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Review of Need and liethods of Frost Conti

Nature of the problem
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Radiation-type frost
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atmosphere on the earth, for the energy of the sun is emitted
in short wave-length radiation wihich penetrates the atmosphere
of' the earth with little loss, while the plants, having ab-
sorbed this energy, emit it in long wave-length radiation
which is readily absorbed by the atmosphere and thereby results
in heat being added to the atmosphere; which at the same time
decreases the net loss from the earth and plants. This
implies that, void of its atmosphere, the earth would become
extremely hot during the day and extremely cold during the
night which corresponds to the teaching of physicists in
general. Therefore, the atmosphere serves as a trap vihereby
the eerth retains suificient heat to carry it through the

night.

The condition of the atmosphere, then, will greatly
influence the net amount of heat gained by plants in any one
period of time. For exanple, the absorbing characteristics
of the air become more pronounced as the absolute humidity
increases. Conversely, if there is little humidity in the

air, as on a clear night, the plants rapidly lose their heat.

Rediation-type frost is common during the early and
late parts of the growing season. Its formation can be ex-
plained as follows on the theory of heat transfer. To set

the stage for this type of freeze, it is required that there




be a preliminary influx of cool to cold air, followed by a
calm, clear night. Since the plants undexr these conditions
are radiating heat to the outer space, the net heat trans-
mission is aweay from the plants. The air will become cooled
by conduction to these plants. As the air becomes cooled,
gravity pulls it dowvn to settle close to the ground. When
the plants have lost suiticient heat by radiation and have
cooled the surrounding air to a low tewmperature, their
tenperatures will approach the freczing point. If the plant
tenperature falls below the dew point of the surrounding air,
moisture will condense on the vegetation, and when subse-

quently frozen to ice, will give the familiar frost appearance.

Not all freezing, however, is visible. For example,
when the viind velocity is in the magnitude of five miles per
hour, the condensate is carried off the vegetation, leaving
no moisture to form visible frost. Another condition occurs
when the dew point is lower than the minimum plant temperature
for that freeze. This freezing without visible frost 1s

conmonly kmovm as "black frost".

Except for extremely cold conditions, a four-mile per
hour wind will cause sufficient turbulence to prevent the ailr
from collecting in strata. The moving air also convects

heat to the plants, keeping their temperatures above the




freezing point. However, when the preliminary influx of air
is relatively cold, freezing is likely to occur even if
there is a brisk wind, because this cold air cannot convect
enough heat to the plants to offset the heat that is lost by

radiation.

liethods vsed for the protection of vezetation from frost damace

The basic principle involved in the problem of keeping
vegetation from freezing is to mainteain the temperature of
the vegetation safely ebove its freezing point. The three
approaches to this problem are: (1) conserve the existing
heat possessed by the plants and the ground; (2) utilize the
heat in the surrounding air through stirring; and, (%) add

additional heat from a so-celled artificial source.

Numerous attempts have been made to gain these three
objectives, but the methods tried have been either too ex-
pensive, required too much lebor to install and operate,
or vere not entirely successful. For example; glass coverings,
or a covering of cloth and lath screens, are excellent pro-
tection, but far too expensive for the average crop.
Irrigation has been used successfully, but it, too, is ex-
éensive to install and promotes fertility loss through

leaching. TFlooding is effective, but often causes water




damage. Efforts to make artificial clouds have not been
successful. Large motor-driven propellors have been used to
stir the air, which in turn convects heat to plants, but
topography, climate, and the value of crop limit this appli-

cation,

The most widely-used and successful means of combating
frost danage has becen the use of orchard heaters in the
citrus groves. The original idea was to blanket the area
with dense smoke in order to cut down radistion loss. From
this practice the burners came to be called "smudge pots'.
The individual units cost little, but one per tree, or two
hundred per acre, are required to be effective. The damage
from the smoke and the nuisance they cause have led urban
conmunities to pass ordinances restricting the use of this

type of heater.

A larger orchard heater was then designed to heat the
grbves. While these units are more expensive, only ebout
fifty per acre are required. In addition to radiating a
part of the libcrested heat, this heater takes adventage of
the fact that on a clear, calwm night there is a thin layer
of cold air near the ground, while the air temperature in-
creases with elevation to a certain point, above vhich the

tenperature again decreases. This phenomenon is called




"temperature inversion®. The primary purpose of these heaters
is to warm the air under the inversion point to the necessary
degree. It is most effective if the day temperature has

been high and, theref'ore, it is necessary to heat less air.
Even though these hcaters are effective for the control of
radiation-type frost, they are expensive not only because

of the initial cost and the fuel cost, but because much labor
is required for installation and maintenance. These facts
have caused the citrus industry to look for better means for

preventing frost damage.

Preliminary tests made at liichigan State College

The farmers of liichnigan realize the neced for protection
against frost damege, as a large part of their agricultural
industyy is devoted to truck gardening and couwmercial flower
and fruit growing; a large part of which cannot be contami-
nated as would result from the present orchard heaters. The
problem of frost damage, while alwvays important, became more

so during World War II when the crop values increased.

By 1945 the problem of frost protection had become so
acute that the Liichigan Agricultural Experiment Station was
asked to develop a practical means for controlling frost
formation. The problem was subsequently referred to the

Agricultural Engineering Department.




As a first step, an intensive study vias made to de-
termine the relative advantages and disadvantages of all
known attempts to control frost. lethods that appeared to
be practical were given careful consideration, and some of
these methods viere tested by the Agricultural Enginecering
Department. In one instance the United States Army Air
Forces sent a helicopter to the College to be used in cir-
culating the air by flyingvat low altitudes over the areas
to be protected. It was concluded that while some of these
practices vere effective under selected conditions, they
would be impractical for the conditions surrounding liichigan

agriculture.

Careful study showed that convected heat was limited
in that it is dependent upon the atmospheric conditions.
In the fall of 1945, A. W. Farrall, Head of the Department
of Agricultural Engineering at Liichigen State College, proposed
the use of infrared radiant energy as the principal source

of additional heat for a solution to this problem.

In order to test this method, an electrically-powered
roediant-type unit was designed and constructed'at Michigan
State Collegé in the spring of 1946 with the éoéperation of
the Research Comnmittee of thie Detroit Board of: Coumerce.

Information was needed as to the effectiveness. of radiant

et ‘?,\
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heat in preventing frost damage, the radiation intensity
required per unit surface area, and the cost of constructing

and operating a practical unit.

This unit was designed to cover a plot forty feet square..
The heating unit consisted of rod-type chromolox elements with
an input of tvienty K.W.. With the use of standard reflector
design techniques, this unit was so constructed that practi-
cally all of the heat being radiated was uniformly distributed

over the designated area (9).

Tests were made during natural radiation-type frosts (7).
Althougzh actual teuperatures of the vegetation and surrounding
air were not rccorded, the tests indicated that a radiation
intensity of three watts per square foot would adequately
protect vegetation from frost under the conditions most
likely to occur during the spring and early fall (10).
Although this electrically heated unit was excellent for
testing purposes, and supplied the necessary basic data, it
would be too costly to be commercially feasible. Furtaermore,
present electric lines are of insufficient capacity to pro-
vide protection for eppnreciable areas. The next step was to

develop a radiant heat source that would be practical.
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Two factors led to the use of oil-burning equipment.
First, on a BTU basis oil is inexpensive; second, it was
felt that oil-heated radiation units could be constructed

at a reasonable cost.

The average net heat loss from the surface of the earth
by radiation at night has been found to be at the rate of
approximately one million BTU per hour per acre (8).

Using this as a basis from which to start, an oil-burning
unit was constructed that would burn fuel at the rate of
approximately seven gallons per hour. The radiating surface
was made of three steel oil drums welded end to end. Aluminum
reflectors were positioned around the barrels in an attempt
to direct the radiation dowmward. A commercial-type pressure
vaporizing burner was used. This unit was tested during the
fall of 1946 under natural frosting conditions. The results
were conclusive in establishing the effectiveness of the
principle of frost control through the use of radiant heat.
The area covered was greatly expanded and the original figure
of three watts per sguare foot was found to be the average
intensity requirements for protection against normal frosting

conditions during the fall.
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Theory of the Emission, Transmission, and Absorption

of Infrared or Thermal Radiation

There are three viell-known means by which heat is trans-
ferred from a hot to a colder body. They are convection,
conduction, and radiation, and all three are generally in-
volved or associated in any one process. The third method,
radiation, is unique in that it involves no material means
of transfer, and for this reason there apparently are
advantages and justification for experimental work in evalu-
ating this means as a frost control measure. Radiant energy
is transferred as electromagnetic radiation and is found to
traverse a vacuum without attenuation, but will be absorbed

to some extent by gases or vapors.

