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INTRODUCTION

The 1ntentionalland controlled use of radiant energy has
found few‘applications in horticulture. Although radiation
affects all living forms, little effort has been directed to
1ntelligently apply 1t where 1t will do the most good.

Few horticulturlsts realize how radiation affects the
temperature relationshlip of plant life. It is true that mea-—
~ surements of 10° C. or more above air.temperatdfe have often
been quoted in the literature, yet the idea that all physio- -
logical processes are more or 1ess.dapéndeht on plant tempera-
ture‘rather than on alr temperature has seldom recelved the
attention i1t deserves. This 1s reflected in the mass of
horticultural data in which writers use alr temperature as
the criterlion on which they form thelr conclusions. Ih fact,
few of these temperatures even correépoﬂd to the true air
temperature since the mercury thermometer or thermograph was
used as the measuring or recording device in most of the
experiments. These instruments are sensitive to a certailn
amount of radliant energy, the amount depending upon the ex-
Tent to which they are protected from bodies of unlike tempera-
tufe. The relative amount of radiant energy absorbed by a
temperature-measuring device seldom or never approximates the
amount absorbed by growing plants.

Temperature can be derived in several ways. Flrst, the

8oll may transfer a part of its temperature to the plant
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‘directly through the root syétem. Second, temperatures may
be distributed through 6onvection currents referred to by
Foley (49). Third, evaporation of water and‘other physical
changes of state either absdrblér emit energy in the form of
heat. For example, transpliration, which occur: ét all times
in r;pldly growing plants, lowers the temperature to some
extent 1n plant leaves., Fourth, energy may pe lost to colder
obJects'of gained from warﬁer objects. Fifth, heat may accu-
mulate due to the absbrption characteristics of such materials.
For example, the différence in the rate of transmission of
light of different wave-lengths of the-electromagnetlic spec-
trum (Figure 1) throﬁgh glass causes the heating effect-  found
inside a glass enclosure (Figure 2). Viaiblevllght'and the
shorter 1nfra-red_waves pass without obstruction through the
giﬁss, whi*e the reradlated heat waves from the plant--in the
fofm of the longer infra-red waves--are reflected instead of °
being transmltted through thét medium. This céﬁseéea condl-
tion known as a "heat traph; an assét for greenhouse growers
in cdld weather but a 1liability in hot weather. ~The heat
trap makes scientiflc temperature control 4ifficult.

The purpose of thls experiment was to investigate how
radiant energy may be used by controlled equipment, both &8s a |
supplementary source of heat in the greenhouse, and later in

control rooms with no solar radiation. Plant material was

chosen that was highly responsive to temperature changes and




I

P e e




Tigure L. Tiiure crowing how o Yhest L1aat is srested
ovothe relrtive cifference In trrnemicsion of roaiotioor

3 i R . SR BT S
“nc re~r Piatiorn throush ploane,




.._5.. '

uniform in its growth under controlled growing conditions.
The Red Kidney bean (Phaseolus vulgaris) met theee require-

ments.
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REVIEW OF LITERATURE
Termlnology

Radlation 1s the process by which radiant energy is
generated and emitted by a source and ﬁfopagated through space
(Withrow, 145); the source is referred to as the radlator,
Radiation fromwthe sun 1s termed solar radiation: Although
the téfm radiaht heat i1s commonly used in the literature, and
referred to in this thesis occasionally for purpcses of clari-
ficgtion, heat 18 not radiated but rather heat 1is producedlin
an object when radiant energy strikes it, if that object has
the proper absorption characteristics.‘ The proper term for
the measurement of radlant energy is radiometry, and thewin— ‘
strument so used is a radiometef. A narrow band of electroé
magnetic waﬁea which produce the sens&tion of 1ight to man's
senge of sight 1ls referred to as 1ug1nous energ& or light. " In
a leas technlcal sense, thé tebm light i1s used by many authors
to refer to those waves lying adjécent to both sides of the
visible spectrum--namely, ultra-vioiet and infra-red. Luminous
energy emitted by fluorescent low-pressure mercury pubea is
also referred to as fluoreéceﬂ%wlight. It is measured by
means of a photometer.

Irradlation is the process of the interception of rédiant
- energy by an object. The re-radiation of some of this energy

at a longer wave length is termed fluorescence.
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Radiant energy in the visible spectrum extends from .39

‘micron in length in the violet to .76 micron in the red; the

infra-red rays extend up to the region of 100 microns, where
radlo waves begin. In this thesis the term near infra-red
refers to that band in the spectrum from visible red light to
waves 2hm1§rona in length. Below the blue light lies the
ultra-violet exteﬁding down to .0l micron. Below this the X-
rays are located, then the gamma rays, and, finally, the in-
finitesimal cosmic rays. Much of the eﬁergy of the sun'e rays
is absorbed by the atmosphere, equgially by.wager vapﬁr.
Thoée rays penetrating in greatest a;;ndance lie i1n the region
from .3 micron in the ultra-violet to 2.6 microns in the infra-
red. ¥

All electromaghetidjmaves travel througii space at a speed
of approximately 186,000 miles a second. The frequency of the

- wave 18 inversely proportional to the length of the wave.

'Barnes (12) refers to heat as the frequencies of oscillations

of atoms around their positions of equilibrium. These fre-
quenclies are of the same order of magnitude as those of infra-

red radlations.

Temperature Measurement

,Methodé

Radiant energy absorbed by matter is measured in terms of
the heat generated when it 1mp1nges'on that matter. Heat 1ls

commonly measured by means of the mercury thermometer or some

J— —
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instrument dependent on. the expansion of gas, liquid, or
metallic plates. | ]
Leaf temperature was first determined by pressing the
thermometer agaiﬁét the leaf or by wrapping the leaf about
fthe thermometer. This method may stlill be used where only
approximate results are‘desired and where the felatively slow
response‘of the ordinary thermométer 13 of no concern. How-
ever, the most accurate and responsive method 1s to employ
ihe thermocouple. This ﬁethod, invented byASEebeck (Allen
. and Maxwell, 4), was first used on plants by Dutochet (Sachs,

,&4116). Blackman et al. (15) made their famous study on cherry
laurel leé§es by cohparing the difference between the tempera-
ture in the shade and that in the direct radiatiorz from the
sun. | |

The thermocouple is usually mddé by twisting togethefAﬁhe
ends of two fine wireawor dissimilar metals, fpr example,
copper and cdnstantah (an alloy of 60% copper and 40% nickel).
A difference in potentizl is set up between the two wires
thus brought together. The magnitude of this electrical po-
tential is very nearly directly proportional to the temperature
of the thermocouple Junction. A reference Junction, which 1s
necessary for measuring temperature differences, is usually
made by putting a Junction into an ice—wafer bath (Forsythe, 50),
This is also called the cold junction.

Instead of an ice-water bath, Shreve (119) used the alr
inslde a thermos bottle and callbrated his readings for that
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particular temperature. Shreve's innovatilon merely compllicated
the process because of the uncertalnty of a steady alr tempera-
ture inside a thermos bottle. Wallace and Clum (136) placed

the reference Jjunction underneath the leaves of the plant whose
temperature they were measur{ng to find the magnltude of the
temperature difference between the leaf and the surrounding air,
It is debatable whether the ailr temperature they used was accur-
ate or whether-it‘has'typical of a true convected alr tempera-
ture. Their recordiné potentiometer was bullt so that the cold
Junction could be used in this manner;‘

Since most galvanometers and potentiohetefé used to measure
the electrical potential through the termocouple are read in
millivolts, & chart must be referred to in order to calculg;e»
the temperature. However, some recent potentiometers are |
callbrated at the factory to read directly in either the
Fahrenheit or Céntigrade"scale of temperatures; others are
built to record either one or a iarge number of readings
simultaneously for an extended perlod of time. .

The technique for mdking thermocouple Jjunctlons varles
with the investigator. Miller and Saunders (90) used No. 36
copper and constantan wires bralded together and Joined securely
with acid-free solder. A pair of crucilble tongs was fitted
with two small wedged-shaped pieceé of cork. On one slde of
these tonge the thermocouple was attached, and the completed

device held the leaf firmly while the temperature was read.
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Curtis (40, 41) placed the junction in direct contact
with the leaf and held it firmly by threading the lower por-
tlion of the thermocouple through the leaf. ‘

Wallace and Clum (136) found 1t more desirable to use
several junctions. They assembled a thermoplle composed of
five Jjunctlons, which were mounted on & wire clip witbin}a
six mm..square frame. When this clip was opened, pushed across
the leaf, and allowed to close, the five junctions were pressed
against the lower surface of the leaf and held in place by a
‘similar frame pressing down from the top. Wallace (135) now-
¢onaiders this the;mopiledobsoleté since the fiﬁe Junctions
increase the probable error five times. |

The placement of the thermocouple hae been of considerable
éoncern to 1nvest1gators; Clum (35) obtained the temperature
of the interior of the leaf by inserting the.Junction 1nt6 the
intercellular tissue of the leaf. Thlis method was véry tedious
and caused an inner metabolic disturbance of the leaf. Wallace
and Clum (136) repofted that 1t was more satisfactory to attach
the thermocouple to the lower epidermis of tﬁe leaf.

Glbson (55) designed some thermocouples for leaf inser-
tion by filing the thermojunction to a polnt. This device
1njured the leaf, being entirely too large for the grass blades

used in his frost-prevention studies.

Plant temperature

Plant temperature is gbverned by a complex group of fac-

tors. Miller and Saunders(90) list five that are influential
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under field conditions: (1) air temperature, (2) supply of
molsture in the soil, (3) air currents, (4) evaporating power
of the air, (5) light intensity. They reported that the
temperst ure will rise more rapidly 1pég.wilted leaf than in
a turgid leaf. ) | '
Leaf temperature also fluctuates markedly and suddenly
when alr moves because of the difference in temperature of alr
péckete. The fact that temperatures may be higher:ét the tip
than at the base of the leaf blade, they suggested, was due
to the difference in avallable water supply. The lowér surface
of the leaf was usually\'lo C. higher than the upper surface.
Normal turgld leaves showed a leaf temperature approximately
the same as that of the alr during the night but slightly 1ower
during the early morning and evening.
Leaf temperature (Meyer and Anderson, 89) may be regarded
as conditioned by four influences: (1) thermal absorption,
(2) thermal emission, (3) internal endothermic proceésses, and
(4)'1nterna1 exothefmic processes such as respiration. Thermal
emleslion refers to the loss of heat from the leaf by conduction,
convectlon, and radistion (Brown and Eécombe,’26). Thermal
absorption refers to the gailn of'energy or heat by the leaf.
According to Maxwell (88), all objects tend to come into

p

 thermal equilibrium with each other. For this reason the
weather bureau uses instrument shelters to screer instrumentse
from objJects of higher or lower temperatures (Blalr, 16). All

objects lose heat to interstellar space when the ailr is clear.
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Tyndall (134) states that the dryness of the ailr, rather than
the clearness, cduses the loss of hest. Clear air may contailn
much aqueous vapor which will 1ntercepﬁ radiation even though
the sky be dark blue in cdlor. The heat lost by terrestrial
radiatlion 1s greatest when the atmosphere is dry. According to
Farrall et al. (48) and Hassler (67), heat lost by terrestrizsl
radiation is the cause of much frost injury. Frost caused by
this means 1s celled "radiation frost."

When a leaf 1s exposed to the full impact of solar radia-
- tion, the temperature of the leaf notmafly rises markedly
above that of the surrounding air. Clum (35) measured leaf
témperatures 5 to 10° C. higher than the surfounding air
temperatures, Milier and Saunders (90) foundllittle temperature
difference with the thinner-leaved plants they were using.
Blackman et al. (15), using detached leaves, in dlrect sun-
light detected a rise in temperature of 4 to 13° C. over that
of the surrounding ailr; in the shade the leaf temperature rose .
only 1 to 1.8° C. higher than air temperature. The maximum
tempergture was recorded by Wallece (135), whose potentiometer
registéred a galn of nearly 20° C., although an earlier paper

(Wallace and Clum, 136) showed only a maximum 13° C. increase
outdoors and 16° C. increase in the greenhouse over alr tem-

perature. Moreland (92) measured the leaf of the sugar cane

and found a maximum temperature differential over air tempera-
ture of 8.5° C. on a 8till day and 4.5° C. increase on a windy

day.
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S0l1id frult can accﬁmulate more hest than thin leaves,
as demonstrated by Brooks and Fisher (22), who found that the
$temperature of the exposed side of an-apple may rise from 12
to 25° C. higher on the exposed side than on the shady side.
Anderson (4) reported that the Internsl temperature of cotton
balls usually followed the general alr curve but might exceed
the air temperature by 5 to 16G° C. inm éirecﬁ solar radlation.
At-night the balls were usually below air temperature. He
remarked that reépiration can produce very little heat. Mil-
ler (91) sugcested that absorption of radiant energy is in-
creased in thicker-leaved plants. He quotes Askenasy (12),

- who found that leaves of Sempervivum attailned a temperature

18 to 25° C. higher than that of 1ts surroundings.

Leaf temperature is alsovgoverned‘by air movement. Brown
and Wilson (27) stated that alr velocity increased the emis-
aivity of the leaf. Smith (120) observed thet breezes reduce

the temperature of the leaves im solar radiation from 2 to 10°
- C. and that thin leaves are more responsive to temperature
fluctuations then thick ones.. Similar results were reported
by Miller and Saunders (90). |

Curtis {40, 41) claihéd tﬁat tranepiration 1s of great

1mportan¢e a8 a cooling agent in leaves because of the change

of water from the 1iquid to the vapor state. But he also maﬁeg;“—f

the statement that some of the beneflts of cooling by this means
Wwere greatly exaggerated. Curtls suggested that higher leaf

temperature relative to air temperature in humid reglons,
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usually ascribed to diminished tranepiratioﬁ; is due in part

to the humidity of the atmosphere in preventing loss by thermal
emission. He also stated that the angle of exﬁosure to radlant
energy, or the anglé'of incidence upon the‘leaf surface, greatly
affects the capacity to absorb heat. He urged that all measure-
.. ments of temperature should be madé with reference to leaf
position, or, unless otherwise mentioned, the leaf position
should be understood fo be at right angles to the 1lncldent rays
of the radiator whether i1t be the sun or some aritificlal source.

Transpiration, according to Brown and Escombe (26), is
responslble for 80% of the total heat given off by the leaf.
Clum (35) found 1ittle correlation between transpiration and
leaf cooling, hecauée maJor‘temperature changes may occur |
within a few seconds.

Copeland (36), working with cheparrel, concluded that
transplration decreased the heating of the leaves by golar
radiation, and observed that the cooling of actively ﬁranspir-
ing leaves amounted to more than 10° G. f
"~ Watson (138) concluded that transpiration and thermal
emlsslon from the leaf surfaces were the only significaht
factors that tend to lower the temperature of the leaf. Wat-
son (139) later reasoned that transpiration accounted for more

than 50% of the heat loss of Lirilodendron leaves only when both

of the followlng conditions obtain: (1) the transpiration rate
exceeds .71 gm./dﬁa/hr, and, (2) the difference in temperature

between leaf and air temperature 1s less than 7° C. Thus, it
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18 evident that thermal emission becomes 1lricreasingly important
with an 1nd§eésé in temperature differences. |

The 1nfiuence of transpiration on temperature changes in
8till air 18 not clear. Martin (85, 86) found that transpira-
tion increased in a linear relstionship with the incident energy
absorbed by the leaf, but varied with relative humidity. Thut
(131, 132) found that the relationship between relative humidity
and water losgs 1s more or less linear, but falls below the
expected value at low relative humldity. It-élso'varled with
wind velocity.

The Influence of Light on Plants

Although the sun 1s considered to be absolutely essentlal
forvplant'growth, men has been able to grow plants'under arti-
ficlal conditions with artificlal lights only, but the most
satisfactory gfowth still resulte from solar radiation (Parker).

Artificlal light for experimental plant studlies may be
used for‘oge of the following purposes: (1) to serve as the
sole source of light, (2) to lengthen the day, (3) to serve as
an additlonal source of light in the middle of a dark period,
a8 used in some photo-perlodic experiments, (4) to serve as
the source of minute amounts of light to which seedlings grown
entirely in the dark are exposed, and (5) to serve as a source
of light of different wave lengths.

Light, like all forms of radiant energy, varies in inten-

sity, quality, and duration, and these factors have a profound

influence on the growth and development of plants.
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The intenslty of solar radlation varies with the altitude,
the clarityiof the atmosphere, and the angle of incldence of
the sﬁnfs réys upon the reciplent of that radiation. It may
exceed 10,000 foot-candles at times and yet be extremely weak
on the forest floor of a tropical rain forest (Oosting, 98).
Plants vary in their ecologlcal adaptability to different
environmental habitata, and survive where they can sultably
compete with existing weather and blological factors. The
observed light conditions under which shade plants grow may not
1nd1¢ate'the'most favorable growing conditions for those plants,
since many of them will grow better where they receive a higher
intensity of solar illumination. On the other hahd, many plants
of the xerophitic type have developed a tolerance for high light
1htensit1es which are not necessary for their optimum growth.
Holman (71) and Emerson (46) found that injury to the photo-
synthetic mechanism may result from exposure to intense radia-
tion. They found that there existed a maximum point where the
etarch ceases to be deposited and then dilsappears. This
phenomenon was called "solarization® because its reversal nature
reminded the authors of a simllar response known in photography
by that name. 3olarization 1s probably assoclated with the CO,
concentration 1h the air. Hoover et al. (72) found that increases
in light 1ntensity.accelerated the photosynthetic process up to
the ﬁﬁidtwwhere CO, became the limiting factor. At relatively
low light intensities, as long as the carbon dloxide 1s not the
limlting factor, the rate of photo-aynthesis‘was approximately

’
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proportional to the light intensity. Adoording to this study,
light was not the~11m1t1ng factor under conditions of intense
soler radiation.

