4 x 3.413 x 1.732 x 530 x
3.03 = 38,000 Btu/hr.

Substituting calculated values of Qec,
Qsr, Qur and Qeq from equations 3,
7, 8 and 9 in equation 2:

L.H.S. = 331,000 Btu/hr

R.H.S. = 344,000 — 30,100 +

38,000 — 351,900 Bru/hr. This in-
dicates a heat balance within 7%.

RESULTS

Tabulated below are the tempera-
tures obtained in the glasshouse dur-
ing the maximum of several of thg
hottest days during the summer of

11962, along with the measured values

of outside ambient. For comparison,
the official “high” for each day as
reported by the Agrometerology iie-
partinent, Canada epartment ol
Agriculture, Ottawa, is also listed. The
readings are the average of ninc
shielded thermoccuples placed in stra-
tegic locations in the house.

TABLE III. GLASSHOUSE AND AMBIENT TEMPERATURES 1962

sun time  Glasshouse  Ambient Official  Temperature

Date (hr) average °F Temp °F high °F reduc—tbl_(_)_r_lﬂ"_Fi‘m
June 11:00 74 89 86 15
29 12:05 76 3 87 11
12:30 77 84 7
July 11:25 74 83 81 9
4 11:45 72 84 12
13:00 72 83 11
July 11:45 84 91 93 7
8 12:20 82 90 8
13:35 82 90 8
Aug. 12:45 78 89 85 11
29 13:35 i 90 13
14:10 8 89 11
Aug. 14:00 77 85 85 - 8
30 14:30 7 - 86 9
15:05 77 85 8
Aug. 12:05 80 90 89 - 10
31 13:15 80 89 9
14:15 79 90 11

TABLE II. GLASSHOUSE TRANSMITTED HEAT GAINS

Qtr

Section of U to ti At — Btu/hr —
Glasshouse Btu/hr x ft2 x °F Ft2 °F ~ °F to—ti TUA At
Glasshouse i
roof, sides
and south end 1.1 3827 74 69 5 21,000
to ambient
North plenum
wall to header 0.4 437 70 T4 —4 —700
house
House floor
to ground 0.4 1531 50 128 —78 —417,800
Plenum floor
to ground 0.4 613 50 60.5 —10.5 —2,600

Qtr net total —30,100
10

CONCLUSIONS AND COMMENTS

1. Summer glasshouse temperatures
can be kept below 80°F except for
short periods by the use of the high
pressure evaporative spray system de-
scribed. Temperature reductions as
great as 15°F have been achieved
under favourable conditions.

2. The outlined method of calcu-
lating heat gains enables a glasshouse
evaporative cooling system to be de-
signed on the basis of a knowledge of
the solar heat rate entering the house
and an approximation of the physical
properties of the constructional ma-
terials in the house. The use of this
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method yields heat loads which are
much closer to actual cooling require-
ments than if the solar heat amplitude
reduction factor were omitted.

8. The use of aluminum extruded
structural members results in a neat
open-span design with a minimum of
overhead obstruction and improved
uniformity of lighting (6).

4. The use of high pressure spray
nozzles results in temperature reduc-
tions as great as any other system.
The high spray efficiency (96%) is
a result of better water atomization
because of the high pressure and
better mixing with the air stream (3).

5. Temperature gradients within
the room are minimized by condition-
ing the air in the centre of the house
and exhausting to both sides. This is
an improvement over the fan and
pad system in which air flows from
one side of the house to the other.
For this particular test the tempera-
ture in the house was 68.4 = 1.8°F.

6. The control system functions
satisfactorily with a control point vari-
ation during normal operation of =
2°F.

7. Due to the high house humidi-
ties, care must be taken to prevent
condensate dripping from the main
aluminum structural beams with re-
sultant damage to the plants below. A
suitable anticondensate paint can be
used to prevent this. ‘

APPENDIX

The general differential equuiy.
for the unidirectional flow ot nhex
into a solid 1is:

dfe = a 5120?
dr dx?2

where fe = excess temperature above
mean at any point in the solid

T+ — time
x = distance in direction of heat
flow

a = k/p ¢ = thermal diffusivity.
The entering solar radiation can be
expressed as:

gsre* — qsr* max cos or ......
2

where gsre* is the excess solar radia-
tion intensity above the mean and
gsr* max is the maximum solar radia-
tion.

The effect of variation of solar radia-
tion on the temperature field within
the floor can be duplicated by assum-
ing a changing environmental tem-
perature sometimes called sol - air
temperature which varies according
to the equation.

0SAe — A cos wr = A cos 271 ... 3
T°

where §SAe — excess sol-air tempera-

ture over ambient

o = frequency of oscillation
radians/hour

A = the amplitude of sol-air tem-
perature oscillation which is equi-
valent to ¢sr* max/2h

7, = period of oscillation of tem-
perature - hours

The solution of equation 1 takes the

. an?y
form fe — ™ - o 4

Letting an® = w to satisfy the postulate
of damping and cyclic temperature
change and imposing boundary con-
ditions, the equation for the tempera-
ture field in the floor with varying
surface temperature becomes:

0 e= As o ~MX cos (wr—mX) ... 5

where As is the amplitude of the sur-
face temperature above mean

m = \/w_/z = \/%O

In terms of the solair temperature
variation this becomes:

fe = Ay ¢ —MXcos (wr—mx—e) 6
where 5 is the amplitude reduction
factor

¢ is the phase shift radians
Rearranging equation 6 in terms of
the entering solar radiation qsr*, and
setting x = 0 since only the surface
temperature contributes to the glass-
house load, we get:
qsr* max

gsre — hfe — 5

7 €COS (wr—e)

Noting that the base line for the cos
functions in both equations 3 and 6
have an absolute value of qsr* max/2
we can write:

gsr* —qsr* max/2 4 qsre*
and gsr = qsr* max/2 4 gsre ...... 9

Combining and rearranging equations
2, 7, 8 and 9 gives an expression for
glasshouse heat rate:

qsr = qsr* [1 + 7 cos (or—e)]
1 + COS T

In order to evaluate 5 and ¢ it is only
necessary to impose the boundary
condition

L (%e_) _ = h(OSA e— (€x-0)

where h is the surface heat transfer
coefficient.

The L.H.S. of equation 11 is evalua-
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ted from equation 6 and the R.H.S.
from equations 3 and 6. This yields

—y B sin (wr—e) 7 (1 + B)

Cos (w‘r—e) =
where B = km/h........................ 13
Since 7 and ¢ are not time dependent,
let

r = 0 and #/2: solve fory and
B

€ = tan—! l-|—_B .................. 14
p=1//1+42B F2B% . . . 15
Substituting m — \/x/as- in 13

gives B = \/kcpr/ro /h oo 16

For the glasshouse under considera-
tion, the material of construction of
the floor was concrete with the fol-
lowing properties:

k = .625 Btu/hour x ft x °F
p = 120 1b/fe3
¢ = .20 Btu/lb x °F

The period of the solar cycle 7, =
24 hours

The surface coefficient h —= 2.4

Substituting in equations 16, 15 and

14 we get respectively:

B — .585

n = .593

¢ = .354 radians
therefore the time delay can be calcu-
lated by setting ¢ — or

therefore + — ¢ /27
= 1.35 hours.
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