As to the source of thermal radiztion, it was first
advanced by Prevost, in 1792, that all matter above absolute
zero temperature emitted energy in the form of radiation.
Since all matter absorbs such electromagnetic radiation at
some wave length, it would seem that the second law had
been invalidated by this hypothesis; however, even though
a hot body may receive energy from a colder body, there is
experimental evidence to the fact that the net exchange
will invariably show a gain for the colder body. This is

best illustrated by placing objects at varying temperatures
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within an insulated vacuated container and noting that the
objects approach an equal temperature, the temperature of

the container.

Quantitative laws for "blackbody" radiation follow;
howeVer, a few explanatory remarks about this special classi-
fication of radiation is in order. There are several defining
lfeatures which characterize '"blackbody" radiation. The
important features are: (1) a blackbody absorbs all the
radiant energy which falls upon it; (2) no body possesses
a radiancy greater than that of a blackbody; and, (3) black-
bodies obey Lambert's Cosine Law while non-blackbodies do
not, which means that the intensity at any direction from
the normel equals the product of the normal intensity times
the cosine of the angle that the direction in question makes
with the normal. As a consequence of (3), the steradiancy
or brightness of a surface is the same from all directions
of view. These three conditions or characteristics hold

for spectral values as well as total emissive values.

As previously stated, the derivations of quantitative
laws are based on "blackbody" radiation and since it is
admitted that there are no surfaces of matter which correspond
perfectly to a blackbody (even though such materials as

carbon black, platinum black, zinec black, and carborundum are

e
&
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among the best approximations), there seems little justi-
fication or experimental proof to warrant such derivations.
However, for theoretical considerations and calibration
purposes, a true source of "blackbody" radiation is atteined
simply by studying so-called cavity radiation. This is the
radiation emitted from a small aperture in the side of a
uniformly heated enclosure of opaque vwalls. It is under-
standable that this aperture will absorb all the iwpinging
radiation,’for once it gets within the cavity there is only

a remote probability that it will come out again. The second
condition is satisfied since the radiation density is a
maximwn (which can be shown theoretically) for the given
enclosure temperature, and since the aperture is essentially
the inside surface, this consideration gives the radiation
intensity for the aperture a maxiwuwn value for that temperature.
As the radiation from the aperture is uniform in all di-
rections (in the outward hemisphere), the intensity will

vary as the cosine of the angle with the normal; thus satis-

fying the third condition.

In this study oxidized sheet steel was generally used
for the radiating surface. This surface has total emissivity
values ranging from .8 to .95 (18) which is the ratio of its
total emissive power to that of a blackbody at the same .

temperature. Also, the variation of this surface from Lambert's

E
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Cosine Law is illustrated in Fig. 1, and it is noted to

compare very closely with a blackbody emitting surface.

Since the total emissive power and hemispherical distributional
characteristics approach that of a blackbody the quantitative
relationships for blackbody conditions are applicable to a
first order of approximation for the real surfaces. There-
fore, the following relationships are included to further

an understanding of the application to be made.

Quantitative laws for blackbody radiation (24)

Attention is first directed to the spectral energy
distribution or spectral emissive powver of the radiation as
a function of wave length and temperature (Fig. 2). Tnis
plot is possible tihrough the appjlication of Planck's ana-
lytical expression for the spectral energy distribution of
"plackbody" radiation. Planck was able to derive this
relationship, which is in agreement with experimental results,
by introducing the quantum theory in conjunction with the
classical statistical theory (theoxry of elastic or electronic
vibrations). ZEinstein and Bose each have subsequently
derived the same relationship through the use of statistical
mechanics. Without carrying through the derivation, the

result is given in the following equation:
~/

. deg.
E)\ = 3. /40 x/0 7 ergs C/ﬂz/\-5[e‘ 37\§_m e ~/]
Sec.
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Based on this relationship the curves (for 1O000°F. and

1500°F.) in Fig. 2 were developed.

Following Planck's derivation of the spectral energy
distribution f'or "blackbody" radiation, three important
relationships were directly derivable. The first to be
included here gives an expression for the total emissiﬁe
power. This is found by integrating the spectral energy

equation between the wave length limits of 0 and oo, giving

o0

o0
-5 s L,4__«
_ [ ¢ A _ 2T £ T
///‘;;44\- e GAT ,‘KA MGG

A -

o

o Tergs e
- X

= S.672 i e %7

For a 1500°F. emitting surface (assuming "blackbody"
radiation) this eqguation gives a total emissive power equal

to 25,600 BTU/Hr./ft%.

As a comparison the area under the curve was measured
with a planimeter from which the total emissive power was
calculated as 292,000 BTU/Hr./ftZ. It is possible that a
better agreement would be obtained by plotting the energy

distribution to a lerger scale.
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Figure 2. Spectral enerzy distrivbution as a function
of temperature.
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A graph of the total emissive power as a function of

temperature is illustreted in Fig. 9.

Another derivation based on Planck's spectral energy
distribution gives the relation that the modal wave length
of the radiation (the wave length for which the monochromatic
emissive povier of the blackbody is a maximum) is inversely
proportional to the absolute temperature of the blackbody.
Tnis is found by differentiating Planck's equation with
respect to the wave length, and solving for the wave length

which makes the resulting expression equal to zero,

oF 1 /438 '
/438 - P
[:3.740 X/O—sh—yl—e ~T ._/] [(/438 5}7)6 ~T A 5’\7']

Solisfred by A=o0,0, @nd 0.2897/
or N, T = 0.2897 o= .

This expression is known as Wien's Displacement Law since
he had realized the relationship and determined the constant,

experimentally, at an earlier date.

From this ecuation the wave lengtn at which the mono-
chronatic emissive power is a maximum for a 1500°F.

tenpereature source is 2.658 microns.
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The third dependent relationship states that the
maximum monochromatic emissive power of a blackbody, viz..,,
that within the wave-length interval d ™ at the modal wviave
length Am, is proportional to the fifth power of its abso-
lute temperature. The derivation simply requires the

substitution of the value of Am into Planck's equation,

giving
~¢ ergs 7r5;;h

- 0% €rgs
ad&, = 1288 X em®Sec %°

Transmission of infrared radiation

The guentitative laws deal with the source of radiation
only and there are other important factors which influence

the amount of energy that is transmitted.

ne of these factors, which is by far the most important,
is that resulting from the so-called Inverse Square Law of
Radiation. This law is illustrated in Fig. 4 from which it
is noted that the radiation from a point source covers four
times as much area at two feet as compared to the area at
one foot; giving the relationship that the intensity is

inversely proportional to the square of the distance.
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} ;

Figure 4. Diagram showing the principle of the inverse
square law of radiation distribution from a |
point source of origin. :

The other factor ﬁo be considered is the absorption of
the radiant energy by the atmosphere or the attenuation of
the intensity as the radiation traverses the distance from
source to plant. Therefore, it is erroneous to acclaim that
this form of heating can be transferred directly to the
vegetation independent of the intervening medium. The extent
of this factor on the intensity of radiation from a given
source at a chosen point is dependent on the components of

the atmosphere. Since water vapor is essentially the only

Wﬁ%@@«
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variable component, it is logical to assume that the relative
humidity is a factor in determining the efficiency of radiant

energy transmissione.

The Beer-Laumbert Law of Absorption which eXpresses the
following relationship is applicable for calculating the
resulting intensity (25):

I/Io = e~kX, where I = intensity at x, Io = initial

intensity, x = distance through absorbing medium,

k = absorption coefficient, and is a function of

both wave length and density of water vapor.

It has been observed spectroscopically that there are
wide ranges of wave lengths which are not afflected by the
atmosphere while others are absorbted at varying degrees;
sone wave lengths are totally absorbted by a short distance
of travel in the atmosphere. This factor has not been given
sutfficient study to warrant further discussion in this paper;
however, since the data are available in physics' journals,
future investigation of this problem should prove significant

in connection with the use of radiant energy for frost control.

Absorption of radistion by vegetation

After the electromegnetic radiation of infrared energy

impinges upon the surface of vegetation or other matter,
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there is the phenomenon of transformation to sensible heat.
To form an analogy with electromagnetic radiation of radio
frequency, the vegetation must act as a "radio receiver'.

As viould be expected from this analogy, the vegetation should
exhibit selective absorptive properties or be more receptive
to different frequencies or wave lengths. This is exactly
the case and the phenomenon is explained either on the
classical wave theory or the more modern quantum theory

which we will not attempt to explain in this paper. However,.
this property is easily evaluated experimentally with the
spectrophotometer or spectrograph. Generally, aside from
isoclated intervals throughout the infrared spectrum, it has
been found that transmission and reflection of radiation by
green vegetation increases with wave length in going from
visible light into the near infrared spectrum (5), which
means in fact that the absorption or heating elfect decreases
with this change in wvave length. Thils fact is of importance
in consideration of' the efficiency of a source of radiant

energy as a Irost control measure.