On the other hand, Helnicke and Childers (70) showed that
the above sﬁaﬁement'did hot_apply to the normal apple tree,
probably because of the decreased 11ght intensity in the in-
terior of the tree whgre the heavily shaded leaves reduced the
light intensity to one per cent of the total direct solar
radiation.

Brackett (21) found that COp became a limliting factor for
plant growth of ﬁheat at high 1light intensities and that the
optimum CO2 cqncentration these plants could use varied with
the intensity of light available.

-Matthaei (87) discovered that the utilization of 002 by
pléﬁt.tissue varied not only with light intensity but also with
the temperature.

Harvey (64) found that many plants grew and set seeds in
light intensities from 400 to 10,000 foot-candles. Shirley
(118) grew redwcod seedlings under 11ght intensities varying
from 33 to 300 foot-candles, and found that all intensities
sbove 100 foot-candles had a similar effect on their growth,
while plants growing at lower intensitlies gave a less favor-

- able growth, Geum showed a gradual reduction in growth as the
light intensities fell from 470 to 41 foot—candlesL The
authdf concluded from his experimeﬁts that all plants with which

he experimented, except sunflowers, can survive on less than

1'
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40 fobt—candles of light. At light intensitles below twenty
per cent of total solar radlation, the increase 1in dry welght
of plants so exposed was proportional to the light intensity.
At higher light intensiltlies there was an increase 1n d4ry
welght which was not proportional to light intensities.

Guthrie (63) and Shirley (118) both found that chloro- .
phyll concentration increased with decreasing light intensi-
ties until.thevlow light intensities threatened survival.

Post (107) reported that floricultural crops, especlally
those of bronze and piﬁk sharea, show poor color development
at low light intensities. At high levels of light 1nfensity,
there 1s doubtless a reduction in color intensity of the
petals as well as in that of the leaves of most crops.

Naylor and Gerner (95) found that 600 foot-candles of

fluorescent light for 16 hours duratlon a day caused excellent
growth 1n Red Kidney beans.

When lights were used to lengthen the day for long-day
plants, Withrow and Benedict (147) found that from .1 to .3
foot-candle 1llumination was sufficient to cause flowering
8tlmulation in the China aster. They found that other long-
day plantse require a higher initial light intensity. This
was substantiated by Porter and Lee (105), who recommended
the use of 5 to 15 foot-candles of illumination for the
lengthening of the day perliod of a short-day plant.

'The most economical util%zation of light used to prevent'
floral initlation in a short-day plant was to interrupt the
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dark period by giving brief periods of illumination about the
middle of the night. Time intervals of only a few seconds
were effective (Parker et al., 99). Later studies (Parker

et al., 101) showed that the total amount of 1llumination used
in the experimentg was the same regardless of the time of
exposure or intensity of 1light,

Quality of light is classified as to color temperature
(79). The numerical value indicates the predominating light
wave in the spectrum which is emitted by a black body when
heated to the Kelvin temperature of that number. .The color
:temperature,is often referred to as belng either warm or cool
depending on the physiological response or psychoiogical re-
sction of the observer. | |

Solar radiation changes its color temperature with the
angle of incildence, being warmer when the sun forms a more
acute angle with the horizon. On the other hand, light radiated
from c;ouds or similar objJjects of white color will be cooler
to the visual sense. Note the 1nf1uence of a white background
in Figures 10, 11 as contrasted to a black and non-reflective
background in Figures 12 and 13. However,‘when light is re-
‘flected by a colored object or filtered through the trees, it
does not conform to the true color temperature scale.

Plant pigments differ in the relative proportion of dif-
ferent wave lengths of light absorbed or reflected. Chloro-
phyll (Miller, 91; Frank and Léomis, 51) showed five abso;p—

tlon bands. The two which predominated were the red fays of
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F'igure 11, Red Kidney beans, at the age of 45 days, after growing
in the control room for 30 days. Photographed Maroch 16, 1950,



¥

Figure 1%. Red Kidney beans, at the age of 29 days, after growing
in the radiation room (converted cold storage) for 14 days.
Photographed February 28, 1950,




Figure 13, Red Kidney beané, at the age of 29 days, after growing
in the control room (converted cold storage room) for 14 days.
‘Photographed February 28, 1950,
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.651 micron to .680 micron and the blue, indigo, and violet
rays of .44 micron to .510 micron. The blue band shows a
ellght%y higher absorption coefficient (Meyer and Anderson, 89).
The relative rates of photosynthesis also differ with
the different regions of the spectrum. Hoover (73) found that
the maximum photosynthesis occurfed at the wave length of .655
micron in the red, and the secondary maximum at .440 mlcron 1in
the blue regionvof the spectirunm.

;. - In the spectral greenhouses at the Boyce Thompson Institute,
Popp (102) grew a number of different plants in light under
fllters of different absorptive capacities. Hls general con-
clusion was that plants growling in red light and the long end
of the gpectrum were spindl&, had weak stems; had good develop-
ment of chlorophyll, and had small thin leaves which tended to
roll or curl. Plantes grown in the short end of the spectrum
ﬁere sturdy, with well-formed leaves, but low atature. , “ﬁﬁ

Etiolation occurs when plants with sufficlent storage of
food materials are grown for some time in total darkness.
Went (141) described another type of etiolation which is pro-
duced by plants grown under red light only. Thls etiolabion
is typical of p}ante ﬁithout ré;erve food storege, and 1is
entirely different anatomically from true etiolated plants.
Under conditlions of true etlolation, the red rays are most
effective in inhibliting elongation. Went prefers to call
etlolation of plants developing under red light without food

supply "excessive growth."
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Went and.Thimann (144), speaking of the effect of light
on plant hormones, state that i1ts influence is twofold: 1t 1s
first réquired to form the auxin precursors, and later it causes
destruction of the auxin produced from this precursor. Appar-
ently the longer wave lengths favored the produetion of an |
auxin precursor, thus enabling plants to grow taller when kep?t
in red light. Yet the results seemed to indicate that those
same red and yellow rays were also the most effective in auxin
destruction.

Went (142) grew”peas in darkness and then exposed them for
various time intervals to dim red light. The longer the ex-
- posure to the red light before the return to darkness, the
greater the decrease in the length of the pea stems. The>
effect was tracesble to that state of growth in which the
exposure was made; for example, if the plants were retained 1in
total darkness until the third internode started to elongate,
then subjected to a small amount of red light, the‘third inter-
node would 1atef show arreduétlon in length thle the first two
internodes would remain their original length; furthermore the
~effect did not carry over to the fourth internode. Blue light
did not produce as marked’a reaction, and green light was
practically 1lneffective in reducing stem elongation.

Went (140) concluded that cotyledons contain hormone-like

factors which are lndispensable for leaf growth and which are
4

fendered effective when subjected to the presence of small

amounte of light. ) S e "
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Priestly (111) fournd that very brief exposufee of light
to etiolated seedlirngs caused them to become {ess elongated
‘even when such exp@sufé"ﬁaé 1nsuff1c1enﬁ to produce green color.
Be concluded that there.must bg a photocatlytic reaction in
which substances of the nature of hormones were produced.‘

Gortikova (58), exposing germinated seeds to high intensity
colored lights for ten dsye at 25 to 30° C. found that both
vegetative and reproductive development ﬁere stimulated by
red and orange-yellow light. Blue light had the least effect.
Rohrbaugh (115) found that daylight fluorescent and the blue
fluorescent light gave equal elongation to the hypocotyl and
first intermode of Red Kidne&.beane. When a light source of
eufflgient purity of color was used, he found that red light
showéd the greatest effect in inhibiting elongation. This
accelerated growth 1is what Went prefers to call "excesslve
growth. M

Goodwin et al. (57) showed that small quantities of
. monochromatic light inhibited growth on the first lnternode
of Avena 8at1vé seedlings~gfow1ng in darkness. The effect was
most pronounced in the red .623 micron reglon and secondarily
in the yellow light at .577 mlcron wave length. Goodwin (&57)
found that ultra-vioclet light had an inhibiting effect on the
length of Avena sativa; infra-red light had a slight effect on

length, though 1ts primary effect was the heat generated in the

plant tissue. Wave lengths over 1.€ microns gave no measurable 4

growth difference.
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Lubimenko (82) found that the greening process of etlolated
seedlings takes place within definite'limiﬁs of temperature, o
which dc not depend on.length pf light exposure. ~

The inlitial work on photoperiodism was announced by Garner
and Allard (54) in connection with their work on tobacco.
Porter (103) reported that the intensity of light necessary to
lengthen the day period lies 1n the neighborhood of ten foot-
candleskof illumination.

Raz;imov (114) used different colored light to extend the
duration of several éhort—day plants. He found that radiation
of red and yellow light, when used to lengthen these short
hatural photoperiods, was equivalent to solar radiation in its
photoperiodic reasction, whereas the shorter wave lengths were
ineffective.

Kleshnin (75) found that all parts of the visible spectrum
gaVe'photoperiodic reactions, but that the required intensities
differed from one region to another. Differences 1in growth
were most notlceable when the intensity 6f monochrométic light
was small. .

Withrow and Benedict (147) found that orange and red light
pfoduced earlier and more profuse blooming of pansies, stocks,
.and asters. Although asters responded to all types of light,
stocks and bansles gave 1little reaction to the shorter wave
lengths. Withrow and Biebel (148) found that the red band was
also effective 1in preventing flowering of short-day plants.

Withrow and Withrow (149) studied the effect of colored light
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in more detall by eliminating all extraneous light. Theilr
results showed practically no effect of blue radiation and
reaffirmed the effectiveneés of ﬁhe‘red region.

Parker et al. (100) studied the effectiveness of light
derived by spectrographic methods and reported that the most
effective reglon of the spectrum for preventing flowerlng of
cocklebur and soybeans extended from .6 micron to .68 micron
in the red band of the spectrum. The least effective reglon
for preventing flowering was located at .48 micron; effective-
ness increased agaln at shorter wave lengths 1n the violet
reglon. Irradiation with infra-red light located at the .7
micron to .9 micron band proved ineffective in preventing

formation of floral primordia of soybeans.

Ultra-violet radiation .

Stewart and Arthur (124) found that ultra-violet radiation
of'planfs grown in soll under low light intenslty or during
cloudy weather caused an incressed absorption Qf aeh, includ-
ing calcium and phoephorus.} But under high light intensity
there was no response to ultra—?iolét exposures. The effec-
tive rays lle between .9 micron and .313 mlicron, coinclding
with the effective antirachitic rays for animals. The ability

of plants to form vitamin D seems to be assoclated with theilr

- . capaclity to absorb and deposit calcium and phosphorus. Later

Stewart..and Arthur (125) found that the relative absorption
of calclum and phosphorus of irradiated tomato plants depended

upon the ratio of the two elemente in the nutrlent solutlon.
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Arnold (18) found that ultra-violet rays do not apparently-
kill chlorophyll on Chlorella, a green algae, but that the

1njurious reaction to these cellular plsnts caused‘by these
rays mgy be due to the destructlon of another substance 1in

these plants.
The Use of Radlant Energy

Prior to man's arrival at the. stage of 1nteliectual
maturity though he was unaware of the fact, he nevertheless .
was emitting radlant wavés which centered in the 10 micron
area of the infra-red portion of the spectrum. He was like-
wise réceiving radiations whose spectral charadteristicé
depended upon the nature and temperature of thefobjécts about
him.  Even today man is not always aware of these temperature
relationships. | | |

In an early stage of history he became aware that the sun
produced heat, and, later, that a fire could élso prodﬁce the
same sensation in his bodyf ~ﬁealizing the great benefits to
be derived from such heat-producing sources, he felt that a
great power must reside thefein, Thus history records the
religlous adventures‘of man in which botih sun and fire play an
important part. He has sought'to delfy and personify them,

8. g., the anclent Hindu god for fire, Agnil, énd the great
\god of the sun in Egypt, Ra.
Although modern man does not usually deify the sun, he

recognizes 1ts great source of power, znd has at times tried to

capture some of this énergy to heat water (Brooks, 23) and to
CF o
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heat his homes (Telkes, 128, 129). Solar radiation has a
great influence upon the terrestrial temperature of the earth,
and even local dlsturbances on the sun known as sun spots may
have far-reaching effecte. Burkholder (28) stated that 60%
of the energy frbm the sun 1s in the infra-red region of the
spectrum, and that plant growth is roughly doubled for every
‘10° C. rise in temperature.

Adlam (1) and Chase (32) both suggest that the earliest
man-made form of radiant energy should be attributed to the
"Romans, who ingenlously desligned the first form-of artificlal
heating, the hypbcaust system. The Romans bullt masonry ducts
behind and within side walls or beneath floors through which
hot flue gases were made to flow. This syéteﬁ heated the
adJacent walls or floor surfaces, which, in turn, heated the
buildings the Romans Waﬁted heated. The remains may still be
seen today at the Roman Baths at Bath, England; and at the |
Baths of Caracolla 1n Rome; these baths prgbé%ly date back
more than 1500 years.

The mbdern use of radiant heating for homes began a few
miles from where the Romans built their famous baths in
England. This system, more appropriétely called "panel heat-
ing®, spread from England to continental Europe (Adlam, 1;
»Byers,&O) and to the United States, and is now one of the
accepted methods of hesting homes. In this deslign hot-water
Plpes are usually imbedded in plaster, concrete, etc. The

temperature of the panels i1s low since the temperature of the

water circulated seldom exceeds 135° F.
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The advocate of panel heating stresses comfort. He des-
cribes how man loses heat by a complex comblnation of respira-
tion, evaporation, and radiation. Radlation 1s usually respon-
sible for three times as much heat ioss as respliration and
evaporation combined. The rate of radiation loss depends upon
the average temperature of the surroundings. When the tempera-
ture of the alr is reduced and the average wall température in-
creased, man loses less heat by radiation and proportionally
more by respiration and evaporation. Increased heat loss due
to respiration tends to glve man an invigorating feeling simi-
lar to the sensatlon of walking briskly on & cool moraning. 1In
panel heatihg, heat, usually in the form of hot water, 1ls con-
ducted through one or d combinatlon of walls, ceilling and floor
to attaln an average wall temperature about 5° F., more or less,
above the so-called comfort temperature of man, while the air
temperature 13 usuélly reduced proportionately ae much below |
this temperature. A typical panel-heated room has an air temper-
ature of 65° to 68° F. (18° C.), with the relative humidity
registering 55 to 65%.

Cohfort condltions during the summer months can be attainéd'
by fadiant coolling in the home. In this system reducing the
relative hﬁmidlty.of the alr increases the rate of respiration
and évaporation from the skin. A lower moisture-contenf in the
alr creates a cooling sensation even when the alr temperature
is above the usual comfort level. By this means man can move

in and out of such an env;ronment into-hot summer weather wlthout

T,
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the feeling of entering an oven or a refrigerator. Thls sys-
tem of cooling is effective refardlesslof the propaganda of

alr conditioners who advocate ﬂgqréasing the water content of
the air by washing it. The botanist would like to know whethér
the relationghip between radiation and transpiration under these
different condltions affects plant growth.

Low-efficlency radiation has long been used by gardeners,
whether they knew 1t or not,'when they planted a vine or
espalier next to a warm bullding. Hotbeds also glive off some
radiation, and all greenhousee which use glass or its equiva-
lent in their construction accumulate an excess of radlant
energy (Figure 8). Steam pipes and other radiators give off
‘& small amount of radiation, but since radiation travels 1nv
straight lines, the usual design of greenhouses (Wright, 150;
Post, 107; Laurle and Kiplinger, 89) does not éérmit much of
‘this energy to travel to the plants directly. Some attempts
to heat greenhouses by aerisl pipes can be seen in the Hill
Greenhouses at Rlchmond, Indiasna, and the new greenhouse range
at Michlgan State College. The efficiency of heating by radla-
tion 1ls extremely low at tﬁe temperature of these plilpes because
most of the heat 1s transferred by means of ccnvection. The low
temperature of most steam or hot water plpes emits waves in the ]
8 to 9 microns region of the spectrum, according to céalcula-

tions from Wein's law.l

l., Weins 1 - _ 2884
8 ravW = — T ({Xelwin)
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“~  An adaptation of the usua14§anel—heat1ng system through
the concrete floor is used in one of the rooms of the green-
house range of Michizan State College. In this room hot water
is run through pipes imbedded in the concrete. The efficlency
of heating by radiant means as compared to other scurces of
radlation 1s well demonstrated by the Stefan-Bolzman lawl as
11llustrated in Figure 3. The efficiency of this eystem cannot
be shown on this graph, which starts at the boiling point of
water. It 1s difficult to ascertaln the true efficlency at
such low temperature levels because so many factors distort
the plcture. It 1e suggested that this type of heating be
known simply as floor heating or 1its equivalent, énd that the
" name radianﬁ heating, should that name be acceptable, be re-
served for a system in which the surface temperature of the
heated object is above 100° ¢,

Meteorologists, geographers, and ecologists study the
effects of golar radlation and how it affects plant life
(Oosting, 98). Dinger (42), who measured the spectral absorp-
tion pattern of near infra-red radiatio;, concludedlthat'planfs
absorb those rays, namely 1,5 and 2.0 microns most strongly in
a pattern similar to the absorptlon pattern of water. In Dover,
Maséachusetts; an attémpt has been made to store solar energy
in a house which collects its heat by black-surfaced plates

and transfers this heat to cans containing eodium sulphate, a

1. gZefan-Bolzman i&W;: Calories per sec per cm2'= 136 X 10f12
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substance well suited to this purpose since its heat of fusion
18 about 88° to 90° F. (Telkes, 128, 129). Perhaps the same
method could be used for storing heat for growling plants.