Previous Work and Present Status of the Utilization
of Infrared Radiant Energy for the Protection

of Vegetation from Frost Damage

Original investigations

As described earlier in this paper, the initial work
in the investigation of the application of infrared energy
as a Ifrost control measure was carried out with an electri-
cally powered source. At that time the major emphasis was
placed on the visible evaluation of the extent of protection
or arca that was kept free from frost formation under freezing
temperatures at the ground level. The temperature was
measured viith a chemical or mercury-in-glass thermometer.
From this it was found that infrared energy, applied with
sufficient intensity, would aiford frost protection to vege-
tation. Later it wes found that a radiation intensity of
10 BTU/sq.ft/Hr., measured normal to the direction of propa-
gation, would protect a heavy six-inch bluegrass sod under

moderate to severe frosting conditions.

The intensity-protection relationship was found to hold
true for tests under similar conditions with the original
oil-burning unit; the only exception being that the intensity

required varied somewhat with the type and amount of f'oliage
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in that a lower intensity safely protected sparse vegetation

which was growing appreciably above the ground level.

Laboratory experimentation was carried out in 1947 (ll)
to investigate the plant tenperature-radiation intensity
relationship. The tests werc mede at both room temperature
and within a cold storage vihere the ambient temperature was
held at 259F. The results of this work indicated that within.
the leaf of an exposed plant a radiation intensity of 10
BTU/Sq.ft/Hr. raised its temperature approximately 2°F.

This held true in both environments indicating that, within
the temperature interval tested, the plants failed to exhibit
physiological changes to regulate their temperature when
being heated by infrared energy. Since the net gain in plant
temperature is directly proportional to the difference in
temperqture between the plant and surroundings, the only
factor that would change the interval of temperature increese
would logically be of physiological origin. Also, it was.
found that a shaded or shielded leaf, even though it was
adjacent to an exposed leaf, failed to indicate an appreci-

able increase in temperature.

Even though there was no attempt made to determine the
temperature of the surface which was irradiated, it is logical

to assume that this temperature would have been considerably
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in excess of the interior temperature. This is founded on
the hypothesis that the greater part of tihe transformation
of radiant energy to heat takes place in a comparatively

thin layer of plant tissue.

The assumption that the irradiated surface of the plant
has a considerably greater increase in temperature gives
explanation to the fact that frost fails to form on a surface
which is exposed to a radiation intensity of only 10 BTU/Sq.
ft/Hr. at an ambient air temperature of 260F. Since the
surface temperature is above 32°F. and if the plants are
exposed to suificient radiation intensity before the plant
temperature has fallen to 32°9F., then, in view of the fact
that heat flows from a hotter to a cooler region, the
temperature of the interiox of the plant should be main-
tained at all times above this critical temperature. This
would emphasize the importance of applying the radiation

before the plants had fallen to the critical temperature.

The above factors are of primary importance, especially
vhere protection is carried out through the application of

infrared encrgy.




Studies to develop a high capacity non-powered liguid

petroleun fuel burner

Following the preliminary investigations with the use
of electricity as the source of power the next move was to
design an oil-burning unit. This was decmed necessary if
the method of frost control by radiant energy was to attain
practical application. From the standpoint of cost, availa-
bility, and burning characteristics, kerosene was believed
to be the best fuel for this use. Several experimental
mwits vere constructed and tested on a comparative basis
to evaluate the advantages of each (L2). As a result, one
particular design was selected with the intention of
interesting a manufacturing company who would make and
distribute a limited number of such units for further ex-
perimentation and evaluation of the practicability of its
use. This plan was carried through and the distribution
included not only liichigan but many other states. The

principal application was on truck and flower crops.

The results of these operations generally substantiated
the findings of the original viork at the Agricultural
Enginecering Department of Liichigan State College which are
summarized as follows:

l. For a radiation-type frost where the frost line
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did not extend higher than sixteen inches, each unit pro-
tected oul to ninety feet.

2. PFor the most severe radiation-type frost most likely
to occur during the normal growing season (against which the
unit must protect to be practical) the frost line was approxi-
mately sixty-five feet from the unit. |

5. For cold wind-blown freezes the units protected a
very small area.

4., TUnits would not operate satisfactorily in wind in
excess of five miles per hour.

5. The burner was found erractic in its operation under
all conditions, and could be corrected only by an experienced

operatore.

This last factor was of grave consequence since satis-
factory operation at all times was essential if a crop was
to be assured protection from all possible frosts throughout

the growing season.

The results also indicated the limitation of application
of' this method of frost control. It was found that only
those crops of higher value could economically support the

initial and operational cost.
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Reflector studies

Ixtensive experimental work and study has been done on
reflectors for infrared energy in connection with this
application (13) as reflectors are one proved method of
reducing the adverse effeect of the inverse square law of
radiation from a relatively small source of radiation.

As previously pointed out, a plot of the intensity from a
flat surface describes a sphere (exact for a blackbody) in
vihich the intensity in any direction equals the product of
the normal intensity times the cosine of thne angle which

the direction in question makes with the normal to that
surface. Fig. 5 illustrates an application of reflectors
for aiding in the erffective distribution of radiant energy
for frost control. In contrast Fig. 6 brings out the little
advantage of using a comparatively small reflector in con-

junction with a large source of radiation..

The reflector studies in commection with this problem
were: (1) the selection of the best material from the stand-
point of cost, availability, and durability; (2) the most
eftective shape and arrangement of reflectors and radiating
surfaces; and, (3) an overall viewpoint toward keeping the

naterial and fabrication cost to a minimum.
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The results of these studies are summarized as follows:

l. Anodized aluminum is presently the best material.

2. The larger the reflector in relation to the radi-
ating surface, the better the distribution.

5. In order to offset the inverse square law to a
reasonable degree, the proper reflection of a large part
of tine radiation is required.

4, Curving the radiating surface and/or the reflector
gave positive evidence of aiding in the distribution of the
radiation, but the gain in effectiveness apparently would

not offset the added cost of construction.




EXPERIMENTAL




Studies to Improve the Evans Frostguard

As stated in the introduction (P.27), the design of a
petroleum fuel (kerosene) burner for the generation of
radiant energy for frost control, the “Frostguard“, Fig. 7,
was released to Evans Products Company of Plymouth, Miéhigan,
for manufacture and distribution on a limited scale. This
was deemed necessary in order to.gain further information
as to its operation under various field and frosting con-
ditions. The results of these tests placed the practical
use of this type of unit for frost control in a limited
category or otherwise restricted its use to certain areas

and particular crops.

There were two principal factors which limited the use
of this heater: (1) its failure to operate satisfactorily
at all times, i.e. lack of dependability; and (2) in view of
the initial and operating costs, it was found to be impractical
from an economical standpoint except for crops of compara-
tively high value. Therefore, the next move was toWard
inprovement, and the work that was done ;n the Agricultural

Engineering Department follows.

A study of ligquid petroleum fuels (kerosene and No. 1 fuel

0il)




Figure 7. The Evans Frostguard




Before attempting modifications of the Frostguard unit,
it was necessury to make a further study of the physical
and chemical properties of the fuel used, and to study the
fundamental principles underlying liquid petroleuwm fuel
burners. A brief discussion of the fundamental principles
of combustion will serve to bring out the basic requirements

for all burners.

Combustion of fuel oil may be defined as the chemical
combination of the component elements (primarily carbon and
hydrogen) with oxygen, resulting in the evolution of heat..
The rate of an exothermic reaction, such as the burning of
hydrocarbons, increases with temperature. Unless the oxygen
is made available in close proximity to the elements carbon
and hydrogen, delayed burning will result. Also, any physical
barriers, such as the presence of inert gases or if these
elements are buried within a cowplex molecule, will cause
delayed burning. Regarding temperature, each fuel has its
own characteristic ignition temperature--this being the
temperature (of the oxygen and fuel molecules) at which the
chemical process of combustion takes place. This ignition
temnperature ranges from over 1200°F. for natural gas down
to as low as 550°F. for fuel oils. An explanation of this
variation is found in the fact that natural gas is made up

of saturated hydrocarbon molecules which require greater

TS
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heat energy to break dovn the bond between the carbon and
hydrogen than that for unsaturated hydrocarbon molecules--
those found in kerosene and fuel oils. Therefore, a lower
temperature will cause burning to start in the unsaturated
hydrocarbons, subsequently releasing heat which produces

the temperature and heat energy to support a "chain-reaction"

for continued combustion of all other molecules in that fuel.