The earliest attempt to study the radiation of plants by
heated panels was published by Bigeault (16) and Chauard (33).
Thelr panels were spaced 20 inchea apart and located in a
greenhouse at Saint Agnan near Olse, France. Inslde these
panels were installed steam pipes for heat. The radiation was

slightly more efficient than the panel type of heating pre-
.viously mentioned which is used in the building industry; how-
" ever, i1t lacked the efficlency that a high-temperature radlator
possesses. While the roots were heated by the use of soil
heating units, the leaves were partlally heated by radiation
from the sides and overhanging surfaces which shaded out part
of the light from the sky. .

Gray (59) bullt a similar panel heater using lead heating
cables for the heat source. Two thermostats were used, one
for the two coils which operated at temperatures below 600 F,
and the other for the two additional lead colls set at 55° F.
Temperatnres of 5° to 30° F. above ailr temperature were recorded
by means of a thermocouple. The‘test plant, a geranium, was
killed by a heavy snow at an alr temperature of 8° F., The most
noteworthy observation was the rapid drying of this plant.

Proféssor Farrall was instrumental in starting the first
large project on.high~eff1ciency radiation. His work with

frost protectloh commanded world-wide attention. The first

1?



tests with a rod-shaped electrical heating unit (Figures 4, 7)
showed definlte promlse of protecting plants rrqm frost on a
6t11l night (Farrall et al., 48; Gibson, 55). Later tests
made with more practical gas-burning units offgred promlse to
orchardists, truck gardeners, and other horticulturists
(Farrall et ai., 48; Hassler, 67; Hassler et al., 68). The
plante can be protected from radiation frosts when the tempera-
fure descends to approxiéately 26° F. |

Other types of electrical resistors #ere'tried by Gibson
(65). Of particular 1nteresﬁ was a heating element with its
coil wound on a e¥lindrical refractory form which was mounted
in an aluminum reflector. Heat laﬁps (1700° C.; 2000° Kelvin)
prevented frost on aAdahlia plot at Lakeside Gardens, New
Baltimore, Mlchigan. The visible llght emitted by this type of
radiator makeé 1t unsuitable for use on plants in the dark
period in photoperlodic studies when not suitably filtered.
Otherwise, if breakabllity 1s no obJection, it is a highly

efflclent source of heat producing rays.
Controlled Condit ions

In scientifilc research, as in the solving of an algebra
problem; the experimenter trieé to reduce the ﬁumber of uné
known factors to the very minimum.  The perfect method is one
varlable with perfect control of all other unknowns, In blolog-
lcal science thie cgn never be completely accomplished, although

| the probable error may be reduced by careful control of all
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Figure 4. Types of reflectors used in these radistion
studies =nd thelr respective distribution patterns.

Figure 5. Diarram showing the principle of the inverse cquare
law of radiatlion distribution from = point gource of origin.
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envlronmental factors. If the investigator starts with homo-
zygous plant material of the same size and age and also can
control all exterior influences, he is likely to realize some
" benefit from his investigatlon. |

Crocker (38) degcribed the effort of the Boyce-Thompson
Instifute to control the living conditions of planta. Two
constant-conditlion rooms were bullt, one with contihuous illu-
mination and the other without light. Photoperiodic studles
were made by shifting plants from one room tovthe other. 1In
these rooms temperature was accurately controlled; all lights
were cooled by means of circuiated water behind a plate-glass
ceiliﬁg, LThe roomeg were a1r~cond1t19nedlwith.a1r in which
thé.coz concentration could be enriched and regﬁlated and the
relative humidity contrblled. In the two 11 x 11 foot rooms
the 1light intensity was held at 900 foot-candles.

Boyce-Thompson Institute also uses (1) two greenhoﬁsea
equipped with a movable gantry crane having a battery of
lights which can be moved over the greenhouse when additional
light is needed to lengthen the day, (2) an insulated green-
house (Arthur and Porter, 9), which 1s used to keep out un-
wanted temperature differences, and (3) a spectral greenhouse
| (Popp, 102) designed for plant study with different-colored
lights, | |

At the California Institute of Technology, Went (142)
-deacribed two ailr-conditioned greenhouses each of which was

Joined to a dark laboratory. The temperature was accurately
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controlled, the greenhouses being heated by air cilrculated
through dontéolled Baffles and being cooled by a circulatory
gystem of cold water which flowed over the glass on the roof of
the greenhoﬁse. The thermostats were actuated by a photoeleo;
‘tric light meter at a 200 foot-candle light intensity reading
which chgnged the setting of the thermostats from that for the
night tempersture to that desired for the day temperature. The
air suppiy was also humidified to the proper degree of relative
humidity. With these controlled conditlons, Went did some
exacting experiments.

" The Smithsonian Institute built several small plant growth
chambers_for studying the effect of different colored lights
on plante (Brackett and Johnson, 20). The octagonal cylinders,
15 1nches in diameter and 22 inches high, were surrounded by a
water jacket for accurate temperature control. The same tank
supplied all the water used in thls circulatory system; the
same alr supply was forced into all chambers. The nutrient
golution was also heated and circulated throughout all chambers.

The United Btates Plant, 801l and Nutritional Laboratory at

Ithaca, New York, installed in a basement-room 10% x 16% foot
elght panels of fluorescent lights, each of which contained
twelve 30-watt 36-inch cylindricel lamps (Hamner, 65). The
reflectlon from these panels was élightly increased by painting
the under surface with white paint. . By the close arrangement of
lighte the laboratory was 11luminated by a light intensity of

2000 foot-candles, which grew better plants during the months



- 4] -

from November to April than the greenhouse did at the same
season of the year. Heat from the fluorescent tubes was. reduced
by-ﬁeans of a fan and the humidity was regulated by a humldistat.
Temperature and relative humidity were held within a few degrees
of the desired setting. A combination of white and>daylight
fluorescent light gave the best results for most plants, lnclud-
ing the Red Kidney bean. It was suggested that more uniform
temperatﬁre conditions could be malntained 1f the ilghts could
be made to burn continuously rather than intermittently; the
experimenters had found intermittent light necessary to simulate
the duration of solar radiation or the particular duration of
light required for an} particular photoperiodic crop.

In Oklahoma, Chéstef (34) installed a temperature regulator
in two greenhéuses. An elevated heater in the centeﬁ of each
houge supplied the heat by meane of a series of steam coils
mounted in an enclosure; a fan circulated the heated air through
anemostate or diffusefs with cone-shaped baffles. The heater
was operated by a thermostat; when the temperature rose above
a predetermined level, the ringing of a bell called an attendant
to open the ventilators.

~ Hartman and Mciinnon (66) described an environmental control
cablnet built at Davis, California, for the study of the rela-
tionship betweeﬁ temperature and the photoperiodic response of
plants. Four cabinets, 3 x 4 x § feet, constructed adlacent to
a refrigerator, supplied cool air for reducing temperatures

around the lights, which were mounted in a compartment over the .
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glass-roofed cabinats. The twelve 40-watt fluorescent light
tubes supplied a light intenslty of 500 foot-candles to the
plants, although it was suggested that a higher intensity would
be more sultaeble for the two cabinets which were heated to a
higher air temperature. Relative humidity was raised in the
warmer compartments by keeping water on the floor until suf -
ficlent water was absorbed eo that the relative humidity
equaled that in the coolef rooms. \

Withrow and Withrow (149) grew plants in air—condltioned
chambers controlled within a varistion of .5° to 3% C. The
relative humidity was..malntained within a variation of 70 to
80% saturstion at the temperature studled. In each case the
rooting medium was subirrigation gravel culture. All lights
functioned satiefactdrily, but the 1ncandescent'lémps were most
difficult to cool because of the high infra-red radistion., Most
of the lights were mounted behind water-filled cells five inches
deep.

Parker (100) worked with plants in many controlled experi-
mente and came to the conclusion that the population of plants
is 1imited in a control chamber, but that the results regarding
light and environmental reactions are of great value.

Naylor and Gerner (95) and late¥ Naylor (94) found that
fluorescent lights gave them the best results of all lightse J
trled, and that 600 foot-candles gave good growth to Red Kidney
beans. Both white and daylight fluorescent lights appéared to
be equally effective with 1little heat being dissipated./ Various
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colored fluorescent light tubes, they said, were also avallable
for special purposes.

Recently the greenhouse industry has become lnterested 1in
control equipment. Thermostats for heat control, and the
trombone sﬁyle of heating pipes, which are more responsive to
regulation, will make greenhouse heating easier. Autﬁmétlc
ventilation will help to solve the cooling problem, and auto-
matlic watering wili ald the.growere in maintaining an even water

supply at the roots of thelr crop.
EXPERIMENTAL
Selection of a Radiant_Energy Source

As previously stated, the prlmal'source of radiant energy
is the-sun. Its 1llumination 1is indispensable for the process
of photosynthesls as well as the héét it produces in plants.

The energy utilized by plants directly or 1nd1réct1y from the
sun enables theﬁ to carry on thelr normal physiological reac- -
tions--to grow, develop, and reproduce.

Radiant energy is being transferred from and to all piacee
and at all times, but the rate and wave-length may not be easily
recognlzed. Wherever there is a temperature difference--such
a8 between a fireplace and the objects surrounding it-~-there 1is
a transference of energy between the two objects with'the ma jor
share of energy leaving the hotter object. The hotter the
radiator in reletion to the plant, the more effective the radla-

tor wlll be as a heating agent. ?anel'heatlng should be called
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a low-efficiency radistor because the temperature of the
panels or walls is only slightly above the objects which it
surrounds. The heating panel of Bigeault (16) and Chauard (33)
and those of Gray (59) were slightly more efficlent than most
panels as a radlant source. |

To compare the efficiency of radiators at different temper-
Aaturea,‘rererence to Figure 3 will show the relationshlp between
the energy produced at all temperatures from 372° K. (100° C.) |
to 2000° K. It is evidenf that the efficlency lncreases almost
directly with the foufth powerrof their Absolute (Kelvin)
temperature, |

_ Because of the difference of temperature thé most highly

wefficiéﬁt source of radiant energy that might be ﬁéed for .
- plant radlation studies 1s the heat 1amp (74) When new, this
lamp burns at slightly above 1700 C.; and its apectral pattern
extends well into the visible spectrum (Figure 1). But because
1t gives off a measurable quantity of 1llumination, which 1s
present at all hours of the day that 1£ is used for heating, 1t
1s not beneficilal to planté which demand a certain period of
darkness; 1. e. a short-day plant, like sbme varieties of soy-
beans, will not produce seed when the number of hours of the
light period exceeds an amount known as the critical period.
If these plants are exposed to light more than this number of
hours they will rehain in the vegetative conditio?.

In this problem & radiator was needed whbse ghdiation in-

cluded no visible light, or one whose 1lluminatlion was so
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hegligible that 1t would produce no light stimulus in the
plants studied. It was desired to elliminate all effect of
photoperiodism, and at the same time to heat the plants by a
radiator of the most efficient type which still emitted no
light. »This réquirement indicated an emitting surface of 500°
C. Since both the electrical and gas-burner types of radistors
used by Farral et al. (48) for frost protectlion were used at
this temperature and higher temperatures, they were consldered
ideal for thlis expsriment.

A gas-burning radiator, howevef, 1é undesirable at close
quarters with plant;,‘since gas injures plants. Until an
efficlent gas-burner is designed without the danger of escap-
ing gas, it will be of questionable value for the heating of
-plants. 7 ‘

‘.The electrical design was therefor: the most practical of
‘these two heaters; the heat output could also be more reasdily
~controlled. The design used by Farrail (48) was based on an
electrical cromolox heating rod 4 feet long mounted in an
elilptical reflector. Its heating eapacity could be fegulated
by a change in wattage in the electrical clrcult. Therefore
it was decided that, by using this heater, the emitting surface
could be regulated by the suitable manipulation of a Variac.
At an amperage of 12.5 coulombs perxsecond and an average vol-
tage of 120 volts the wattage was 1500, which, when divlded

by the conversion factor 4.181vg1ves 358 calories per second.

1. There afe approximately 4,18 watt-seconds per calorie,




- 46 -
Selection of an Adequate Reflector

The electrical cromolox heating element which was mounted
in an elliptical reflector used for frost-preventlion studles
(Figures 4 and 7) was the logical choice for the study of
radiant energy on the growth and development of Red Kidney
beans. The distribution pattern of this reflector, wlth lte =
polished aluminum undersurface, was studied by meahe of an
Eppley thermopile (130) and a radiation meter (Figures 6! and
14). Although the distribution of radiant energy‘wés satis-
factory for all purposes, uses in this problem, the 1Z-inch
wide design shaded the plants considerably. Therefore a o-
inch eliiptlcal‘reflector wae made,. modeled upon the 12—inch
one. This minliature podel was not 8o satisfactory as the
larger one but permitted more of the sun's rays to fall on the
plants when i1t was used. However this elliptical reflector
had one undesirable feature; 1. e., the radiation dlstribution
pattern'covered tooiwide_ah area. A narrower and more con-
centrated pattern was needed so that one could place the re; _
flector at a greater height above the plants and thereby de-
creage the difference in temperature between the upper and lower
parts of the plants.

This need led to the design of the near-focus parabolic
reflector (8l; Figure 4), with the help of F. J. Hassler. Kade

1. Used by permission of Mr. F. J. Hassler,
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Figure 14, Radlstion meter and thermoplle used for measur-
ing radiant energy directly.




from doublé-weight sheet aluminum with an anodized center,'

on the under side, this reflector was six inches wide, and
the radiation house (Figure 8) used 1n the greenhouse was
designed with the correct width at the top to hold this
particular reflector. Besides belng used in the greenhouse
during 1948, it was mounted on é frame in the cold storage room
during 1949 (Figure 15). Severai 1rfegu1ar1t1es developed 1in
1ts distribution pattern known as "hot spots", while other
areas had a lower-than-desired exposure to radlant energy.

The main reasons for this irregular distribution were: (1)
the faulty desizn due to the difficulty of designing a re-
flector which would give a good distribution pattern; (2)

the fallure of the metal to hold its original éhape because of
ite 1lightness, ‘ -

While the elliptical reflector was being used, it was |
necessary to move the potted plants frequently to avoid local
overheating of some plants and underheating of others. Pots
were also moved to prevent the roots from growing into the
sand beneath the pots. |

The principal reason for returning to the parabolic re-
flector in 1950 (Figure 16, 17) was to use its more even rate
of energy distribution. The main disadvantage found was_the
necessglty of lowering the reflector to within fourteen to

slxteen linches of the tops of the.plants.
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Figure #. Design of r=cdistion house usec for racl=tlcn
studies in the greenhouse curing 124€. Another Loucse
1T same Cesig

n without reflector served as e control
rouse.
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Figure 15, Radlatlion room (converted cold storage in
which the ailr temperature was held at 400 F,) during
1949, showing six inch wide, parabolic reflector.
(Note framework supporting assembly of lights, re-
flector and tank.,. Two rows of Red Kildney beans were

uged due to the narrow width of radlant energy dis-
tribution.)
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Figure 16, The 12-1nch wilde elliptical reflector with tine
cromolox heating unit mounted between two banke of flures-
cent lights in the cold storage room during 1950,
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Figure 17. View of radiation room (converted cold
storg§e) in which the alr temperature was maintained
at 4 F,

The twelve-inch ellipticsl reflector here
shown was used during 1950. Red Kidney beans on

slixth day under radiation treatment. Taken pr. 20, 1960.




Nutrient and Watering Requlrements

The quantlty of water lost through transpiration of the
aerial parts of the plant and by evaporation from the soil is
extremely high when the plant is continually exposed to radlant
energy. This higﬁ’;;fer loss was mentioned by Gray (59) and /
was verlifled in the present experlhents on begonia and geraniunm
potted plants during the early testing peribd in which radiant
énergy was used. Radiated plants used from two t6 six times
a8 much water as control planfs in all of these experiments.

When infra-red fadiation was used, to prevent wilting, it
became imperative to.adJuSEché water supply at the roots of
the radliated plants to approximaté the supply to the control
plants. It would be diffiéult to hand-water plants frequently
enough by caauai observation to insure an adequate and uniform
subply..
| It was necessary then to look for an artificlal means of
supplying a continuous and uniform supply of water. Two |
systems of supplylng water were mentioned by foet and Seeley
(109) and Post (106): inJjection and sutomatic watering. Later
Post and Seeley (110) rep?{ted on an automg}ic watéring system
for pot plants. Seeley (117) discussed in detail the watering
of pot plants by this system. The Post and Seeley method N
seemed acceptable for the conditions of the present experiment.
Therefore 1t was used throughout all of these studies.

This method depends upon the princilple of caplllarity of

water. In the case of pot plants where the pot 18 not over
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four inches in dlameter, a water level an inch of two below

the bottom of the pot was reported satisfactory. This distance
between the pot and the water level will vary, however, wlth
the size qf“pot, the slze of plant, the type of soll in the i
pot, the type of medlum in which the water table 1s 1mmersed@
and the compactness of the soll. (In short i1t will depend upon
the caplillarity of the soil used.)

In the experiments reported in ﬁhis‘thesls, it was neces-
sary to railse the water level slightly higher in the radiation
room because of the more rapid loss of water. In the method \
followed, recommended by Post and Seeley, a layer of gravél
was placed in the bottoﬁ of the bench, or, in the case of the
cold storage experiments, in the bottom of an asphalted, pailnted,
galvanizedltln tank. In the first group gravel was used alto-
gether with the pots immersed in this medium (Figures 13, 14,ﬁ15,
46). Since a few pots dried out, the gravel was later covered
' ‘with sand, in which the pots were pressed éboﬁt a half inch
deep. Water was applied at one end of the tank‘automatically
by the constant level system (Figures 9, 18, 19).

To 1nsu£e better contact with the water and to maintaln
capillarity, all pots were filled with soill without the cus-
Atomary drainage material in the bottom as suggested by Cornell
research workers (37). A guard row of pots was added to each
of the cold storage experiments to replace any that falled to
establish good capillarity in the tank. (Observe first row in 4
' Figure 17). At the time the pots were installed at the be- ‘

_ginning of each expgrimeﬁt, they were watered from overhead
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Figure 18. Automatlis watering system used for the
radiation house in 1948, The Red Kidney beans outsgidz
the house were uased as checks. -
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Figure 19. Automatic watering system used in the con=-
trol room {cconverted cold storage room) during 1950,
Some of the fluorescent tubes were removed to balance
the light intensity in the radliation room.
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uﬁtil they were completely saturated. Tb inlitiate caplllarity
during the first two weeks after seeding, the pots of bean
seedlings which were started in the.greenhouae were watered by -
hand with a sprinkling can. This was true both (pr the four-
inch pots planted in 1948 and the thfee~lnch pots in 1949 and

1950, The root system developing under hand watering condltions

was slightly more branched and had more root halrs than the
root system of those plantSVdeveloping under automatic watering
conditions. Both root'systems are equally beneficilal to the
plants growing under those condltions, The fleshy condition of

~ the roots 1s especilally noticeable when plants are growing under

water culture or "hydroponlics" (E;stwo;d, 44), In the experi-
ments reported herein, thé seedlings were moved at the age ﬁhen
the new set of leaves were Jjust assuming their full size,
ebout two days after they first unfurled (Figure 20). They
were selected at this age because they could be chosen for
uniformity of age and development and also becausge the lmma-
ture root systemvéould easlly produce the more fleshy root
system which is more sultable for constant watering conditions.
The nutrient level of the soll in all pots was‘approki—
mgtely equal in each experiment, since the soll was always
mixed in one large plle before each seeding. A godd grade of
greenhouse loam was miqu with a small proportion of sand and
peat (approximately 15% each), with superphosphate added. No

further nautrients were added after the bean seeds were sown.,

{



‘tgure 20, Example of Red Kidney bean seedling selected
for experimental work, photographed the same day 1t was
brought intc the cold sterage room, All seedlings were
chosen at thils age, Just as the lrst leaves were
appreoaching full sirze. ‘ :

~
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Temperature Measurement-and Control

Thermocouples

The unreliability of the mercury thermometer and the other
methods of meegsuring temperatﬁre which depend on a change in
vdlume or pressure makes necesgsary the thermocouple when one
wishes to leafn the precise temperature. The thermocouplexéan
measure théﬂthermal conditions in a‘minute gpot withlin a few
éeconds. Its use 1is particularly helpful when it 18 necessary
to record -the rapid fluctuatlons existing in the leaf under
intense radlestion.

The sensitiveness of a therhocouple debendéuon its slze;.
the higher numbers correspond to the smaller diameter. Finer
wire than number 40 1s not required for measuring leaf tempera-
tures. In fact, in this experiment all sizes from number 24 to
32 were used. Numbers 28 and 32 seemed to be the best sizes
both for accuracy and for a sufficiently firm attachment to the
lower surface of the lezf.

The earliest megasurements in this study were made with a
minute thermodéuple inserted within the leaf. This thermo-
couple had to be made very small so that it could be inserted
within a leaf blsde from .01l5 to .018 inch 1n thickness. To
do this the smallest wire avalleble at the time had to be
rubbed down with crocos cloth and, after béing éoldered with
non-gcild solder, again smoothed down until a dlameter of ,010

Anch was produced. If the wire were smaller 1t was likely to
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breek. Particular care had to be exercised to push the ther-
mocouple all the way into the leaf until the first contact of
the copper and constantan wire was located where a temperature
reading was desired. Throughout this work particular attention
was always given to this first meetiﬁg of these two wires, for
the difference in electricsal potential 1s measured on the
potentiometer at the place where the two wires first make con-
tact. All work had to be carefully executed with the ald of a
magnifying glass. o &

It is questionable whether the internal leaf temperature
dgriﬁed in thils manner represents the true plant temperature
a8 accurately as the temperature taken on the lower epldermls of
the leaf blade. The injury to the leaf increased with time so
that the contact could be used only for a few hours. It posi-
tively could not be used where a continuous reading was needed.
Qince the point of insertion was not sesled from air movemént,
there might have been a lowering of the true temperature be-
caucge of the evaporation of cell sap on the thermal Jjunction.

After the preliminary testing perlod with the injection
type of'thermocouple, it wase decided that these experliments
should be based on temperatures taken from the lower surface of
the leaf. As mentioned in the literature, the. contact on the
lower surface of the leaf seemed to be the most feasible. This
syetem of recording temperature causes no injury to the plant
and can be used for long perlods of tlme. Regarding the
‘temperature relationship of different parts of the leaf, Miller
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and Saunder (90) indicated that the lower surface was 1° c.
higher than’the upper surface.

Thermocouples for use on the outside surface of the leaf
were made by twisting the copper and constantan wires as in the
"insertion type of thefmocouples; larger-sized wire was used. A
few were made wilth the contact point slightly flattened to
insure better contact agalnst the leaf surfaée. To attach these
thermocouples to the leaf oxr leaves, the wires were bent around
both sides of the leaf (Figures 21; 22, 23, 24" and 25) to ihaure
the best contact‘with the Jpnction.

Representative leaves--those that represented the average
heat absorption for the group of plants--were chosen for all
temperature measurements. Other leavés were chosen for the |
study of temperature varlations withiﬁ‘a glven group of plants
to determine the lengtﬁ.and breadth Eor each experimental plot,
and to discover any varistions in fémperaturé produced at
different heights and leaf positions. Most readings were made
with the leaf in the horlzontel position--that 1s, wlth the
leaf at right angles to the direction of radiation and at a
height representative of the group of piants. These readings
were made in apprd#imately the center portion of the leaf. A
locatlion on one of‘the leaves was selected to serve for tempera-
ture control after careful comparisons of numerous temperature
readings. Thls was necessary to 1nsuré the best possible
temperature regulation of the radiator 1n the radlstion room,
so that the radiéted plants would be heated as nearly the same

a8 the control plants in the control room.
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Figure 21. One method of attaching thermocouple to lower
surface of geranium leaf for temperature measurement.

A
spring-like tension was created by bending the wire into a
clip~like attachment. 1948,




Filgure 22, Upper surface of geranium,leaf showing attach-
ment of three thermocouples by the lcoop-clip method of
attachment,
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Figure 23. Lower surface of geranium leaf showlng the
three thermocouples 1llustrated in Figure 19.

same
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Figure 24, Method of mounting thermocouple in 1950,
Control leaf six @ays after moving into storage room.

Filgure 25, Method as above. Thermocouple attached
to radiated leaf,
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When the parabolic reflector (Figure 15) was used, only
two rows of plants were inserted in the tank, for the distri-
bution from this reflector, as measured with the radiation

meter and thermopile (Figure 11), showed that the distribution

fell off rapidly on the sides. With the elliptical reflector

(Figures 16 and 17) it was possible to use four rows of Red
Kidney beans (Figure 17). |

After the twisted type of thermocouple was used for two
years, Clarence Hansen suggested the use of a new type of
thermocouple made by silver soldering two wires end to end;,
After this thermocouple was tested and found not only to com-
pare favorsbly but to have some advantages over the twisted
dssign of thermocouple, 1t“Was decided to use thie new Jjunction
during the 1950 experimentai studies.

The technique for making these Junctions was difficulxg\
but the following procedure was found to be the most satis-
factory. With the use of a magnifying glass, the two ends of
the thermocouples were filed or sanded at right angles to the
length of the wire. Silver filings were made by fllingvsome
sllver wire, The two wires were Joined by melting a small
quantity of flux on the end of each wire, then melting a small
amount of silver fiiings on top of the flux. The two wires_
were then mounted in a sultable Elamp which could bring the
wires together. The wires were held in thé flame for a second
or two, sufficient time to join the wires together with the

silver solder. When properly made, the thermocouple was as
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strong as a single plece of wire. The Junction could only be
identified by the difference in the color of the copper and
the white constantan wire, ) |

The ten thermocouple Junctions made with the si}ver solder
proved satlsfactory for all the 1950 experiments; and no break-
age occurred. They were easy to attach to the leaves at the
desired locatlon.

All thermocouples were calibrated while they were immersed
in a 32° F. ice-water bath in which théwmixture was stirred to
produce an even temperature.  The proper correction, which was
less than .5° F. in all cases, was made to all réadings of
thermocouples which did not check wlith the expected reading.

No varilations were noted in the silver-soldered thermocouples.

Variations in readings are usually due to the length and size
of wire used, although it may be caused by the way the Jjunctlion
1s assembled.

Potentliometers

Several devices for measurilng potential difference in the
thermocouplés were used. In the early tests a manually operated
potentlometer was connected ﬁo the two open ends of the copper |
' and constantan wires which were scraped to remove all insulat-
ing material, Readings were calibrated in millivolfs; thus 1t
was necessary to refer to the proper tables to find the correct
temperature. An lce-water bath in a thermos bottle was used for
a reference Junction with this potentlometer. During the 1949

and 1950 season, another manually controlled potentiometer for
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making temperature measurements was loaned by the vegetable
crop section of thé horticulture departmént. Thie instrument,
.with 1te ten point selector. switch (Figure 26), was callbrated
at the factory for copper-constantan thermocouples to read
- directly in Fahrenheit degrees without the need of an external
reference Jjunction. With this apparatus it was possible to
egtimate the temperature to wiﬁhin .1° F. on the temperaturee
indicating dial. Thermocouple wires were attached to each of
the ten wirlng pdsts of the selector switoch. :

Several recording potentiometers, based on the potentisl
~difference between copper and constantan in a thermocouple,
were also used. The twelve-astep Brown Electronik recording
poten§;§meter #153265 (Brown 25; Figure 27, 28), which could
record 31mu1taneoueiy twelve different temperature readings
from as many thermocouples, ﬁas loaned by the department of
agricultural engineering. A Brpwnfcifcular—chart alr-operated
aif~o~1ine Electronik potentiometer éontroller was acqulred
for use in thils experiment {Brown 24; Figure 28, 29, 30, 31).
(It was adjJusted to operate within two or more degrees variatilon
in temperature (Figure 58). It could be set to any deeired
temperature by means of a pointer hand (Figure 30) and the
temperature recorded by a pen carrylng enough lnk to last for %‘
more than a month.

Helpful suggestions for the use of the aforementioned
controller, to determine the amount of energy used by the

radiator, were made by Wallace of the Universlity of Connecticut,



Terent thermocouples.




figure 27, Twelve-step recording potentiometer.
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Figure 28. Recording and controlling equipment in ary
greenhouse adjoining the two greenhouse rooms used Tor
radiatlion stulles 1in 1948,
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Figure 29, Brown circular-chart potentiometsr controller
shown mounted Iin the greenhouse 1948,




Figure 30, Close-up of circular-chart potentiometer con-
troller showlng polnter needle and recording pen. -

g
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Figure 3l. Controlling equipment installed in horticulture
laboratory adjoining cold storage rooms used in radlation
experiment during 1949 and 1950, Photographed 1in 1949,




(137) Gaddis of the Minneapolis Honeywell Company, (53) and by
members'of the agricultural engineering department. BSlnce the
only controlling potentiomgter(that could be acquired was alr-
operated, 1t was suggested that the.Motortrol Gfad-u—motor
#M0900C (11) (Figure 32) could be actuated by the potentiometer
controller because 1t was also ailr-operated. In order to make
this instrument regulate the amount of electricity passing to
the radlator, the Variac was recommended as being bést adapted
for the Jjob because it could vary the amount of voltage passing
through 1t. The instrument, Variac V-20, which was acquired
for this purpose, was ingeniously connected to the Motortrol

by means of a rake and pinon gear (Figure 32, 55).1 Since no

- air line of sufficient pressure was avallable in the green-
house or horticultural building to operate these instruments,

a tank and compressor were installed together with the valves,
pressure reducer, etc. (Figures 34 and 35) necessary to_oﬁérate
the circular-chart potentiometer and the Motortrol,

Convected air temperature

To determine the actual temperature effect of radiation,
it was necessary to know precisely the true temperature of the
convected air. Consequéntly, i1t was necessary to protect the

thermocouple from the direct rays of a radiator and, at the

l. Appreciation 1s extended to Professor A. W. Farrall, Mr.
Clarence Hansen, and Mr. F. J. Hassler, who, in conjunction
with other members of the agricultural engineering department

of Michigan State College, helped to assemble this radiatilon
control apparatus,
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‘Figure 32. Top view of Varlac and Motortrol with rack and
rinion gear connectlons. '
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Figure 33. 3ide view ¢f Variac V-20,




-

Figure 54. Alr pressure tank, gaugeé, #alves, etc,
used for prneumatic operation of ceontrol equlpment,
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Figure 35, Pressure reducer unit used for lowering pressure
to the desired 15 pounds per square inch nscessary for
pneumatic operation of potentiometer and Motortrol.
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same time, to allow a free passage of alr over the thermo-

couple. Several metallic contrivances were built out of sheet

~aluminum with an anodized surface to achieve this purpose.

For the needs of this paper they shall be referred to as
fconvecter" or “convecters.“1 Since three designs were tried
they shall be designated models "E", "B", and "C" (Figures 36,

37, 38 and 39).

Soll temperature

The mercury thermometer was used in a few cases to check

the temperature of the soil (Figure 40) and air. It was far

‘less responsive to temperature changes and was used mostly for

comparison. The advantage of thls measuring device was the
ease by which readings could be frequently checked.

301l temperatures were usually measured in the center of
one of the pots used in the experiments. In some cases, as
during the 1949 experiments, an extra pot in which the original
plant had bqen cut off was used for this purpose. This method
eliminated ﬁhe danger of injuring the roots of the growing
'plante, especially when the mercury thermometerZWas used,

In the greenhouse experiments, which were carried out in

the hand-made radiatidn and control houses (Filgures 8, 41, 44)

no soil heat'was applied. In this case the central position

1. The word"convecter" is used in this thesis merely for the
purpose of convenlence, indicating the three designs used
for measuring convected alr temperatures that were used in
these studles. No effort 1s made to coin a new word., The
word convector, which- ie listed by Webster, means an agency
of convection and has & different meaning.




Flgure 36. Lower visw of model A convecter 1in the
radietion room of the greenhouse,

e

Filgure 37, Upper view <7 model A convecter nmoumnt ed ¥
near thermostat,



Figure 38, Model B convecter shown mounted in the
greenhcuse control rcom rzar the thermostst.
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Figure 39. Model C convecter which was used for measurezsnis
of convected alr temperature in the radiation and control
house. (1t was also used above the greenhouse for determining
the outdoor temperature.)




Figure 40. Double row spacing of pots contalning Red

Kidney beans used in 194¢. (Note horizcntal placement
of lesves on eixthi day after they were placed in radla-
tion rcom. The thermomeater in the extra rot was used

for measurement of scil temperature,)




Flgure 41,
during 1548,

Radiztiorn house used
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of the four-inch pot--used at that time for the bean plants--
was selected as the position for meae&ging the soll temperature.
This position was chosen because of the temperaturé pattern,
which was progressively colder toward the bottom of the pot

and warmer toward»the top where the soll surface absorbed some
of the radiant energy from the radiator.