In addition to raising the temperature of the reactants
in the combustion process to as high a temperature as practi-
cal (but below the ignition temperature), any means of
promoting intimate mixing of the air for couwbustion with the
elements to be oxidized, carbon and hydrogen, will enhance
the rate of the combustion reaction. This proves to be the
advantage exhibited in the ease vilth which a natural gaseous
fuel can be burned quickly and cleanly, for, since these
molecules are relatively small and widely separated, the air
is easily mixed to produce an air-vapor mixture which burns
readily once the proper temperature is reached. The differ-
ence between gaseous fuels and liquid fuels is appreciated
when one considers the problem of having first to break up
the liquid fuel into its component molecules (to vaporize
them) before other than superficial mixing with the air will
take place. Another problem enters in that, if heat is used

to vaporize these molecules, and if the lowest ignition
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temperature for this group of molecules is reached during

this vaporizztion, burning is initiated which spreads to other
molecules; thus, inhibiting further mixing of air with the
fuel molecules. As a result, carbon atoms will coalesce
giving body to the flame, which produce a luminous flame

if they burn or pass off as smoke if they fail to burn

conpletely.

Gaseous fuels are thought of as inherently burning with
a non-luminous flame, and liquid petroleum fuels as giving
a luminous flame. This is purely a measure of the com-
pleteness of the mixing of the air and fuel vapor (primarily
before burning starts). There are in use so-called "oil-to-
gas'" converter burmers which take the heavier fractions of
fuel o0il and burn them with the flame characteristics of’
gaseous fuels; this emphasizes the importance of proper air-

fuel mixing.

The fuel under consideration for this application was
straight-run kerosene or No. 1 househeating fuel oil. Since
these two fuels have little difference in their boiling point
temperatures, they are very nearly identical in the present-
day refining process. The existing demand regulates the
claessification, rather than the small difference in properties.

This same frection is represented in cracked petroleun;
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however, cracked petroleum yields a fraction which is con-
siderably more difficult to burn and should not be used in

this application.
A typical fuel used in this application is characterized
by the following analysis of recent heater oil as manufactured

by Standard 0il Company (Indiana) (4):

Standard Heater 0il (Straight run)

Gravity, CAPI 40.3
Doctor Sweet
Color 18
Flash 133
Sulfur .21l4
Carbon Residue on
10% Bottoms .01
Co. strip 3 hrs. @ 2120F, 1
Vis. Saybolt Therme 440
Initial Boiling Point °F.. 338
10 582
20 598
S0 410
40 422
50 436
60 448
70 464
80 480
90 508
Ind Point 562
Water & Sediment % None
Diesel Index 63.8

From these data it is possible to determine other
physical and chemical properties which are pertinent to the

problem of burner design. Because of the difference in the
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crude petroleum (paraffins, naphthenes, and aromatics) and
the wide renge of types and sizes of molécules which make

up any one fraction, the derived empirical relationships
expressing these properties are approximations which have
proved to be sufficiently accurate to satisfy the petroleum
industry and consumers of petroleum products. These relation-
ships are based on the specific gravity and average boiling

point of the petroleum fraction.

The following properties of the above fuel were determined

by the latest accepted graphical methods (15):

Specific Grevity = 0.825

Average Boiling point = 459°F. (19)
Average liolecular weight = 186
Critical Temperature = 780°F.
Hydrogen content, % by welght = 13.5%

Average specific heat of liquid at constant pressure
(Cp) = 0.575 BIU/°F/1b.

Heat of vaporization (1 atwm.) = 108 BTU/1b.
Higher Heat value of fuel = 19,720 BTU/lb.

Theoretical Amount of air for combustion = 14.5 lbs of
air/lb. of fuel

Ignition Temperature = 563°F. (20)

L
&
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An analysis of the burning characteristics of the Frostguard

Using the fuel discussed in the previous section, the
next consideration was its use as fuel for the Frostguard
burner. This burner, illustrated in Fig. 8 is 6f the pressure
heat-vaporizing type which operates on a fuel pressure of
from 50 to 80 psig. The liquid fuel (kerosene) is self-
vaporized and throttled through the nozzle or jet, and is
ignited as it enters the conbustion chamber, the surface of
vnich serves as the source of radiant energy. This principle
is the same as that of a common blow torch and requires an
external source of heat for starting. A reasonable time lag
must be allowed before the burner takes hold and becomes
self-generating, which is a disadvantage in this application;
and it has been found generally that this type of burner is
subject to considerable variation in its capacity. It was
hoped that through careful study, this variation or lack of
dependability could be corrected and at the same time de-
crease the flame volume required for the original rate of

burning.

I combustion could be accomplished within a smaller
flame volume, then either of the following two improvements
could be employed: (1) the rate of burning could be increased

for the samwe size combustion chamber, thus increasing the
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surface temnperature of the present unit; or, (2) the size
could be reduced as well as raising the surface temperature.
Reflector designs would then be more practical for aiding in
the proper distribution of the radiant energy. Since the
total radiation is proportional to the fourth power of the
absolute temperature of the source, it is evident that any
increase in surface temperature would be a considerable

improvement.

Through methods used in the petroleum industry (21),
the saturated vapor temperature at 80 psig was found to be
655°F. which is significant in that-it is above the ignition.

temperature (563°F) of this fuel.

From the specific heat of the liquid fuel and its heat
of vaporization at 80 psig (which was found to be of negli-
gible difference from that at 14.7 psig), it was found that
fhe heat required to raise the fuel from 50°F. to a saturated

vapor temperature of 655°F. is approximately 452 BTU/lb..

The use of this fuel in a pressure heat-vaporizing type
of burner brought up the important point as to the tewperature
of the fuel vapor after it was throttled through the burner
jet. Considerations were given to methods for making this

calculation; however, since there were no published works on
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the equation of state or liollier Charts for this type of
fuel, it was impossible to make a direct determination of the
temperature drop as the vapor was adiabatically expanded
from 80 psig and 655°F., to 14.7 psia. From the assumption
that the vapor had the properties of a perfect gas and using
the best obtainable values for the specific heats at constant
volume and pressure (1), it was found that the temperature

drop wes less than 10CF.

Through proper operation of this burner under normal
conditions, it was found that a burning rate of eight gallons
per hour couvld be attained within a flame volume of ten cubic
feet. This rate of efficient burning proved adequate for
maintaining the average tempersature of the radiating surface
at approximately l400bF. The operation of the burner was
generally stable in wind of less than five miles per hour;
hoviever, if the wind velocity exceeded this figure, even for
shdrt gusty periods, the burner rcquired constant attention
for satisfactory operation. Factors such as fuel temperature,
surrounding air temperature, and cleanliness of vaporizing
coil were found to reduce the burning efficiency. This

could be corrected only by reducing the rate of burning.
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Experimental trials to improve the Frostguard

The original burner. The relationship of the burner

to the unit proper is illustrated in Fig. 9. The air is
introduced at two places--the primary air at the base of the
burner and the secondary air is brought in at the base of

the unit. Through a flue gas anélysis it was found that
under favorable conditions eight gallons of kerosene per

hour could be burned completely within the combustion chamber.
This was carried out with 307# excess air and a flue gas
temperature of 2000°F.; giving a radiant surface temperature

of approximately 1300°F.

The temperature of the fuel vapor was measured as 6600F.
at the point just before it was throttled through the Jet.
This measurement was taken by means of a thermocouple in a
temperature-well extending into the vapor stream. Therefore,
the measured temperature checks with the calculated temperature

of 655°F. for the saturated vapor.

Because of unfavorable air-fuel vapor mixing and the |
short path of travel for the flame, the high percent of excess
air was required to insure complete burning. The air was
Torced in almost entirely thrdugh the effect of a seven-foot

stack and had very little velocity or turbulence.




Figure 9. The arrangement of the burner and combustion
chamber of the 3vans Frostguard.
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The requirement for a high surface temperature demanded.
a high flue gas temperature; thus, giving rise to the ex-
ceptionally high loss in sensible heat out the stack.
Hovever, the nature of utilization, which means a compara-
tively few hours of operation per year, does not require a
high ovcrall operating efficiency; but rather, a high
radiation intensity. For this reason the rate of burning
vas normally ten gellons per hour, allowing delayed burning
to follow the flue gases out the stack. However, burning
has to be nearly complete to prevent an appreciable amount
of' smoke formetion. These conditions were easily met under
normal operating conditions which are characterized by weather
conditions with a surrounding minimue air temperature of 320F,
and a wind velocity not in excess of 6 LPH. Colder air
reduced the vaporizing capacity of the burner coil by direct
contact and indirectly through the cooling of the flame
temperature. Wind in excess of the critical velocity of 6 LMPH
apparently reduced the tenperature of the combustion chamber
by reducing the rate of incoming air to the point where it
/as not adequute for the selected rate of burning. This
affected the vaporizing capacity of the coils such that liquid

Tuel was ejected from the burner jet.

The above conditions either reduced the burning capacity

or caused a fluctuetion in the operation which required
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constant attention.

First modification. The first approach toward im-

provement of' the Frostguard was designed to increase the
air-vapor mixing before burning started, followed by the
proper introduction of secondary air to complete combustion

in as short a time as possible.

Concentric holes viere drilled in the base of the burner
as inlets for the primary air, while larger holes were drilled
in the base of the unit as inlets for the secondary air,

Fig. 10. Each group of holes was fitted with a cover by wvhich

the size of openings could be varied.

An inspirating-mixing venturi was shaped from two-inch
copper tubing and positioned relative to the burner jet to
inspirate air and facilitate a better mixing of the air and .
fuel vapor. The outlet from this inspirator was directed
toward a ceramic target, mounted at the top of the vaporizing
coils, to serve both as a flame retainer and to diverge the
flane so that more heat vould be directed against the vapor-

izing coils.

The results of the operation of this burner as modified

gave evidence that no improvement had been made. After the
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Fizure 10. Illustrating the first modification of the Frostguard.ﬁizj
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burner becarnie self-generating and reached equilibrium other-
viise, the fuel vapor started burning within the inspirator,
thus eliminating any chance for improving the air-fuel vapor

mixing.

Following the adjustment of the air inlet openings, the
burning characteristics (as related to wind effect and ca-
pacity) were no different from that of the original burner

arrangement.

Second modification. In place of the copper inspirator

a large industrial inspirator was positioned as illustrated
by Fig. ll. This had the some disadvantage as the copper
inspirator in that burning started within the inspirator;
thus, again eliminating any possibility for improving the

air-fuel vapor mixing.

Following this test it was concluded that since the
saturated vapor temperature of the fuel was higher than its
ignition temperature, little could be done toward mixing
the vapor with the air without burning taking place; particu-
larly within the confines of an inspirator which maintained
the vapor relatively close to the temperature at wnich it was
ejected from the jet, for as scon as mixing reached a com-

bustible concentration, burning would invaribly start. Also,
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Figure 11. Illustrating tne sacond modification of tne Frostguard.
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regarding the vapor temperature, it must be realized that
because of the arrangement of the coils for vaporizing the
fuel, there will surely be superheating of the fuel vapor
during part of the operation; this was found to be true by
actual tempersture measurements (P.45). Therefore the air-
fuel vapor mixture will be above its ignition temperature
even after considerable air has been added; at least, after

enough has been added to produce a combustible mixture.

Third modification. The fact that burning took place

within cach of the experimental inspirators ruled out this

approach as & likely improvement to the existing burner.

Realizing the adverse effect that the wind has in re-
ducing the capacity of the unit, it seemed advisable to
position wind deflectors or scoops which would take care of
a reasoncble velocity range of continuous wind. However,
gusty conditions would still have the effect of upsetting
stable or equilibrium burning since gusty wind conditions
had been found to reduce the air supply required for a
suitable rate of burning. This condition lowered the flame
temperature which resulted in incomplete vaporization of the
fuel for that pressure; thus, causing the burner to go out
unless necessary pressure adjustments were made. It was.
believed that this factor could be corrected by surrounding

the vaporizing coil with a ceramic which would hold the heat




and give sufficient thermal inertia to correct for the
fluctuations in the flame temperature caused by the gusty

wind conditions.

This idea of providing thermal inertia was taken into
consideration and the unit was modified as illustrated in
Fig. 12. In addition, wind deflectors were positioned at
the top and bottom of the unit to offset the effect of

continuous wind upon the air supply for combustion.

The modified unit was tested and the following data

are typical of the operating characteristics:

Air temperature --- 58°F., Humidity --- 507

Wind condition --- varied in velocity between 5 and

15 kPH

Fuel consumption --- 12.5 gallons/hour

Fuel vapor temperatu?e --~ 670°F. (thermocouple)
Exhaust flue gas temperature --- 2100°F. (thermocouple)

Surrace ‘temperature --- 1450°F. 509F. ("tempil-sticks")

Excess air for combustion --- 25%(orsat analysis)

The results of this modification showed a decided
improvement in the burner. The burning of 12.5 gallons of

fuel per hour took place completely within the unit proper
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Figure 12. Showing the position of the ceramic material
to stab&ize the burner for the Frostguard.
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which was much better than the capacity of the original unit.
This resulted in a higher surface temperature--giving a con-

siderable increase in the total emissive power of the unit.

During the intervals of gusty wind the burning became
somewhat incomplete. However, in all cases the vaporization
of the fuel gave no evidence.of being affected and the burner
would regain its equilibriuvm as soon as the wind dropped to
its normal velocity and allowed the proper intake of air

for complete combustion..

Discussion of results

The requirement thet the Frostguard operate satisfactorily
under a wide variation in weather conditions imposed a diffi-
cult problem in consideration of the type of burner employed.
The pressure heat-vaporizing type burner, operating on.
kerosene, has been found to be comparatively erratic even
under constant burning conditions, such as experienced inside
a building. The use of this type of burner out in the weather
is a far removed condition from the more or less ideal con-
dition inside an enclosure. For this reason there seemed
little justification for considering modif'ications which
gave only marginal improvements at optimum conditions for

burning.
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The modificeations tried and tested were founded on the
following two principles: (1) facilitating better air-fuel
vapor mixing before burning starts; and (2) aiding the
vaporization of the fuel by adding thermal inertia to offset
the lulls in the burning rate as a result of gusty wind con-

ditions.

The first two modifications were attempts at principle
number one in that an inspirator-mixer was placed relative
to the fuel jet to draw air in by the venturi action of the
arrangement. This failed due to the fuel igniting within
the confines oif tne inspirator which greatly reduced the
air drawn in. This was more or less suspected upon learning
that the ignition temperature of kerosene was 563°F, The
last temperature was measured and found to be 670°F. which
would indicate that the vapor was superheated and thus more

subject to pre-ignition.

It is possible that, through proper design and adjustment,
the ignition of the fuel vapor could be delayed untll after
rassing through the inspirator; however, to make this
principle work satisfactorily for an appreciable variation

in the weather conditions seems highly dimpractical.

The third modification, which exemplified the advantages
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of the additional thermal inertia through the use of ceramic,
offers an economical and practical method for improving the
stability of operation and the total emissive power of the
Frostguard. In conjunction with the air scoop and deflector
at the bottom and top respectively, this innovation was found
to inecrease the surface temperature by at least 100°F. and
allowed the unit to operate satisfactorily under a continuous

wind of 5 LIPH with fluctuations as high as 15 MPH.
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Studies to Develop a High Capacity Non-powered

Liquid Petroleum Fuel Burner

The various field tests of the Frostguard proved that
infrared energy would protect vegetation from frost damage
if the intensity was sufficiently high. The required magni-
tude of this intensity depends on the minimum air temperature,
the accompanying weather conditions, and the type of vege-
tation to be protected. For the freezing conditions most
likely +to be encountered during tihe time vhen crops are
vulnerable, and for those plants which have their foliage
vell exposed, such as strawberries, tomatoes, etc.; the
required radiation was determined to be between nine and ten
BTU's per hour per square foot--measured perpendicular to

the direction or the radiation.

The Frostguard generally maintéins this intensity at
seventy feet from the unit. Since reflectors of practical
length and shapes do not oifset appreciably the decrease in
intensity with distance (this relationship is accurately

xpressed by the Inverse Square Law of Radiation from a
point source), there is an excess of energy impinging upon
the vegetation within the circle of a seventy-foot redius,
with the vegetation in close to the unit receiving energy

greatly in excess of that required for safe protection.
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Of course, the effective distance of seventy feet could
be increased by building the units larger or increasing the
surface temperature; however, this would necessarily increase
the already excess energy for closer vegetation. This would
surely make the appnlication of this unit questionable from

an economical standpoint, even for the higher-valued crops.

The alternative was to consider smaller units (reduced
ewissive power) spaced closer together. This is the solution
used by illumination engincers in order to accomplish satis-
factory light distribution where reflectors are not practical.
However, to make use of smaller units requires that the
initial maintenance and operating cost be proportionally

reduced.

Objective

The smudge pots and so-called orchard heatcrs which are
presently used in the citrﬁs I'ruit areas are one answer to
the use of small burner units for frost control. (As a fact
of historical interest these same units were used in
Liichigzan during the twenties). These heaters unquestionably
are & source of considereble infrared energy in addition to
the sensible heat transierred to the air. They have been

proven to be an effective frost control measure. The
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greatest objection to the use of these heaters, particularly
in the citrus areas of California, is that the generous
amount of smoke given off contaminates households in the
surrounding urban areas, which are generally located in the
valleys. This factor does not appear to be of primary
importance in liiciiigan due to the advantage of more level
topography and the wide separation of the farm and urban
areas. However, the smoke contamination would affect the

commercial value of some crops.