As will be mentioned subsequently, the original plan of
the eXpefiments was changed so that the soll was heated by a
soll heeting cable 60 feet long. In this case the temperature
pattern was the reverse of tﬁg former pattern in the radiation
room, with a higher soll temperature toward the bottom of the
pot than at the top. This was due to the effect of the heating
coil which was placed near the bottom of the tank and to the
cooling effeét of the 40° F. air of the room. The heating of
the soll by the radistor on the soll sur}ace was small. As
in the other temperature pattern, the center of the pot was
congldered the most logical position to represent the average
soll condltions eiisting around the root system. Most of these
readings were made with a thermocouple.

The soll thermostat (Figure 43) was regulated by a heat
sensltive bulb connected to 18 inches of flexible tubling, which
was inserted in the sand and théwéiével, where the greatest
temperature fluctuations occurred. The setting on the soil
thermostat was regulated by checking it with a 60° F, reading

on the thermocouple placed in the center of one of the pots

used 1in the experiments. The above téchnique was8 necessary in




cr

L3
pa
!
4

@

P

135, 5011 sthermogtat with electrlical cannec-

uged for the solli-heatling cable.
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- order to make the soll temperature the same in the radlation
room as i1t was in the control room.

Thermostate

Thermoétate were used throughout these experimentS'to
control tﬁe alr temperature of the rooms in which the experl-
ments were conducted. In the greenhouse a new type of green-
house—désigned thermostat (Gaddis, 53) was installed ln each
of the two rooms used (Figures 37 and 38). They were manually
get for a 46° F. night temperature in the radiation room and
60° F. temperature in the control room. During the day the
setting was raised 8° higher. The veriation in air tempéfature,
a8 recorded by the sensitlive response of the thermocouple éue-
pended in the'center of the model B convecter (Figure 38) when
attached to the twelve-step recording potentiometer, was 2° F.
(gigure 44), Temperature variation of 1e§s than one degree
has been claimed for this thermostat when installed with suit-
able heating equlpment énd'according to factory instructions.

The thermostats used in the cold storage rooms, combinéd
with the cooling system installed; m de close temperature control
almost impossible. Each time the cooling system was set lnto
dberation by the thermostat, it brought the temperature down
from five to ten degrees. These temperature dips (Figures 55,
56 and 57) were observed in both rooms although‘they occurred
more frequently in the cold radiation room (40° F,) than in the
control room (60° F.). 1In order to ascertaln the average

temperatures of these rooms 1t was necessary to record and



Flgure 44,

Temperature pattern frem the clreular
chart potentlometer controller showing fluctuations
of tempersture on the control point (lower surface of
a selected leaf in the radlation room),
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average numerous readings on the manually operated potéhflémeter
before the medn temperature could be found. In the control

room the temperatures were nearly constant except for the cool-
ing periﬁda which occurred about every hour. These readings,
made with the aid of thermocouples, showed a much greater varla-
tion in temperature than temperatures recordsd by a thermograph
placéd in these same rooms; for the metallic plate on the ther-
mograph was 'slow to respond tQ anj temperaturé impulse.

Globe thermometers

Attempts have been made to measure the convected aii
temperature combined with the heating effect of radlatlon.

An instrument subpoaed_to make this meésurement 1s called the
globe thermometer.l Several adaptations of the princlple upon
which the globe thermbmeter.is based have been used for mak;ng
thermostats sensitive to the combined influence of these two
modes of heat transfer (Adlam, 1),

The writer attempted to make a globe thermometer from a
globe purchased in gwplumbing shop and a mercury thermometer
inserted into the center position through a cork collar., Later
a thermocouple was usqé_}nsteadadﬁ“ag§hérmometer. Resulte by

both measuring devices showed that the globe thermometer ab-

1. The globe thermometer was invented by Mr. H. M. Vernon,
is 81x to eight inches in diameter, and is made of copper
wlth a mercury thermometer inserted into it through a - -

collar: It is painted black to simulste a perfect black
body (3).




. gsorbed a tremendous amount of heat when subjected to radiatlon.
When measured for several consecutlve days, the twelve-step
recorder indicated that the globe thermometer was a very effi-
cient ebsorber of radiation. The absorption was so great that
there was a definlte temperature 1ncrease soon after dawn,
This suggested the idea of mounting a-thermostat instead of a‘
thermocouple in the center of a globe. By thls means it was
hoped that the thérmostat would show a nearly equal riase in
temperature, one which would be great enough‘to be used to
actuate the change-over in another thermcstat ffom a night to
a day temperature control. The usual automatic mechanisms
used for actuating this change-ovér are a time clock or a
photfonic cell.

To test this theory, a thermostat was privately purchased
and mounted 1inside a globe similar to the one previoualy used.
Unfortunately the wrong designed thermostat was obtained which
falled to make a two-way contact. The pfojéct was abandoned
because it 4id not relate directly to this experiment. How-
ever, the idea should be iullyltested to evaluate 1ts true worth

This theory 1s based on the following observations. The
thermocouple inslde the globe thermometer showed a qulck
response--a rapild rise in temperature——ébon after the sun rose.
The difference exceeded the average alr temperature varlatlon ’
found under thermostatic temperature control. If the thermostat
inslde the globe should be set from three or four degrees above

the night temperature during the night, it would remain in the



- 94 -

off position. As soon as the dawn arrived and the sky begah to
lightep, the temberature would ascend tq‘a point beyond the
getting of this globe thermostat. When this happened, the
impulse from this thermostat could actuate a relay, which, in
turn, would close &"ﬁlitch operating a thermostat with a day-
temperature control, If the idea 1s practlcal, it would give
greenhduse growers an automatlic temperaturse reguléfor cheaper
than a time clock, one that would net have to be reset frequent-
ly, and one that might be élmoat as successful as the more

cosatly photronic cells.

Illumination

Radiation studlies were made in two different greenhouse
rooms dﬁring 194? and 1948 in which all of the luminous energy
came from the éun. In the latter part of this greenhouse.study,
plants were grown inside of hand-made radlation and control
houses (Figures 8, 41, 42) in which the light from the sun was
'sl1ghtly less than in the open room itself. During the next
two years, 1949 and 1950, all light was provided by daylight
fluorescent light tubes.

The advantages of the sun as a source of light are 1ts
higher intensity of radiation and 1ts economy. The advantege
of the artificial light source 1s the better control of the
quantlty of light (intensity) and of the durétlon of light
(the lengih of time the light is on and off as regulated by a
time clock). Since daylight fluorescent light.was reported td‘




a

:Figure 42,

sunriae,
intenaity.

~ Control houss in early morning half hour after
(Nota fogging of glass wWhich reduced the light
No fogging cccurred in the radlation house.)
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be as good as any other artlficilal source of “41llumination for
plant growth (Naylor and Gerner, 94; Withrow and Withrow, 149;
Hamner, 65), 1t was used throughout the.experiments where an
aftificial source of light was needed. It emits very llttle
infra—red light and is therefore cooler than most other arti-
ficlal 1light sources at a given light intensity. The fluores-@;ﬁf{
cent light 1s conslidered more desirable for radiation studles
since it emits less heat-producing rays 1tse1f. Because of
this 1t is possible to control the amount of radlation on the»
growing plants more accurately. |

One of the diaadvantaégh of solar radlation is the excess
‘heating of plants, especially‘when it interrupts the effects
of a radlation study. Sunlight 1l1s also unpredictable in nature,
especlally when an experiment calls for an equal supply of
radlation for two differenf houses placed in two different
greenhouses., Figure 56 shows the recorded temperature curve
of two leaves on a day that was partly cloudy and partly sunny;
the leaves were shaded by some greenhouee.obetructlons at
dirfferent times of the day. This graph indlcates some of the
difficulties encountered when'gne wishes to standardize the
amount of sun light. Another dlsadvantage associated wlth
sunlight aﬁd’the wide variation of temperatufes encountered 1in
the greenhouse under conditions of high humidity 1s the fogging
of the glass, which reduces the light still more. (Figure 42).

The disadvantages of the fluorescent light are the low

light intensity, the higher cost of operation, the breakability
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6r the light bulbs, and the dependence upon electrical current.
The plants which were used 1in the experiments conduéted
in the converted cold storage rooms were 1lluminated with day-
light fluorescent light tubes (Figures 15, 17, 19, 45, 46).
Although most references indilcate that 600 foot-candles or more
light should be used for Re&.Kidney béans, the decision to use
~only 300 foot-candles was based on the following statements.
First, a steady temperature of 60° F, was decided to be a
satisfactory temperature range for thils expsriment, since that
was the ordinariiy accepted night temperature for Red Kidney
beans and since it was 1mpossib1e_to have two different day and
night temperature ranges in these cold storage rooms. Growing
at 60° F. continuously,'the plants»would ndt require so much
light am if they were gfowing at a higher temperature. Second,
the length of day was set for elghteen hours instead of for
sixteen hours as has been sometimes used for this type of study.
The Red Kidney bean is a day-neutrél plant and willl grow satis-
factorlly on a longer duration than used here. A most lmpor-
tant consideration was that all plots of beans were to recelve
1dent1ca1 hours and intensitiles of light. Third, the plants 1n
this eiperlment were not to be grown to maturity. Fourth, by
keeplng the light intenslty low, it was possible to eliminate
the probabllity of CO, concentration as a limiting factor for
plant growth. It was possible that there mey have been a

difference in 002 concentratlion in the two cold storage rooms

N
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used in these studies due to the poor circulation of air and
the smallness of the room. Fifth, the cost of lampse and the
difficulty of designing equipment for this curpose dld not
warrant any greater expendlture of money.

To increase the luminous energy of each individual fluoree-
cent light tube, Clarence Hansen suggested that each be mounted
in an individual aluminum reflector. Since a 1lizht intensity
of 300 or more foot-candles was desired, a plan was used to
distribute the light of the eight fluorescent tubes where they
could illuminate the bean plante evenly and be most easlly
handled. Since the radiator had to fit sbove the tank contain-
ing the experimental plants, iny the space on the sldes was
left for the placement of lights. Therefore half of the tubes
wefe placed on each side, fourJfour-root\g;uoreacent light
tubes belng mounted on each panel along with thelr ballasts and
starters (Figures 15, 16, 17, 19, 45, 46). They were swung

from a framework and could be adjusted for helzht and angle.
GENERAL PROCEDURE

The following items are the most significant steps taken
in this problem: :

l. Testing the characteristics of the rod-shaped cromolox
heatlng element--1ts distribution of energy and effect at 4if-
ferent dlstances from an object © be heated (l.e. the operatlon

of the inverse square law). (Figures 4, 5).



2. Acquaintance with the radiation meter and the thermo- .
Plle as a radlometer for measuring the radliant energy 1nténsi—
ties (Figure 14).

3. Experiments with the injJection type of thermocouple.

4, Collaboration with Hassler and Glbson regarding methods
of temperature measurement and operation of equlpment.

5. Consultation with Gaddis of Minneapolis-Honeywell
Company'regardlng the possibility of using its equipment for
the control of radiant energy from a thermocouple mounted on a
leaf (Gaddis, 53). |

6. Experiment with various types of thermocouple attach-
ments to the outside of a plant leaf. (Figures 21, 22, 23).

7. Installation and testing 6f cromolox unitvin the green-
house. Thls unit was mounted over a 7 x 11 foot tlled bed 1n a
17 x 21 foot greenhouse. V

8. Purchase of one hundred Creole 1lily bulbs. They were
planted and stored in a cool cellar until time of sprouting.
They were then dlvided into two equal sectlions--fifty to a
group--half to be.used as control and half to be used for
radilation studies.

9. Measuring the height of the growing point of twelve
plants from each group of lilies at weekly intervals and count-
ing the number of quarts of water used by each lot of plants. |
The absorption of water showed a difference of two to one with

the greater water loss under the radiation unit.
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10 Making the experimental design of a three-inch ellip-
tical reflector and measuring 1ts distribution pattern (Figure 4).
11. Testing methods of messuring convected alr tempera-
tures, whicﬁ resulted in the éésigning of three experimental
temperature measuring units, Models A, B and C, called "convec-
ters" in this thesis. |

12. Testing of globe thermometer and some of its adapta-
tions. | |

13. Planning for and purchasing all control equipment
used throughout the experiment. _

’ 14. 1Installation and testing of control equipment which
was pleced in an adjoining dry room (Figures 27, 30, 32, 33, 34,
35). |

15. Accumulation of useful data by means of the twelve
step recorder (Figure 27).

16. Designing parabolic reflector with the help of Hassler.
Thie design was found to be sultable for not more than two rows
of plants.

17. Gonétruction of two houses for radiation study, one
of which was po be used as a radiatf%n house and the other as
a control house (Figures 8, 41, 42, 47, 48, 49, 50, 51). They
were designed for equal ventllation at their tops (Figures 48
and 49), reduced ventilation at theilr bases (Figure 51), and
were mounted fo face the same direction in the two adjoining
greenhouse rooms,

18. 1Installation of automatic watering in both houses (Fig.!



Figure 4%.

sevetsy

B ar Ay

Control house mounted 1in control room 1948,



Figure 48. Lover view of parabelic reflecter mounted
in top of radiation house,

house showing

Flgure 23, Lowar wlew ¢f tor of -control
board risced to pwrmit the same amount ¢f wentllation,



Figure 50. S1lde view of upper half of radtation house show-
tng the wiring of the radiator. Note also the thermoccuple
wires coming intoc house. :
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gurs 51, Fron%t corner of c¢ontrol house showlng how the
gired amount of ventllation was ocbtalined.
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19. 1Instelling and adjuating thermostats in two green-
house rooms to operate at 60° F. (control room) and 4§° F.
(radlation room) night temperatures with a rise of 8° F. for
the day temperatures (Figures 37, 38).

20. Planting of certified seeds of Red Kldney beans

(Phaseolusvvulgaris), four seeds to each fouréinch pot.
These pots were placed in the main greenhouse and watered
from a sprinkling can.

21. Leaving the two most uniform plante in each pot
when the seedlings arrived.at the proper age for selection.
Ten of these pots were placed in a single row in the radla-
tion house and a like number in the control house.

22. Using miscellaneous greenhéuse potted plants on
each side of the bean plants as'a filler to observe how they
woﬁld respond to different temperature influences (Figure 63).

23, Setting the pointer needle on controller for opera-
tion at 60° F. plant temperature (Figures 29, SO).

24. Plotting of temperature curves on graph paper from
data accumulated on the twelve-step recording potentiometer.
Examples are shown in thesls (Figures 52,- 57).

25. Ansalysls of all individual bean plants: measuring
height of plant; weighing individual green leaves and stems
and calculating the ratio of both weighte to each other;
estimatiyg'the leaf areas in square inches with the use of

graph paper; analyzing for ascorbic acid in the horticulture

laboratory (Lucus, 83),



-~ 106 =

Figure 6%, Potted plants used in radlation house 1in 1948,
Red Kidney beans, geraniums, fuchslas, lresines, coleus and
a tomsto are represented,
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26. Moving of equlpment to cold storage rooms in the
horticultural bullding fo better control all environmental
factors, with controllinéﬁequipment mounted in dry laborztory
room adJoinihg storage rooms (Figure 31).

27. Purchase'of electrical lead~heating cable to con-
trol soll temperature.

28. Designing and use of fluorescent lamps for 1llumina-
tion of experimental pléﬁts.

29. Construction of framework to hold the radiator and
panels of fluorescent lamps (Figures 15, 17, 45).

30. Construction of a galvanized tin tank four and one
half feet long, eighteen inches wide, and six i1nches deep,
later costed with asphalt 1n91de'to prevent any zinc toxicity
to the plants (Figures 15; 17, 45, 64, 65).

31. Inetallation and setting of time clock to regulate
the 1llumination for an eighteen-hour day.

32. Planting of certified seeds of Red Kidney beans,
one seed to each thfee-inch pot. Thie was the system used
for all subsequent piantings.

33. F1lling the tanks with a one-inch layer of gravel,
laying lead-heating cables above this layer and filling the
tank to within one inch of the top with sand. -

34. Installation of automatic watering in both units
(Figures 15, 19, 45).

©5. Wiring of electricgl cromolox heating unit in the
elliptical reflector to the automatic controller set at 60° F,
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Figure 64, Top view of Red Kidney bean plants in control
room. (Note use of thermometer 1n an extra pot to measure

soll temperature and angle of the panels of light to glve
an even distribution of light).




g,
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Figure 65. Couplete assembly of frame, lights and
tank with Red Kldney beans as they appeared the slxth
day after setting in thls control room (converted cold

storage room). This room was set for operation st
609 F, rocm temperature, 1949,
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This controller moved a variac which determined the voltage
going to the radlator.

36. Adjusting room temperature in radlation room to
409 F. and in control room to 60° F.

37. Adjusting soil thermostat to lead heating cable
to operate at 60° F. average soll temperature (Figure 43).

38. Selecting bean seedlings at the right stage of
growth. From this selected group twenty pots were chosen
at rendom for each of the two experimental rooms. These
were brought into the converted cold storége rooms and ar-
ranged in two rows of ten pots each. They were pressed into
the Bahd, watered, and a thermocouple attached to a control
leaf (See Figures 64 and 65 for arrangement in.control room).
An extra pot was used in some cases for éoil temperature
measurement, |

39. Wiring ten thermocouples to seledtor switch and
extending them into the radlation and control rooms for
temperature measurements (Figure 26). |

40, Changing of charts dsily on the contfolling
potentliometer,

41. Growing three different groups of Red Kidney beans .
for approximately four Weéks eaéh in the cold stdrage room
during 1949. The second of these groups was dividéd into
two sections.