Other citrus areas have found the smudge pot and orchard
heater insufficient as protection against the occasional
cold wind-blown freezes and for this reason farmers are not

too anxious to stock them as a frost control measure.

From this discussion it is obvious that any developments
will have to be at least an improvement over the existing
small-type heaters. Improvements which reduce the excessive
amount of smolkze liberated will surely be welcomed. Also,
any means of increasing the infrared emissive power of small

units will increase their effectiveness f'or frost control

wnder all conditions.

The object of this investigation was to develop a non-

powered burner of swall size which gave a radiation intensity
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of 10 BTU/ftz/Hr. at 25 feet, burning no more than 1.5
gallons of kerosene per hour with less than one gram of smoke

per minute.

Procedure

The primary requirement was to design a kerosene burner
vinich would accomplish the above specifications. It may
appear from a casual observetion to be a rather simple
problem; however, after a few attempts, it became certain
that failures were the rule instead of the exception. It
is true that to increase the output or rate of burning of a
liquid fuel burner requires only that more fuel be turned
on, for the lighter fractions will burn readily and per-
petuate an ever increasing rate of burning. However, at the
same time there will be a grezter increase in the smoke
outnput. Also, it has been proven througn the various tynes
of commercially availsble burners, thet veporizing, either
thermally or mechanically, in combinetion with a blast of
air from an externally powvered fan will facilitate clean
eff'icient burning at prectically any chosen rate. This,
hoviever, is iar removed from the requirements that no pover
source be used and that the conditions under which the

burner will opercte are subject to wide variastions.
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The problem is also complicated by having to incorporate
the requirenent for proper distribution of the generated
radiant energy. This means that the surface wiich is to
produce the radistion must be sized, shaped, and heated so
thet the best practical distribution of the radiant energy

caen be accomplished with the least reflector cost.

Based on these Consideretions, it was advisable to con-
struct burner designs which seemed to offer the greatest
possible chance thet the liquid fuel would be veporized,
nixed with sufficient air, and then burned with the greatest,
possible efficiency with a minimuwa of smoke formation.

Other than studying the basic requirements for burning a
Tuel of known physical and chemiceal properties, this was a

trial and error metinod of development.

Several diiferent burners were built and in order to

b

czcilitete a comparative test of these burncrs and to study
the relative advantages of subsequent mcdifications on each
burner, a testing arrangement was essenmbled whereby con-
trolled conditions could pe mainteined. In addition to
aifordins a conparctive test to enhance development, the
standard test provided absolute data which enabled an evalu-

ation of the burner for field applications.
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Fig. 13. Arrangement for Testing Non-powered Liquid

Petroleum Burners.

The complete testing arreangement is illustrated in Fig.
13. Tnis is essentieclly an exhaust stack with the necessary
attachments and outlets to afford a complete analysis of the
exhaust gases from each of the several burners tested. This

included a measure of the composition of the gases with a
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conventional orsat; exhaust gas temperature with.a chromel-
alumel thermocouple; and fiberglass filters for catching the
smoke which gave a measure of the time rate of smoke liber-
ation. To accomplish the latter, the exhaust stack was
branched into two separate pines with provisions for inserting
fiberglass filterpacks across each of the branch pipes, and
with the use of a flue diverter, the exhaust gases were
allovied to pass through either of the filters for a measured
interval of time. This arrangement proved inadequate for an
accurate absolute measurement of the smoke given off; however,
an approximation was possible which allowed a relative com-

parison for this feature of the burners.

The dreft was induced by both the chimney effect and a
suction fan. This fan aided in smoothing out variations,
and in conjunction with the draft regulator or balancer, it
was possible to maintain a very nearly constant draft of

002" 1—120.

The radiant energy distribution was determined with a
calibrated thermonile at the end of a seven-foot arm which
vias pivoted et the center-line of the radiating surface,
Fig. 14. At the pivoted end a pointer moved on a calibrated
arc to give the angular position of the thermopile above and

below the horizontal.
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Fig. 14, Apparatus for lieasuring the Radiant

Energy Distribution from Heater Units.

The fuel consumption rate wes measured directly by
having the fuel container resting on sensitive platform scales

(2 oz. per division).

The results from this test arrangement could be dupli-
cated with suificient accuracy; such that, with the exception
of the smoke meesuvrement, the data afford a measure of the

absolute values as well as giving a relative comparison for
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the different burners.

The burners were noted to have a higher rate of fuel
consumption (approximately a twelve percent increase) when
burning indoors under the testing apparatus as compared to
free burning outside the building. The 0.5" HpO draft the
burners experienced under test is somewhat higher than the
dreft produced by the same burner when operating freely,
and this, coupled with a still ambient air temperature of
70°F., explains the difference in fuel consumption. As a
result, the total emissive power of a burner unit was
somevhat higher for the indoor conditions as compared to

outdoor conditionse.

ot all the different burners constructed were tested,
nor all the tests recorded in this paper. A considerable
part of the work was cut-and-try resulting in modifications
which proved to be of no apparent value for the investigation
or to be of no consequence in future work along this line.
nly those units constructed along difierent basic arrangements
for carryving out the process of couwbustion are recorded herein

and these are believed to be developed as far as practical.

Existing non-powered liguid petroleum fuel burners

The simplest of all tynes of burners used for Ifrost
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Fig. 15. Open Pot Burners.

control is the '"smudge-pot", which may be any open-top con-
teiner such as e lard pail, bucket, or other inexpensive
container of similar type. This heater has had extensive

use in the citrus areas; however, the nuisance of the smoke
and the lebor required to maintain and service them has practi-
cally eliminated their epplication. United Stove Company of
Ypsilanti, lLichigan attempted an improvement by fitting the
top of the container with a special 1lid whiech would pre-
sumably increase the burning efficiency, thus reducing the

smoke problem, Fig. 15. For purposes of comparison,
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particularly with open-top containers, this heeter vas tested

and the results are given in Fig. leé.

A similar test wes made of the burning characteristics
of an open-top five-~gallon pcint bucket. The results of this

test are given in Fig. 17.

For further purposes of comparison, the "Return-Stack!
orcnard heater, decveloned at the University of California,
Fig. 18, was tested and the results are given in Fig. 19.
This heater uses the thermel sipnoning effect of the stack-~
gas return tube to dilute the concentration of fuel vapor
witiiin the bowl of the heater. This dilution reduces the
rate of formation of free carbon during that part of the
burning process vhien there is insufficient oxygen for com-
plete burning (17). Then, as the diluted vapor passes up
the stack, the additional air required is introduced through
louvres in the stack; as a result, the burning is practically

complete.

First trial burner

Efforts were made to apnroach the efficiency of the
retumn-stack orcheard heater and at the same time to increase

the burning capacity in order to provide a high temperature
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Figure 16. Burning characteristics and radiant energy distribution
for the United Stove Compeny Orchard eater.
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Figure 18. The Return-stack Orchard ‘ieater developed at
ths University of Cualifornia,
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Fig. 20. First Trial Burner.

surface as a source of infrared energy.

kezlizing the need for veporizing the fuel in the presence
of' sufficient air to allow adequate intermixing or aeration,
in a large part before burning has progressed appreciably,
tiie first attemnnt was a design which would presumably satisfy

this condition.

Fig. 20 gives an overall view of' the burner and the
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folloviing discussion should make clear the ideas vihich were
taken under consideration at that time. The bottom pot-
shaped section will be recognized as the vaporizing bowl of
a standard burner used extensively for domestic heating,
either with or without a fan. For the application at hand
this part of the unit furnished the heat to vaporize the
bulk of the fuel from a special pan located up in the main
part of the combustion chamber. Air is introduced through
the sides of bothh the bottom section and the cowbustion
chamber. These openings are illustrated in the accompanying
figure. As noted, this unit requires the fuel to be in a
seperate container elevated at least three feet and fed in
through a float valve in order to maintain a constant rate

of fuel flow.

The extra part shown in the figure is an enclosed con-
tainer, except for a small opening at the top, which was
tried inside the chamber as the container for veaporizing the
bulk of the fuel.. This weas an attempt to prevent burning
on top of the liquid fuel; however, it was proven that the

open dish-type container was better for this purpose.

The test results are given in Fig. 21. These data show
a comparatively high rate of buraing (1.8 gallons/hr.) which

supports a high emissive power for the radiating suriace.
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Figure 21. Burning characteristics end radiant energy distribution
for the ¥First Trial Rurner.
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Fig. 22. Sccond Trial Burner.

The smoke output of l.4 grams/min. is not necessarily high
for the rate of burning, but considerably higher than that
for the Return-stack heater. Nevertheless, for most appli-
cations the obJjection to the smoke pius the comparatively

high menulacturing cost would prevent its use.

Second trial burner

The second trial burner unit is illustrated in Fig. 22,

and the basic principle is to drop the fuel from the top down
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through the inside o1 the stack and combustion chamber to
strike a target three inches above the base of the unit.

There are air holes along the sloping part of the chamber as
well as in the bottom and sides of the lowest section; the
idea being to have the fuel vaporize as it fell through the
intense heat of the enclosure, and at the same time provide
sull'iciently distribﬁted air to bring about efficient burning.
Since temperature incrcases the rate of' a combustion reaction,
this arrangement avparently has merit as a means of increasing

the rate of burningz.

Fig. 23 includes the test data for this unit and again
the burning rate (L.5 gallons/hr.) is comparatively high
which is reflected in the radiation intensity. Hovever, the
smoke outpul 1s increased over the first trial burner even
though the buming rate is less. It was observed that heavy
or large particles of carbon formed along.the descending
stream of liguid throughout the entire drop. This indicates.
a high concentration of fuel vapor in the absence of adequate
air which evidently accounts for the increase in smoke

output.

It is of interest that the radiation intensity of this
wit is considerably higher then for the Return-stack heater

even though their burning rates are identical. In connection
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with this, it was f'ound that the exhaust gas tempcroture was
higher for the Return-stack heater (1470°F. compared to
1280°F.). The evidence indicates that delayed burning was
taxing place in the case of the Return-stack type, at least
more so tihan trial burner No. 2; this reduces the maximum
flame temperature within the combustion chamber since a
significant part of the heat is liberated outside the confines
of the wnit. As a result, less heat is transferred to the
suriace to be discharged as radiant energy. The Return-stack
heater was evidently operated considerably above its rated
capacity while burner No. 2 did a fairly complete job of

burning within the buirner proper.

Third trial burmer

As an effort to solve the smoke problem associated wit
non-powered burner designs, the principle of the old
fashioned kerosene cooking stove was borrowed. This will be
recognized from Figz. 24 by the concentric rings of perforated
sheet steel which make up the channels for effecting burning
conditions. Pieces of fire brick were cut to the proper
shape and placed at the bottom of these chamnels to serve as
a wick for the kerosene which vas maintained at a constant

level by the float valve.

This arrangement proved to give complete combustion and
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Fig. 24. Third Trial Burner..

the flame was non-luminous or blue in color with very little
volume--considering the rate of burning. However, satis-
factory opneration was sensitive to wind conditions and position
vith regard to being level. To approach a practical capacity
of heat liberation an wusually large amount of channel would
be necessary, requiring a high material and labor cost for
manuiacture; thus, eliminating this approach from present

considerations in comnection with the frost control problem.
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Discussion of results

The two metiiods of adding heat to vegetation, direct
radiation and convection of sensible heat, for its protection
from frost damage have been proven effective. DBoth are
enployed to a more or less degree depending upon the heat
source, weather conditions, and type of vegetation. Each has
merit or advantages over the other; e.g. radiant energy shows
nore effect durinz windy conditions and on low growing vege-
tation, while burner designs which release the greater part
of the energy through sensible heat are not only cheaper but
more practical for still conditions on tree-type vegetation
when there is a comparatively high temperature graedient with

elevation.

This investigztion was aimed to increase the percent of
heat liberated through radiant energy from small non-powered
liquid fuel burners. The requirements were that this be
accounlished without appreciable smoke release (less than
l-gram per minuﬁe), and that the initial cost be kept suf-
ficiently low to allow comparatively close spacing during

operation (10 to 15 per acre).

The results or findings may be adequately summarized
as follows:

1. The "smudge-pot" type heater developed by United
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Stove Company gave no evidence of advantages over any ordinary

onpen-topped container. The 1lid does slow down the rate of
burning, but this can be accomplished with a cover of any
kind.

2. The first and second trial burners had sufficiently

nigh burning rates to support an increzsed radiztion intensity.

However, they gave oiff comparatively large amounts of smoke
and would be somewhat higher in initial cost.

3. The third trial burner had ideal burning charac-
teristics in regard to completeness within a small flame
volume; however, to attain suificient heat release capacity,
an elaborate unit both in size and cost would be required..
Also, the burning was found to be too sensitive for this
application.

4. The Return-stack orchard heater was found to meet
the advertised SPecifications; thus, making this burner very
useful for this application in view of the low initial and
operating cost. The redieation intensity is lower than that
desired, however, this can be offset by spacing them closer

together vinich is possible because of its low cost.



Development of a Liquified Petroleum Gas Burner for the

Generation of Rediant Energy for Frost Control

The increasing availability and commercial distribution
of liquified petroleum gases (LPG) definitely places this
fuel on the list of possible sources of energy. Its inherent
high flame temperature, and the ease or simplicity with which
clean efficient burning is accomplished, makes it evident
that this fuel offers advantages not realized in other fuels.
Also, since this fuel has a high vapor pressure at normal
temperatures and because of the light molecules of hydro-
carbons, it is easily mixed with air to form an idéal
combustible mixture. This results in simpler burners, making
the use of smaller units placed closer together economically
feasible; thus, providing protection against more adverse
conditions of frost formation. Also, the smaller units
should favor the small operator who will be more able to
satisfy his requirements-~that for which the larger more

expensive units would be impractical.

The turn-down or variation in burning rate of an LPG
burner gencrally has a wide range--from practically off to
full capacity--which can be controlled accurately and auto-
matically. This allows for the adjustment of the burning

rate to satisfy the prevailing frosting conditions; thus,




effecting & saving in the iuel consumntion which is either
impossible or impractical with the liguid petroleur ifuel
burners. Another adventege is reslized in thet the fuel is
under considereble pressure of its own accord, making possible
the use oi central storage tanks with smell pipes as distri-
bution lines. This would be an ideal arrangement for larger
areas and crops of a permanent nature or for those plots on

viiich the sazme type of crop is grovn year after year.

The disadvantegse comes in the cost of the fuel wnich at
present prices is considcerably higher than the ligquid fuels.
This is due in great nart to the small total amount dis-

¢ tie sxmall lots in wihich retailed. This fuel is
being locded et tie present time in the oil I'ields at from
taree to thiree and one half cents per gallon in tank car
lots, wnich cowperes favorably with liquid fuels. Therefore,
it is assumed thet cresting a2 demand in any particular area
is tie requirenent for reducing the cost; and, ir an indi-
vidual consumer'!s demend werrants, he would aifect a

considereble saving by buying in tank cer lots.

The above comments point up the advantages wiich LPG
offers as & possible fuel with which to gencrate infrered
energy for Trost control; and for certain applicetions these

adventeges will definitely outweigh the disadvantage--cost.
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For this reason work was started on the development of a
practical propane burning unit which would serve as a source

of" intrared energy for frost control.

Oojective

Decause of the present cost of propane as distributed
in 100# containers (approximately 30¢/gallon), it was ad-
visable to work first on designs which would adequately
serve tie growvers oi floviers, strawberries, and other higher
valued trucl crops. Then, as its use expanded or as the
farmer became convinced of its value, the application might
vell spread to other tyves of crops as tne fuel cost was

reduced.

}Since central storuge tanlts with permanently installed
fecd lines are expensive, it we.s certain that the initial or
experimental heaters would have to operate individually &s a
mit. Tnis indicated that each burner would have to be sup-
plied from a tank at its position. In discussing tihis problem
with the lanager of Shell 0il's LPG bottling plant at Lansing,
l.ichigan, it wes learned thet the retailers would meke the
installations for approximately $6/unit. This includes a
pressure regulating valve, two 1004 containers, and the

necessary connections. The maintenance of this setup would

I
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be & responsibility of the reteiler, who would deliver the

propene =t 90 2 gallon thereaiter.

Following thnis encouraging informztion the object wes
To desizn a heater-unit ol minimum cost which protected suf-
Ticient area to nake the setup as economicel as possible.
with these considerctions in zind, plus 2 kaowledge of the
energy recuired to protect ageinst tae most likely frost,
tiie rollowing specifications were dravn up wiich, il met,
would meke tihils apprlication practicel on the higher valued
crops--even under the present reteil cost of propane:

1. A hecter unit thet could be prectically supported

eight Teet above the ground vwiiich would produce a readiation

-

intensity of @ BTU/sq.ft./dr. at 25 feet from the base of the
unit (nessured persendicular to tiie direction of propagstion).

£. Durn less then 1.5 gellons of propene per hour at

nester unit.
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4. Ezsily ligihted and cdependevle iun operation.