42, Measuring individual planfs for height in centi-

meters at each internode. The average of these measurements
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was used for comparison (Figure 59).

43. Weilghing plants when fresh and later when dried.

44, Analysls for percent of ash content in each group
based on dry welght (Figure 61).

45, Analyslis for percent of total nltrogen 1ﬁ"each group
based on dry weilght (Figure 60). |

46, Growing another group in 1950, using four rows with
forty pots (Figure 17).
| 47. Control of temperature in the radiation room during
the 1950 experiments by the ralsing and lowering of the parae
bolic-shaped reflector,

48, Analyslis for chlorophyll made on a green-welght
basis from plants of each group. Analysis of both;groups
was compared on a dry-welght basis (Figure 62)a

49, Analysis for vitamin C in the horticultural

research laboratory.
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RESULTS

A. Test on 1lilles
Weekly measurements in inches of terminal growth to
measure the effect of radiant energy on lilles in the green-

house (1947). Linear measurements of Creole lililes in

inches.
TABLE I
May 14 - 19 May 14 - 27 ¢! May 14 - June 2
Radiated 2.14" 6.91" - 8.95"
Control 2,354 ) ?.01L% : ‘ 9,63

B. Analysis of individusl bean plants grown in radlation and
control house in the greenhouse (1948). (See TABLE II on
next pege).

C. Measurement of temperature fluctuatlions in the green

-house (Figure 58) indicates the wiring diagram used in these

equipment controlling the leaf temperature.

(1) Testing maximum heating capaclty of the radiator in
the parabolic reflector by setting the controller'for full
capacity operation (Figure 52). Note the 88° F. leaf temper-
ature while the alr temperature in radiatioh house was 72° F,--
a difference of more than 16° F,--and the air temperature
in the unheated greenhouse roon, 40° F., in which the radlia-

tlon house was placed--a difference in temperature of 32° P,

from the alr in the radiation room.
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TABLE II
Pot Number .
1 2 S 4 Average
. - Radlant Treated Exterlor

Leaf Weight (Gms.) 8.0 8.0 9.0 10.0 8.8
Stem Welght (Gms.) | 4.0 4.5 4.5 6.5 4.5
Ratlo Leaf/Stem Wt. 2.0 1.8 2.0 1.8 1.9
Leaf Area - Inch® Y 80 84 75 80
Height of Two Plants (Inches) 9.0 8.2 8.5 9.8 8,7

8.5 8.5 9.0 9.0
Ascorbic Acld Mg./100 Gr. l éf 88.2  89.2 88.7

Pot Number
11 Iz 13 14 Average

Check Plants Exterior

Leaf Welght (Gms.) 11.0 7.6 12,0 11.0 10.4
Stem Welght (Gms.) 6.0 4.5 8.0 5.5 5.5
Ratlo Leaf/Stem W, 1.8 1.7 2.0 2.0 1.9
Leaf Area - Inch® 73 65 83 71 73,
Helght of Two Plants (Inches) 10.0 7.5 11.5  10.6 9.7
10.1 7.7 11.0 9.5 w
Ascorbic Acid Mg./100Gr. " 98.5 79.8 89.2

(Table Continued on Next Page)
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TABLE II (Continued)

5 s %ét ggmber 9 10 Average
Radiant Treated Interior of Glass Housge
Leaf Weight (Gms.) 12.5 10.0 8.0 13.5 11.0 12.0 11l.1
Stem Welght (Gms.) 5.6 6.5 4.5 7.5 5.0 7.0 6.0
Ratio Leaf/Stem Wt, 2.0 2.3 1.8 1.8 2.2 1.7 2.0

2

Leaf Area - Inch 105 95 83 120 100 94 100

Helght of Two Plants 12.0 12.5 9.5 13.0 11.5 12.8, -

(Inches) | 10.5 12.0 9.8 13.0 11.0 12.0° 11.5

Ascorbic Acid Mg./100 Gr.' ¢ 92.4 84.7 88.5
Pot Numbef :

15 16 17 18 19 20 Average
Check Plants Interior of Glass House

Leaf Weight (Gms.) - 8.0 12,5 8.5 17.5 12.0 12.0 11.7 ”

Stem Weight (Gms.) 5.0 8.0 5.5 10.0 9.0 7.0 7.4
Retlo Leaf/Stem Wt. 1.6 1.6. 1.55 1.76 1.3 1.7 1.6
Leaf Area - Inch® 76 105 81 130 90 115 99
Height of Two Plants 11.2 11.5 10.1 15.3 11.5 12.0
(Inches) 12.0 14.5 12.5 15.0 13.0 12.5 12.6
Ascorbic Acid Mg./100 Gr. 78.3 70.2 74.2




-_ 119_

12 STEP
, RECORDER P

| (2)

=
ol
ol

H
I .
* ‘ !
, -
i
TEST RO
TEST, HOUSE
~ (GLASS) :
- 4' CHROMOLOX HEATING
AN T NN NN NN T T
ELEMENT
THERMO(‘;)UPLEJ
(5) -
NOTE

(i) BROWN ELETRONIK CIRCULAR CHART
AlR- OPERATED, AIR-O-LINE CONTROLLER =
15S2PI13P—-63~11 .
(2)12 STEP BROWN ELECTRONIK RECORDER
153 X 65 P12 -X—2F

. (J)MINNEAPOL 1S— HONEYWELL GRAD-U—MOTOR
MO 900C

{(4)SENERAL RADIO CO. V-20 VARIAGC

(S)THERMOCOUPLES ON UNDERSIDE OF
PILANT  LEAF

MINNEAPOLIS ~-HONEYWELL )
GREEN HOUSE THERMOSTAT

]

yFPlgure §8. Wiring Dlagram.




»
. ) ) -
e
; THERMOGOUPLE
e ..
CHECK HOUSE
; ~ (GLASS)
/
; - 7
.
' CHECK ROOM
JOM
_jr L
;4 \
: 'NOTE : ,
H ’ SEE DRAWING 672 -C2—-1 FOR HEATING.
' SYSTEM LAYOUT OF ROOMS .
;
&
;
i
f
;.
i
K

MICHIGAN STATE.- COLLEGE
: , AGRICULTURAL ENGINEERING DEPT.
i EAST LANSING, MIGH. -

RADIANT HEAT TEST SET-UP
HORTIGULTURE GREENHOUSE

PLANNED * £/ | app BY T i Ll ge il /

DRAWN SAIA

TRACED DATE  3-27<75 | SHEET
CHECKED SCALE_Z "/ 0o Y NO. s7Z2co2




- 120 -

L ST LT TR
. N5 BN R St e —
I RN -~ ~ AN -~ N R ; A~ ~ .- - - h
: - - - . - iy - PN N T Ceee = s .. . [
-~ T [ T A Srrenlllo-T bz JO b 32 ISRV AU O A I PR ST U3 UL il L
- - . —~ T YA e e vem  yr— ~ A v -~ ey Tapra v g
. . . ; [ . 2 T AT MRy TS e s - I
= [N R R N & G 888 : S D g Sohatd el il .‘Nr_.ﬂ.(.iu‘.rt e erﬂln..q S
. - -
f.lv - -, * *a 'd ls R [ A
o) Y Vv ta .n. - b - m DH
e - e —
L5 T \ 4 -
e .\J‘:
3k
. ~ s LR RSN N A s oy - v - N s v~
\. FPNOUUSSLT QACT Y £ J0103a8uC0 Ut JTv
. . ¥ v
.

COMENOIAL D N L e Kl UA T




- 121 -

This shows that reradiation from plants can heat the ailr
within a small enclosure and retaln most of this heat due to
the “heat trap" effect 1llustrated 1in FigurelZ.

(2) Testing normal operation of radlation unit at night
with the controller hand set at 60° F. (Figure 54). In this
case the only leaf whose temperature was recorded on the
twelve-atep recording-po%entiomefér registered a temperature
8lightly higher than that of the control plant. Note also
that there was some accumulation of heét within the radiation
house (Figure 8, 41) shown graphlczlly in Figure 53. |

The soil temperature‘consistentiy measured lower than the
leaf temperature but was higher than the alr temperature in
the same house for the following reasons: (a) the soil
temperature tends to become warmer in the daytime due to the
higher alr temperature and'the radlation effects from the
sun, part of which 1t retailns throughout the night due to
the capaclity of soil water to hold heat; (b) the goil absorbs
some heat from the radlator, the amount depending upon the
degree of direct exposure (no obstructione by leaves, etc;),
the distance from the radlator, and the absorption factor
(varying with the color, nature and texture of the soil); .
(c) the soil tends to be cooler because of the colder water,
not exposed to artificilal radiatlon brought in by the auto-
matic water system (Figure 18), and because of the loss of
heat by conduction and convection and by the evaporation of

Wat er.,
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(3) Testing the hormal'operation of the radiator during
thé'day'(Figure 53). As mentioned previously, great fluctua-
tione may occur in leaf temperature when the leaf is alter-
nately exposed to and shéded from the sun. A tremendous in-
crease of temperéture was often observed‘under intense solar
11lumination. Note the smoother curve for both soil tempera-
tureas.

(4) Teeting convecters. Temperature readings from
thermocouplees placed in the'central positidn of all three
models of convecters checked falrly close to air teﬁperaturea
at night and in heavily shaded Spoté during the day but
varled a little under radlant conditions. It is sometimes
believed that thermocouples give theAtrue convected air
temperature. This 18 not always true, especilally when
radiation is exposed directly upon the thermal junction,
since a small amount of heat is absorbed by radiation. When
the thermocouple 1s protected from the direct rays of the sun
or an artificial radiator, the temperature 1t records approaches
very closely the exact air temperature. However? in making a
protecting device for a thermocouple, care must be exercised
to maintain free circulation of ailr.

In developing these convecters, these two factors were
consldered--protection from all objects of unlike tempera-

tures and frees circulation of the air,
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The model B convecter (Figure 38) seemed to meet these
conditions most precisely because‘it was larger and most
protected from radlation. Model A protected radlation from
the above only (Figures 36, 37). The model C convecter
(Figures 36, 45) was the simplest to make and to use, One
of the model C convecters which was mounted above the green-
house, protected the thermocouple adequately enough to make
reliable temperature readings of the outside air possible.
Care was taken to insure that no light would fall on the
thermocouple from the open sides of th;s design.

Although all convecters were made from highly polished
surfaced éluminum, which reflécted ebout 95 percent of all
radlation falling on it, the less as it became weathered, the
convecters did absorb a small amount of radiation when sub-
Jected to long periods of intense radiation. This condition
was minlmized by building a larger convecter anﬁ'by'protecting
the thermocouple with more layers of pdlishéd metal. Those
were two reasons why the model B convecter proved the most
satiqfactory,

D.‘ Measurement of temperature fluctuations in the converted
cold storage rooms (1949-1950).

(1) Normal operation in the control room. As noted in
Figure 67, leaves in.a similar positilon often registered
slightly different temperatures. Some of the factors affect-

ing thls variation were angle of incident exposure, height,
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and absorptive propérties.' This curve graphicelly illus-
trates how leaf temperatures were affected by the on and off
action of the refrigeréting unit. Note particularly the
constant temperature of the soill. Not shown here, however,
1° F. érop in temperature when the fluorescent lighte were
turned off by the time clock.

(2) Normal operation in radistion room. As indicated
on the curves, at differehtilocations in the radiation room
(Figure 56), the air temperature fluctuated greatly due to
the irregular coollng action of the refrigerator, the thermo-
stat, andﬂthe fan. The differehces in ébsorptive properties’
of leaves in a similer position are again portréyed in these
curves. The alr beneath the leaf was partiélly heated by
the leaf, as shown here ‘and in numerous other readings which
are not included in this thesis. When & thermocouple was
located between 1/2 to 1 inch below the leaf, 1t registered a
temperatufe about mid—way between that of the leaf temperzture
and that of the alr temperature. '
'E. Results of the 1949 and 1950 seasons. During the 1949
season a serles of mechanlcal disturbances veried the results ‘i
to somé extent, For example, the hesting load of electricit¥f~
1600 or more watts when operating at optimum capacity--over-
loaded the circuit and burned out the fuse on a few occasions.
Little damage was done to Group I, but the experiment was'
terminated a few days early when some of the equipment needed

to be altered.
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With Group II, the variac burned out on the second day
of the experiment. All of the plants in the radiation room
wWere, a8 a consequence, thrown out. When the equlpment was
repalired the following day, it was consldered desirabie to
follow the plan described below with the remaining good
plants. The control plants in Group II were divided into two
sub-groups, one-half belng used in the radiastion room and the
other half left in the control rﬁom. Then %giequal number of
Bean plants were brought in from the greenhoJ;e from the same
originsl lot as the rest of the plants. These were slightly
larger, and agzin were selected'for uniformity and divided
by réndom choice for the two divisions of the experiment.
They were designated as Group A (divided plants from the con-
trol room)} and Group B (plants brought in later from the
greenhouse). The plants from the greenhouse never adjusted
themselves 80 satisfactorily to the change as did those which
sterted in the control room. Evidently plants can adjﬁst
%themselves better to thelr environment when they are younger
in age, and have a less elaborate root system.

Group III was also exposed to one short period of intense
heat when the variac burned out, and to a period of cold
temperature when the varlac was disconnected. These two
from the plante of this group should not be given tco much
consldersticn., They are included here for completion of the

record.,
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Because of the unsatisfactory operation of the equipment
during 1949, 1t was necessary to duplicate another run 1ln
1950, This time the experiment was conducted without mishap,
and the resulte may here be considered the most signlficant
,of all groups.

The manner of heating was changed in 1950, as previously
stated, by usihg the elliptical reflector instezd of .the
parabolic, which made 1t possible to double the nuﬁber of
plants used (Figure 41). To test théikemperature pattern'of
\a leaf under radlant energy and later after 1t was disconnected,
a test was run after the Group I was completed in 1949. This
figure shows how the temperature might have fluctuated‘on |
occasions when the electrical current was disconnected.

All plsnts were individually measured for height at each
internode (Figure 52). Thls demonstrated that the average
height of the control plante was, 1n eaqh case, slgnificantly
higher.

Each group was analyzed for total nitrogen. The amount
of nitrogen originslly used in each group Varied. The signifi-
cant featufe here (Figure 60) is the higher percentage of total
nitrogen found 1n all of the radlated plants on a dry-weight
basls within a glven group. These increases, however, were
assocleted with a reduced growth in each case. The malad-
Justed plents brought in Iater from the greenhouse (group 2-B)
showed a higher total nitrogen percentage even though the plants

did not appear so healthy as in group 2-A.
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A higher ash content was also shown for all radisted
plante wlth a maximum difference shown in 1950 (Figure 61).

Throughout these experiments the deeper-green color of
the radlated plants seemed to indicate that they contained
more chlorophyll. To test this, an analysis for chiorophyll
was made on five plants from each group fourteen days after
the plants were set into the control and radiatlon rooms.
The results are plotted on a bar graph}against the percentage
of dry weight/green weight (FPigure 62). Besldes showing the
increase in chlorophyll content, the bar graph also shows
that‘radiatedvplante had a higher percentage of dry weight.
When compared together, the increase in chlorophyll 1s not
consldered signiflcant.‘ _ |

Some of the plants were analyzed for ascorbic acld con-
tent a few days before the end of the experiment. No slignifi-
cant difference was detected on the basls of dry welght.
The method foilowed (Lucus, 83) consisted of macerating the
stem and leaf tissue for three minutes in a Waring blendér with
a two percent solution of metaphosphoric acid. The macerated
materiél was filtered through a fluted filter paper. From
the clear filﬁrate a two ml. aliquot was transaferred to a
porcelain dish, where 1t was titrated against a .02 percent
solutiqn of sodlum 2, 6-~dichlorobenzenoneindophenol to a faint

pink end polint. I
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F.  Plant growth behavior. Although all plants were similar
af ter moving (Figure 15; radiation room) and (Figures 40,

45, 46; control room), they soon developed 1nd1v;dua1 charac-
teristics. The following differences in leaf shape were
observed. Those in the control foom curved inwardly and be-
came bumpy in appearance (Figures 13, 24; 1950 plante).
Leaves that developed later showed less of this tendency;
‘however, they stilll faced toward the sides, 1n the direction
of the fluorescent lights. The lower leaves dled and the
older'reméining ones dropped (Figure 11). The higher humidity
in the control room kept.the dead leaves from drying up as
fast as they would have done 1n the greenhouse.

Those plants in the radiation room were smooth and dark
green in appearance (Figures 12, 17, 25) in the early stage of
thelr growth. At the same time the growing point of the
plant was yellowish and chlorotic in appearance. The terminal
growth was much slower than wzs that of the control plants at'
the:same time. The first pair of leaves grew 1n a more or
lesslhorizontal position; this appearance waé more pronounced
at times other than those when the photographs were taken.
Later leaves that developed showed a similsr but less pro-
nounced horilzontal placement, while the older leaves at that
time tended to bend downward and to look more as those of the
control leaves had previously looked. (Figure 10).

Mildew infected the second group of plants in 1949,
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probably while they were still zrowing in the greenhbouse
before they were transferred to the converted cold storage
rooms., The infected plants became noticeable when they were
in the storage room about two weeks. The infection grew
fastest on the radiated plants. They were sprayed and no

further infection appeared.
DISCUSSION

The results obtained in this thesils require an explana-
tion of the operation of some of the princlples, underlying

the experiments,

Temperature Relationshilps

All discussions of radiant energy tend to center around
the topic of temperatures and their relationships to other
environmental factors. First, let us conslder the temberature
of the radiator or source of radiant energy, second, the
temperature of the alr, and finally, the temperature of the
plant itself. |

As previously stated, the efficiency¥ of the radlator in-
creases wlth the temperature in a nearly direct proportion to
the fourth power of the Absolute.temperature (8tefan-Bolzman
law; Flgure 3; Koller, 76). Furthermore the higher the
temperature of a radlator, the less the intervening air 1e
heated. A radiafor at a high temperature--especially above
200° G.--1s more effective in heating a distant obJject by

‘
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radiation than 1t 1s at a lower temperature. For example,

the electrical heating unit used by Farrall et al. (48)
heated the air only .6% F., while at the same time 1t heated
the ground from 6 to 8° F. above the surrounding air. In the
present experiments, as substantlated by numerous temperature
readings made with several thermocouples, the alr was usually
heated only to a negligible extent. Areas near the leaves
where the alr was warmed more than elsewhere, were heafed
largely through the effects of conduction}and, to some extent,
convection.

When a leaf 1s heated to a temperafufe above the surrdunde
z*ng air tempergﬁpre, it returns a portion of this energy to
1ts immediate vicinity in several waye. First, heat is lost
by radiation--the phenomenon by which hesat is emitted from
the leaf, in the infra-red portion of the spectrum, to distant

'objects. Second, heat is lost from the leaf by conduction.

The following illustrstion wlll serve to show how hest 1s

lost by conduction in still air., Alr moiecules surrounding a
heated leaf recelve a part of the kinetic ensergy from that
leaf and, in turn, release a part of thelr absorbed energy

to the row of molecules lying adjacent to them. Carleton (31)
stated that heat cen best be defined as the total kinetic
energy possessed by the molecules of a substance. Thus it
becomes apparent thzt thie kinetic energy and heat can be con-

sldered 1dentlcal as far as these dlscussions are concerned.
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The net result of the transferring of energy from one layer

of molecules to the next, and so on ad infinitum, 1§ to give
a pattern with concentric layers of molecules whose energy
decreases as the distance increases from the leaf blade. This
pattern seldom remains intact without being disrupted by
other influences. Third, hest 1s lost by convection. When
air 1s heated and gains more kinetlc energy, 1t becomes
lighter or less dense than cooler alr. Wherever air thus
becomes heated 1t will tend to migrate tc areas of less
denéity and thereby create a conditlon known as convection
currents. | |

When the air is in motion--as in breezes or wind, énd
tﬁrough the action of a fan--both conduction and convection
patterﬁé become modifiled or partly dlsintegrated. In other
words, alilr movement incfeésesvthe relative amount of heat
lost by conduction and convection by increasing the tempera-
ture differeﬁfial between the layers of molecules lying close

to the leaf. At the same time, however; the alr movement

w1lll decrease the temperafure differentlial between the leaf

. and the average alr temperature. Radiation loss from a leaf
depends more upon the lower temperature of distant non-adjacent
surroundings than upon the témperature_df the air which |
lmmedlately envelops it. The heat absorption of the atmos-
phere that 1s absorbed by the'atmosphere is largely due %o -
water vapor and, to a lesser é;tent, carbon dloxide. Nltrogen

and oxygen, themselves, absorb an infinitesimal amount of energy.
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Radiation studies on growing plants aré altered by these
temperature patterns. Alr movement is not wanted because it
disrupts.the conduction-temperature pattern. Additional
calories of radiant energy are required when breezes remove
these heated molecules lying adjacent to the leaf; therefore,
wheh these particles remain undisturbed, it 1s posslible “to
heat the plants by radiant means using less energy, for wher-
ever the air—heated—by-conduction molecules can be held in-
tact, the heat lost by conduction and convection 1ls greatly
reduced. Even when all alr movements are eliminated, 1f
that were possible, convection currents will modify thls con-
duction pattérn, the extent of the modification varying with
the temperaturé differential which the experimenter maintains
between the leaf and the average alr temperature.

Although it 1s next to impessible to eliminate the heat
lost by convectlon, 1t 1s possible to prevent unnecessary air
movements., These controlled condlitlons are, however, not
found in many plant-gfowing chambers because the need ls sel-:
dom specified to the deslgners who draw up the plans for the
conatruction for such rooms. Few experimenters have ever
asked for stl1ll alr because still ailr does not give them the
even distribution of temperature whilch they require in most
of thelr experimental work.
| In the radiant heat experiments carried on in the cold
storage rooms,:a differential of 20° F. was maintained between

the leaf and the average alr temperature at a distance from
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the plant. 1In spite of the unwanted alr circulation in these
rooms, there was a slight temperature pattern extending fronm
each of these plants into the ad jJacent air., A difference of
10° F. was found between one-half and one inch from the lower
and protected surface of the leaf. A temperature differential
of 20° P. 1a seldom encountered in héture under solar radia-
tion. Perhaps some of the alpine plants on the southern
exposures may be heated that much or even more, but such
examples are infrequent. A temperature differential of 10° F.
is often found, and a 5° F, 1ncreaée-is commoﬂiy observéd
where plants are exposed to solar radlation. In any practlcal
application of radiant heating, i1t 1s much better to think in
terms of a small differentlal than in terms of a large differ-
entlal, such as was attempted in thig,experiment. However,
1t was 1lmportant to ﬁest the effects of radiation under as
severe a test as possible in order to learn 1ts potentlallities.
The present type of radlant heating 1s lmpractical, not only
because of the high temperature differentiai maintalned, but
because of the use of electricity{ which will never be prac-
tical unless 1t becomes much cheaéer than 1t 1s at present.
Tﬁe cold storage rooms which were used in these studles
weretnot adequately adapted to radiafion studieé because of
the irregular air circulatlon caused by the fans in the room.
The fans were necessary in order to circuléte the cooled air

from the refrigerating units.
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Many attempts were made to minimize the irregular flow
of alr. Durinz 1949 the entire framework with all the equlp-
ment was moved from one part of the room to the other. An
endwise position, as viewed from the door,Aat the farthest
end of the room from the‘door proved the most sucdessful of
all positions tried. During 1950, wrapping paper was draped
around the framework in various ways, and eventually a system
was provided which proved partially successful.

In designling a room for the purposes of radlation stﬁdies,
one of several different ideas might prove practical. Filrst,
air could be conditioned to tﬁe proper temperature before 1t
is 1ntfoduced into the room. Ducts used for this purpose |
could be so located and baffied that little draft would reach
the plants. Second, a system of radiant cooling could be
used whereby pipes of é refrigerant could be imbeéded behind
some highly emissive material in the wall and ceiling. The
- celling should prove most practical because the warﬁer alr
moves to the top of a room. The cost 6f construdtion would
be high because of the need for extra thick insulating material
behind such a panel, if an efficlent cooling system 1is wanted,

If these systems are impractical the present rooms'cquld
be converted into more deslrable cold rooms by increasing the
cooling area, using a lower temperature refrigerant and ad-
Justing the coolling system for continual operation.

The inverse square law of radiation distribution, which

applies to perfect black bodiles (Figure 5) does not aoply
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ébsolutely to plant leaves which cannot absorb 100 percent
of the radiation as does the theoretical black body. /Leaves
éermit a part of the waves which fall upon them to pass through.
The transmission is small, but it allows the shaded leaves
or the shaded portions of leaves to recelve some heat. Other
waves of light are reflected. The amount of radiation
reflected depends upon the angle of incldence and the surface
characteristics of the leaf. In radlation experiments the
experimenter wants to minlmize the amount of reflection and
increase the dééree of absorptidn; This 1s best‘accompllshed
when the leaf is horizontai, i.e., at right angles to the
direction of radiation. |

" The prinéiple of the inverse square law ansvered the
question why the leaves closest to the radiator were the hot-
-test. .The_d;fferénce is theoretically-quadrupied for every
doubling of the disfance between the radiator and thé plant.
This 1nd1cated that the lower leaves of the radlated'plants
did ﬁ;t recelve as much energy as those hilgher up. ‘It also
meant that the stems dld not receilve very much direct radia-
| tion because of thelr position.. The relatively small exposed
area per volume of both the petioles and the stem showed that
these areas were locally cooler tﬁan the'léaves, which had a

relatively larger exposed surface for thelr volume of tissue.

Borthwick (17) showed that localized cooling of plant tissue
can and does greatly slow up the metabolic rate of growth.

Although the growling point is closer to the rzsdlator than other
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parts of the stem and some leaves of the plant, it probsbly
18 not heated as much as the leaves are. .This lower temperaQ
ture may help to explain the chlorotic condition seen at the
growing point of the radiated sceedlings. Meyer énd Anderson
(89) say that the dividing cells in the top of the growing
point 15 a reglon of intensive respiratory and assimilatory
éctlvity. Thus any decrease in temperature at thls reglon may
well account for any tardiness in the rate of growth.

When 1t was necessary to operate at such close-distances
as was necessary 1h 1950, 14 to 18 inches from the radlator,
1t was difficult to estimate the average amount of radlant
‘energy beceived per plant. if any error was made, it was oh
the side of underheating due to underestimating the volume of
colder tissue in the stem and petioles. Air currents'which
tended to cool some plants more than others and the uneven-
ness of radlation distribution produced errors whlch were
partially counteracted by moving the plants from time to tilme,
The narrow distributlion of radiant energy for the two differ--'
ént reflectors meant usinz two rows of plants with the para-
bolic reflector and four rows wish the elliptical reflector.
A space had to be vacated at both ends and at the slides because
of the 1nsufficient amdunt of radiant energy. The position
of the leaves brought in an uncertain variable, but fortunately
the strong tendency for the leaves of the radiated plants to

Tace 1in one directlion simplified calculations,
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A1l light intensitles were balanced wlth a Weston light
,meter (photometer), but it appeared that there may have been
a varilation in the amount of luminous energy received by the
different plants because of thelr placement and the_curling
of some of the leaves. Since there was no simple way to’
ascertain this difference, 1t was assumed that all variétione
tended to cancel each other and that whatever varistion
occurred was not significant.

The leaf position conétantly altered due to nutation.
This alteration could have been photographed with a time-
lapse camera. The thermocouple connection with the leaf was
suffilcliently strong in.almost all cases to counteracf any
tendency of plant movements to loosen these Jjunctions. When
it was necessary'to use thermocouples for thermostatlc control
of radiant'energy, extreme care was taken in attaching them;

rone of these attachments loosened.

, Soll Temperature Relatlionships
Séil temperature greafly affects the absorption of water
by growling plante in general and more so by certain high
temperature crops. Arndt (7) found that cotton wilts when the
temperature of the soll falls to a reglon between 17 and 20° C.,
while Doring (43) found that, when several blante were trans-
ferred from a soll temperature of 20° ¢. to one of 0° C.,

the absorption of some plants was greatly retarded and others

were scarsely affected. Kramer (77) also found specles 4if-

ferences with respect to water absorptlon at low soll tempera-
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tures. Meyer and Anderson (89) state that the principal
’factors affecting the réte of absorption by growlng plants
are: (1) avallable soll water, (2) soil temperature, (3)
aeration of the soil, and (4) concentrastion of solutes 1in the
soll solution. Ali these factors llkewlse influence the
rate of transplirsation.

In the experiments conducted in the cocld storage room,
" these above-mentioned factors were controlled in the follow-
ing ways. The necessary water was made available Dby the use
of autométic waterling; the éoil'tempefature was kept constant
by the soii-heating cable regulated by the soll thermostat;
the soll aeratlion wuas adgquate under automstlic watering con-
ditions, as stated by Post (1068) under this subject; and the
801l golutes were probably'nearly eqﬁal because each group
of experimental plante was potted from an evenly mixed plle
of'soil, and because the seedlings werevnever fertilized from
that date until the end of the experiment. Quick tests by
the Spufway system of soll analysis checked perfectly each
time an analysls was made. From the foregoing cconslderations
1t 1s seen that the variability of the plznts in the experl-
ments was little affected by soll conditionsa.

 31née an _increase in total nitrogen and ash was found 1ln
the radiated plants, the following references regarding the
intake of nutrients at different soil temperstures are included.
Kramer (77) showed that salt intake 1s reduced st low-tempera-

ture levels. Allen (3) described how calendulas and snapdragons
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showed marked symptoms of nitrogen deficlency at the slightly
low soll temperature of 52° F,.

Regarding.the relationship between light intensity and
soll temperature Steinbauer (l23) showed that the greatest
response to an increase in concentrsztion ofvthe nutrient
solutions occurred at the higher light intensltles, indlcating
‘that a greater need for nutrients occurred under these conditicns.

If differences in soll temperature‘caused any of the
diffefences noted in the radiated plants, they were probably
due to the variation in the different parts of the pots which
were warmer at the bottom and colder at the top while they
were in the 40° F. room. It is not known what effect this
localized heating may haﬁe had on the soll roots. The roots
and root halilre appeared normzl and équally distributed with
the largest quantity toward the bottom. Nodﬁie development
appeared equally abundant in both group of plants.

Stoutemeyer and Close (127) and Stout et al. (126) mention
that the localized heating of a heating cable lald.on the
surface of the soil gave the most-growth to plants growing
nearest the heating coil. When the hesting coll was placed
beneath the rows of gladioli, Emswoller and Barthwick (47)
found that these plants were forced greatly ghead of unheated
corms. Zerfoss -and Strand (152) and Porter and Ditchman (105)

mention thot heating the plants with electric bulbs in the

?

hotbeds gave a good growth even when the soll was not heated.

s
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Hayward and Spur (69) relste the intake of ions to the
osmotic pressure differences exlsting between the soll solu-
tion and cell sap and to the metabolic status of the roots
In respect to the carbohydrate reser#es. Substrates of high
osmatlic concentration tend to 1ﬁhib1f the mqustematic activity

and élongation of the root.

Vapor Pressure Deficlt

The relative dryness of the sir determines, 1in part,
the amount of water thet 1s lost through the plant by elther
cuticular or stomatal transpiration. It also determines the
amount of water lost from the soll by evaporaﬁion. At &
given tempersture of the air the relative humidity can be
used for comparing differences in the humdity, but it fails
to indicate the drying power of the atmosphere when the
temperatﬁre of the alr varies. In dlecussing the transpira-
tion of plants under different tempersture conditions, a more
reliable gulde 18 the use of the varor-pressure deficit.
This deflcit 1s an ilndex of the relative water-abeorbing
capaclty of the atmosphe:ef—the true criterion which deter-
mines thempidity by which this alir changes liquid water into
water vapor. The higher the vapor pressure deflclt, the
greater the capacity the alr will have to eveporate water
from a leaf or atmometer into vapor. Accordirg to Anderson
(4) the vapor-pressure deficit 1g tre difference between the

actual vapor pressure of the atmoschere and the vapor pressure
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, , ,
of a saturated atmosphere at the same temperature. The vapor

pressure can be calculated from tables when/the relative
humidityvand temperature are known (Oostirg, 98). The vapor
prescure deficit increases with the rise in temperature and
wlll vary from place to place in a more or less direct rela-
tionship to fluctuations in temperature when transpiration ls
not consicdered. Alr molecules adjacent to a heated leaf,
}herefore, have a greater energy factor which alds the trans-
formatlon of liquid water into vapor. This. energy tends to
haéten the traqspiratory rate of the leaves under radlatlon
conditions, and the vapor thus formed, 1n turn, lowers the
>vapor—pressure deflcit in that vlcinity.

Locallized areas of varying degrees of molsture, especlally
around the leaf and the stomatal or transpiring areas, are
known as microclimates (Ramsey et al., 113). These are
characterized by a‘humidity gradient, the vapor pressure
deflcit at the evaporating area of the inter-stomatal spongy
cells in the leaf differing from that of the dryer air at a
greater distance from the leaf.

Meyer and Anderson (89) stated ﬁhat most transpiration
occurs throﬁgh the stomatas but that 1in some cases some water
18 lost through the cuticle; the amount lost by both methods
depends upon leaf characterldtics. Miller (91) stated that
the amount of transpiration depends upon the intercellular
spaeces, which may form between 3 to 70 percent of thé total

volume of the leaf.
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The leaves on plants growing under intense radistion
probably have fewer intercellular,spaces because of the
différencelln_texture that 18 seen when intensely radiated
leaves are compared to leaves growing under less 1htense
radlaticn. Oosting (98) stated that plants growlng under
intense solar radlztion have a thicker palisade layer apd
less sponge tissue, while those growlng under conditibns of
less redlatlon have feﬁer palisadé cells and more sponge
tissue. These sfatements indicate that radiated leaves have
less evaporating area within thelr leaves, and sinceﬁwater is
lost in such large amounts under radiant conditions, the
watér_loss per intercellular transpiring area must be rela-
tiQély large. The probable reduced evapofating area and the
high water loss would indicate, besides, thaf the inter-
stomatal cavity is a reglon of higher humidity than might
otherwlse be anticlipated.

The experlence with mlldew infection in the second group
of plante during the 1949 seasoﬁ; in which the mildew flour-
ished more in the radiatqg pPlants than in the control plants,
seemed to verify the idea of a higher moisture condition in
the intercellulsr cavity. Mildew usuélly develops on the -
surface of the leaf, énd casual observation has often given the
impression that 1t could not grow if all water were kept off
the surface;. Under radisnt energy exposure leaves are usuallj
qulte dry on the surface due to the increase vapor pressure

deflcit resulting from a higher leaf temperature. Actually,
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however, the mildew grew a gréat deal. It bécomes apparent
that the spores must have germinated within the intercellular
areas of the leaf, and that sufficlent water must have been
present tb make germination possible. To enable the mycellum
to furnish enough water must have been avallable to maintaln
a lush growth. further research with mildew under radlatlon
conditiéns should be made to find out fhé true relationshipe
exleting under such growing conditions.

The use of radlant energy for the prevention of purely
surface-borne organiems, such as damping-off'organlsms are
supposed to be, should prove a fruitful field for future
research since it offers one of the most practical. appllcations
for the future use of radiant energy. \

The higher vapor-pressure deficit on radiated plants
caused considerably more Water to transbire from the leaves.
This 1ncreased loss of water 1s frequently observed b& horti-
culturists who note that plante require more water when the
solar radiation is most intense. Under the combined influence
of both sunshine and artificial razdiation, the 1lily plants
grown 1in these experigénté showed a water consumptlion twilce
as high as those same plants growlng under solasr radlation
only. BRed XKidney beans growing under artificial radiastion
showed only a 4:1- difference at the start and a 6:1 differ-
-ence toward the end of experiment. This difference was
partly due to the higherihumidity which developéd in the

control room,‘since no effort was made to control the moisturec
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content of the air. No effort was msde to ccntrol the
humidity because of the difficulty of meintalning temperature
control and because of the poor adaptation of the avallable '
humifiers to the pUrpose.

All beans growing under control conditions showed a
higher water content in their leaves as revealed in the
difference between the green and dry weight of the plant
tissue. This 18 graphically shown in Figure 65 in relatlion
to the chlorophyll ana}yéis. The differences, although not
shown 1in this thesils, were not as high when the comparisons
were made after the plams were four weeks 1n the radlation
and control room. ‘' The radiasted plants were usually dried to
aboutvll percent dry weight, while the control plants weilghed
to about 10 percent dry weight.‘ if'éﬁ@ears that the most
succulent pl:=znts are thdse growing under the control condl-
tions. Could.thls be due to the influence that radlation has
in influencing the intercellular structure of the leaves?
Future investigation usi%g cross-sections of the leaves would
1ndicéﬁevthe differences in cellular structure.

Vapor-pressure veriation affects the radlation loss from
the soil (Puckett, 112), and the thermal conductlvity 1s higher
on wet séils than 1t 1s on dry soils (Nicholaé, 97},

Most references in the literature regarding the relatlon-
shilp of intake of szlts va. water intake indlcate thet no
appafent relzationshlp exlsts between these two phenogena;

however, since more ash and total nitrogen were measured in
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the radiated plants over the control plants in these experi-
ments, two references in partial support of the theory that
the higher water intake influences the increased intake of
solutes are offered. Sorauer (121) found that the pea plants
‘growing in a dry chamber had a slightly greater dry welight
and ash content than simllar plants growing in humid chambers.
Muenscher (93) obtained 5 percent less ash in vlants growing
in rooms where the transpiration was reduced one-half. This,
he remgrks, stlli is not significant. However, 1t seems,
there might be some slight effect on the ion intake from an
1cheased abgorption of water which 1is nOt'normally present

under the usual type bf experimental designs.

Plant Movements

The Red Kldney bean showed scome diaphototroplsm; i.e.,
the plants bent thelr leaves in the direction of light. This
was evident in the early hours of the day when the leaves
were facing the eastern sky. The effect was most pronoﬁnced
when the light was in the most unilateral directilon--i.e.,
when the light on one slide was more intense than in any other
direction.

The experimental bean plants used in the cold storage
‘rooms also responded in a different way. The lights used,
300 candle-power in the 1949 season and 240 candle-povwer during
1950, seemed to cause the plants in the control room to face‘

toward the two sides on which these lights were placed. 1In

i
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the radlation room the leaves were more or less at right
angles to the dlrection of the radiation source. It appeared
that the radiant heat sourcé might have had a tropic stimulus
dn.these leaves in much the éame way thzat the lighta have in
phototropism.

Boysen-Jensen (18) showed that phototropism was the
result of the unegqual stimulus of aﬁxins; or plant hormones,
which tend to migraté to thé shady side of the stem. These
hormones sause a more rapid growth on the side away from the
iight and thus cause the stem to bend in the'direcfion of the’
light. Auiins in plan£ tissues can be inactivated by l1light
of high intensity (Burkholder and Johnson, 29). The shorter
waves are the most efficient in causing this lnactlvation.

The horizontal placement of the Red Xidney bean leaves
in the radiation room_probablf‘indicates that the radiation
from the heater causes somé destruction of these hormones.

It appears that there might be a two-fold reaction to
radiant energy. First, it seéms to stimulate the leaves
glready formed and give them a very healtiy and vigorous
green appearance; and, second, 1t inhibits the terminal grow-
ing point which at certain times, especlally when the plants
are young, beéome chlorotic in appearance (Figure 50). This
may indlcate the reaction of two different types of growth
substances. This 1nhibitory type of growth cannot be asso-
clated with any similar response typlcal of that prbduced by
various colored lights. This growth looked more like the
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reaction to blue light, however, the internodes that developed
., were normal in length. The main concluslon that can be |
arrived at 1s that the plants Just did not grow as fast, and
that the slow growth may have been due to such reactlons as
the probable lower temperature Jf the stem, inJjury to the
groving point, the higher osmatic pressure (which uq@oubtedly
existed at this point) which can inhibit merlstematlic growth
(Hayworth and Spurr, 69), or the lower carbon dloxide content.
which could have existed. 1If any injurious gaees were present
there was no way of defecting thelr presence. _The lezaves
on the radiation plants were thicker, and the stimulus of the
radiant heat probably diverted part of the nutrlent of the
‘plant to form added palisdde layers rather than fqr'use in the
-meristematic region of the growing point. This thicker
‘valisade layer 1s described by Turrell (133), who describes
how plants‘developed a signifiéant degree of x~romorpny under
high 1light intensities.

Goodwin (56) found that light inhibits the length of

grovwth of the first internode of Avena sativa. HoweVer he

found no inhibitlon in the infra-red wave bznd longer than

1.6 microns at the intensitles used. Later the same investi-
gator found that the greatest inhibition was found in the
vislble yellow and red light (Goodwin, 57). The wave band
used in these experiments centered around the four mlcron wave

length with a broad spread extending from at least 1 to 10 or

20 microns.
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SUMMARY

1. Radiant energy was used from a cromolox heating
element to heat plants above the surrounding alr temperature.
A plant whose temperature requirement wasrhigh, such as the
Red Kidney bean, which requires a 60° F. night temperature
for optimum growth, was found suitable for most of the
radlation studies, |

2, Radlant energy can be used to heat the leaves of
Red Kldney beans to a temperature of 20° F. above the averzge
room temperature in which they are growing when 60° F. is |
used as the'standard leaf temperature at a distance of 14
inches with the elliptical designed reflector and 24 inches
with the parabollc reflector. | | |

3. When the analysis was made of the vlants growlng under
radisnt conditions and those used as contrdl plants, an increase
of ash and total nlitrogen was indicated in each case; tiis
1ncréase may héve been due to the greater intake of water
and to the*fact that some of extra nutrients in the soil may
have entered the plant with the extra water absorbed.

4, No significant difference in vitamin C or chlorophyll
content was found when the analyses of the radiated and con-
trol plantes were compared én a dry weilght basis.

5. Red Kidney beana.grown under radiant energy displayed
a dark green, flat, smooth leaf in a more or less horizontal

posltion, whille the control plants at the same‘age of zrowth
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Were‘curled, bumpy and tended to face sidewlse in the dlrec-
tion 5f the two panels of 1light. Terminal growth of the
plants in the radiated group was partlally chlorotic and
stunted in appearance and the growing point of this group;
d1d not develop as fast as those in the control room. This
difference in growth may have been due to a difference 1in |
temperature exlsting at those polnts and the uninterrupted
presence of radiant energy.

6. Both the 300 and 240 foot-candles of light intensity
proved a@equate for the needs of plant growth 1n these
experiments, although more illuminaztion might ha&e proved

better. The daylight fluorescent tubes gave off a negliglble

amount of heat--warming the plants approximately 1° F.

7. Automatic equipment for the heating of Red Kidney

. beans proved successful. When the circular-chart pneumatlc-

potentlometer controller was-activéted by a stimulus from a
thermocouple located on the under surface of a selected leaf,
1t controlled the variac through a motortrol giving the re-
quired amount of voltage to the electrical heatling rod. The
'temperaturé variation was about 2° F.

8. The elliptical reflector gave the best distribution
of energy but could not be used at sufficlent distances to
eliminate the deleterious effects assoclated with the dis-
proportional degree of heating occuring at close dlstances.

9. The total height of radiated plants was less in all

lots, although thg length of each internode approached a
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condltion approximately normal. The radiated plants developed
fewerﬁinternodes than the control plants. ' -
10. The thermocouples made from soldering the copper
and constantan wlres with sllver end to end proved very guc-
cessful, easy to use and accurate.
11. Red Kildney beans proved to be a particularly valuable
plant ?or such radiation studles because of 1lts sensitive-
ness to temperature changés and the ease of growing seedlings

that are sultable for selection purposes.
FUTURE SUGGESTIONS

The use of radlant energy to heat plants to a temperature
of 20° C. above ailr temperature does not look promising when
viewed from the results of this thesls. It was Jjustifiled,
however, 1in this case, to determine what effects such a tem—
perature differential would have on plant material.

It 1s suggested that a temperature differential of 10° F.,
such as 1s commonly observed in the greenhousé on most plant

materlial, be used in future research which may have practical-
‘applications. If the plants which demand a -60° F. night
0utemperature could be grown 1ln a greenhouse heated to 50° F,
by usual means, with an extra 10° F. supplied by radiant
means, and 1f this job could be done more economlically than
heating thé game greenhousé to 60° F, air temperature, 1t
would be considered practical means of heating providing the

co8t of 1nstallation would not be prohibitive. The fuel bill




- - 156 -

of Heaging gréenhouses in lilckigan to 609 F. 1s approximately
twice the cost thet of heating the same greenhouse to 50° F,
Heatiﬁé plants at close dlstances, as Was necesssry 1ln
the present experiments, c¢created several undesirable features
in which the temperatures varied greatly from one part of the
plant to the other. Future heating from radlant sources should
maeke use of greater dilstances, and ultimately the farthest
distance p0391b1e in a greenhouse--under the ridge of the
greenhouse. The distence af the sun, 93 million miles, 1is
1deal because 1t heats all parts of the plants, equally
exposed, identically. ,
Electricity, as a source for radiztion, 1le stlll too
expensive'to compete on an equél basis with coal or oil. In
the present studies 1t was the only availlable méans of con-
trolling radlstion for experimental purposes. However,
future control may be obtained by other methods., The most
promising, stlil in the theoretical and untrled stage, 1ls
radlation frem the flow of a 1iqu1d1 heated to a tempersasture
of 500-600° C., circulated by means of a pump, and heated |

from a central location by whatever fuel 1s most economical.

1. A "liquid-metal coolent" is referred to, as well as a
sodium-potagsium dlloy used at Osk Ridge Nationgl Labora-
tory which melts at 59° F. Gallivm melts at 86° F. and
bolls at 3600° F. If a metal is needed to resist high
temperstures, molybdenum, with a melting polnt of 4750°
F. or an alloy made from 1t could be used.
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The condult for such a flow would have to extend from one

end of the'gréenhouse to the other; it would have to be heévily
| Insulated on the top to prevent héat lose and sclentifically

shaped on the bottom with the proper convex curvature, to
“1nsure‘equal distribution of radiant energy to all parts of
the greenhouse., Commercilal preparations‘on the market-—like
galliﬁm or some alloyé——may be suitable to find applicatlon
in such a system.

Alr circulatlon should be studied to insure the efflclency

- of radiant heating. An ingenious method was used by Gray

(80, 62) to detect eir movement in the gfeenhouse. By this

meahs 1t might be possible to minimize unwanted alr circula-

tion. Freeland (52) suggests one method of controlling cir-

culation which might be modified for.these experiments.

Radliant energy experiments carried on without solar

rzdiation should be supplied with ample. light.  Illumination

of 6C0-1000 foot-candles of daylight fluorescent or whilte

fluorescent light 1is suggested, especlelly Af the plants used

are to be grown to maturlty. It ie deslrzble to measure and

control the CO2 concentration in order to remove it as a con-

trolling factor in plant studies under higher intensities of

111lumin-tion.

Refrigeration SEquld be constant and controllable.
Besldes modification of the preéent system, two other methodé

might be used which would be sultable for radi:ztion studies.
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First, air thzt 1s conditioned to the proper pemperature,
humidity, =nd, if need be, 002 concentration could be intro-
duced by means of ducte with sultably baffled outlets.
cooling system mounted behlnd a highly emisslve celling or
wall and with ample 1nsulation touthe outslde alr. This
system should give a theoretically even distribution of cool-
ing, especlally 1f placed in the ceiling, with 1ittle ailr
movement other than the normal convection currents.

The vapor-pressure deflicit should be controlled. Wallace
0136) suggested a simple and effective humidity control which
conslsted of a rsdlo-grid actuated by a humidistat. The most
sultable humidlistat avallable 1s probably the electric hy-
groneter. Its accuracy 1s much greafer than that of the
design based on the expanslion of the human halr.

If a more highiy efficient source of radlant ‘energy is
deslred other than the type emitted by a heasted metal (black
body type), there is the possibility that future developments
of suitable'filtering devices may provide a higher concentra-
tion of energy to planté. With thelr ﬁse a higher temperature
emltter could be used similar to zircornium--one of the most
concentrated forms of radlant energy that 1s used in 1nducstry.
Becker and Fan (15) have tested the optical properties of
different metals and report that both germanium and especlally
sllicon transmit a large quantity of infra-red rays in the

near infra-red regilon of the spectrum. A filter made of
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First, air that is conditloned to the proper temperature;
humldity, and, if need be, 002 concentration could be intro-
duced by means of.ducte with suitably baffled outlets.’
Second, refrigeration could be obtalned by means of a radlant
cooling system mounted behlnd a highly emisslive celling or
wall end with ample insulation to the outside air. This
system should give a theoretically even distribution of cool-
ing, especially if placed in the ceiling, with 1little alr
movement other than the.norheljconvection currents.

The vapor—pressure deficit ehould be controlled Wallace
’ 0106) suggested a simple and - erfectlve humidity control which
consleted of a rad;o-grid actuated by a~hum1distat. The most
sultable humidistat available 1s probably the electric hy-
grometer. Its accuracy 1is muchegreater.than that of the
design'baeed on the expansion of the human“hair.

If a more highly efficient sourcé of radiant energy 1s
desired other than the type emitted by a heated metal (black
body type), there 1s the possibility that future developments
of sultable flltering devices may provide a higher concentra-
tion of energy to plants. With theif-use a higher temperature
emltter could be used similar to zirconium——onewof the most
concentrated forms of rasdlant energy that is used in industry.
Becker and Fan (15) have tested the optlcal properties of
different metals and report that both germanium and especlally
8illicon transmit a large quantlity of 1nfra—red.raysiin the

near infra-red region of the spectrum. A filter made of °
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sllicon should be more practical than ordinery infra-red glass
filters or the asphalt type filter used by Withrow (14€). No
visible 1light should pass through such a filter as 1ts
ébsorptibnﬂdoesvnot extend into the visible part of the
spectrum but starte at about one micron wave length. Light
through this filter will fog special infra-red photographic
platés which are sensitive to 1.2 microns of waves. If a
glass type of fillter is needed the new gléss diccovered by
Dr. Frerichs (96) has the ability to transmit more infra-red
radiations than any other molded glass. It is reddish in
color and is made wlth arsenic and sulphur. It 1s possible
to construct the glass so that no visible 1light can be
transmitted,

If 1t 1s desirable to study the effects of a narrow band
of any particulaf radiation; 1t now seems probable that the
newly described interference fllter will be sultsble to studies
of the effect of visible. light on plantsvand probably could be
likewise adapted to studies of'the effect of infra-red radia—'
tlon. Because of the.narfow band of emlssion 1t would not be
considered an efficient type but rather one that could be used
to tag, so to speak, the effects of eachﬁd;Stinct band in the
spectrum, |

If the effects of radlztion are to be studled in the
greenhouse, it 1is hecassary to determine the amount of solar
11lumination falling on the plants being studled. To ascer-

taln the amount of solar 1lluminstlion at Ithaca, New York,
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Post and Nixon (1C6) built a graphlic light meter which
“recorded light from # to 10,000 foot-candles continuously
throughout the day and year. Another method of determinlng
the accumulative effect of light over the entire day 18 based

on thé'light chemical reaction of oxalic acid-uranyl sulphate
by ultra-violet light (8).
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