Procedure
Due to the relatively few hours of operction required
per yeer in Lichizan and surrounding areas, the investient

cost Tor any neecter unit is the prinery consideration. There-

fore, tne design must be cheap in matericl cost as well as in




simnlicity of Tebricotion or construction. For this reason
T.:€ most erficient desisn, in respect to optimum distribution
oi maximum rediant energy per unit hezting value of fuel
burned, Wouid not necésscrily be tiie most practiczl.

The ebove reasoning lcd to tiie conclusion that reflectors
weuld De crpitted end tiaet & rignt cireular cone of the proper
included anzgle (deternined fron the geozetry of the relation-
siiin betueen tiie positioen of the unit avove the ground and
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distribution. To detervine the size of tiiis cone it was
asstmed thit, since the I'leme tenperature of propane 1is
2497°F. (lv), & surrzce temperzture of 1600°F. could be main-
teined. Thls wes ccnsidered the raxipum temperature for which
ccrpon steel would hneve & uservl lire. It can be shovn that
ti.e norrcl intensity Irom e unit erez of a blackbody 1s given
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& = 17.3 z 10" BTU/Ft%? T (Stefan-Bolizmemn!'s
corstant)

€ = totel enissiviiy (.3 for oxidized steel surrace)
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From tnis, sssuning .8 &5 the totel enissivity of a steel
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suriace end for I, = (25)% x 9 (inten nsity reguired at one

Teot Irox tihe source 1o give an intensity of 9 BTU/Ft. Hr.
1l or orojected aresz
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and weignt material and with the same surface area (slightly
less projected area) as the 60° cone. However, 141--7/32"
holes were spaced in the surface of this cone wihich represents

1.7 times more port area than that for the 60° cone.

Each of these cones vere attached to inspirators
(#70-2-55) made by North American Burner MNanufacturing Company.”
The zas spud or jet was drilled with a #56 drill. All the
air fror combustion enters through the inspirator. As an
econony measure a perforated disk was placed over the dis-
cherge end of the inspirator in the place of & more ex-

pensive burner tip.

Fig. 25 illustrates these units and the method for
comnecting the fuel line from the pressure regulator to the
5/8" standard gelvenized pipe wiich serves both as a support

anc cecnduit for the ges supely.

Discussion of results

The two units vere tried end found to operate satis-
factorily. Since they were not tested under frost conditions,
tne next best evaluation was -a-—hegt-balance analysis in con-
Junction with & measure of the radiant energy distribution
which is recorded in Fig. 26 and Fig. 27. Based on previous

findings this analysis cea be interpreted in terms of the

s ‘-'ﬁ;;‘?"m%

o
L
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Fig. 25, Experimental Propane Burner Units.

possible protection thiet may be expected under actual frost-

ing conditions.

The air tempercture at the time of this test was 60°F.,
clear and no wind. The heater units viere tested in succession

with identical conditions prevailing.

The total emissive powver and the radiation that falls
below the horizontal wvere calculated by Vohlaure!s method

(22)., These results are recorded on the data sheets. It is
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Figure 26. Burning cnardcteristics and radiant energy distridbution =
for the 600 type propane burner. ﬂ
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Figure 27. Burning characteristics and radiant energy distribution
for the 320 type propane burner.
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of interest to note that the 32° cone indicates a total
radiation 1.23 times greater than that for the 60° cone,
even though the suriace temperatures were almost equal as

measured with an optical pyromecter.

The orsat analysis indicated incomplete combustion in
registering 2.5% C0. This represents a -5.87 excess air

over that required for perfect combustion.

The gross or high heating value for propane is given
as 21,690 BTU/1b. of vapor (22). At the burning rate of
5.9 lbs./hr. the potential heat release is 128,000 BTU/hr. -
However, because bf the loss resulting from incomplete
combustion, which was calculated as 14% of the total
possible energy, tiie actual heat released amounted to 110,000
BTU/hr. From this data it is Tound that, from the radiation
meter readings, the 60° cone radiated 19.5:; of the heat

ectually liberated, while the 32° cone radiated 247.

This appears to be somewhat less than the amount of
energy that should have been radiated, particularly for a
surface temperature of 1500°F. There wes reason to doubt
the accuracy of the radietion meter at the time these.
measurements vicre taken due to the ract that some of the

thermocouples had been re-arranged since the last
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calibration. Also, since the thermopile is covered with
lithium fluorite, the calibration constant is only an
average value which could be much different than the actual
calibration for the intensity and temperature under con-

sideration.

Further evidence that the recorded radiation intensities‘
were too low comes from a consideration of the overall heat
balance. From the latest values for the specific heats of
the exhaust gases (14) the sensible heat discharged by way
of the exhaust gases (temperature of 1500°F. ) was &pproxi-
mately 54,000 BTU/hr. The rate of convection from the
suriace ol the cone was calculated to be approximately 20,000
BTU/hr. (3). This would leave approximately 36,000 BTU/hr.
to be discharzed through radiation, which amounts to 337 of

the total energy.

Also, from the intensity relationship given on page 87
a surface temperature of 1515°F. and .8 emissivity, the
intensity is calculated to be 2900 BTU/Ft®./Hr. This does
not account for the additional effect due to the holes in
the surface. The color teuwperature of these holes was 1750°F.
(as measured with the optical pyrometer). Another factor
vinich fevors the reasoning that the meter calibration was in

error results from the general case that the temperature
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as measured with an optical pyrometer is somewhat less than

the rezl surface temperature (at least 10°F.).

In view of the above considerations it scems logical
that the intensities as recorded should be increased by 1.3

times their given values.

To use these energy distribution plots for finding the
intensity at any point on the ground it is only necessary
to assume the heater unit to be located at some selected
height (8-feet) and by trigonometiry find the angle that the
direction to the point in question makes with the O or nadir
(dovmward vertical). Read the intensity at l-foot in this
direction from the gra»h, calculate the distance to the
point by trigonometry and divide the intensity by the square
of this distance; thus, giving the intensity at that point.
As an example the following problem is assumed:

Find the intensity at 20 feet from either unit when they
are 8-feet high?

Angle from nadir, & = tan™1 20/8 = 68.2°

Fron energy distribution curves,

For 60° cone -- I (intensity at l-foot) = 2320 BIU/FtZ./Hr.

For 32° cone -- I; = 2720 BTU/FtR./Hr. %

L (distance to point on ground) = [bg 4 20%7

pos ST
f“‘w’":r}f""*,.;gu
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Intensity at 20 feet from 60° cone = 2520/L° = 2320/464 =
5 BTU/F%Z./Hr. or, by ap»lying the suggested correction,
intensity = 5 x 1.3 = 6.5 BTU/Ft<./Hr.

Intensity at 20 feet from 32° cone = 2720/464 =

5.8 BTU/Ft2./Hr. or = 5.8 x 1.3 = 7.54 BTU/Ft2./Hr.

These calculations show the apparent advantage of the
329 cone over the 60° cone in giving a more favorable dis-

tribution of' the radiant energye.

Making allowance for the probable errors in the radiation
intensity, the evidence feavors an experimental application
of the 32° cone-type withh as many holes as possible through
its surface. Also, a ceramic material should be attached
to the bottom side of the ceramic top, allowing this addition
to projeet dovm into the voluwe of the cone. This would

increase the radiction through the holes in the surface.

With the sbove improvements this type of heater unit
should prove to provide suiiicient protection when spaced
fifty feet apart at an elevetion of eight feet. It will re-
quire an operation under natural frosting conditions to
determine the real value of this unit and the late blooming

flowers should provide an ideal proving grounds.
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Sumniary

The principal cause of damage to agricultural crops
by freezing results from radiation-type frost. It was found
that to use radiant energy alone requires a radiation in-
tensity of 10 ZTU/sq.ft./hr. to protect low growing vegetation
against the frosting conditions most likely to occur during
the growing season. However, for the few cold wind-borne
‘freezes wnich have occurred, the radiation intensity has to

be increased to epproximately 65 BTU/sq.ft./hr.

The use of convected or sensible heat has proved to
afford protection against radiation-type freezes. This
method is practical particularly for vegetation tvio feet or
more above the ground, and when the temperature gradient 1is
surticiently high (temperature inversion). In contrast,
under conditions of appreciable vwind little can be done
toward heating the surrounding air to provide protection for
vegctation against freezing. However, in the majority of

cases damaging freezes Ao not accompany appreciable wind.

The Frostguard, which was designed to provide protection
exclusively through radiant energy, wes found to be expensive
in terms of the amount of protection afforded. Also, the

burner was somewhat erratic in its operation. This study
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on the Frostguard was made with two objectives in mind:

(1) to reduce the flame volume so that the size of the units
could be made smaller in order that practical reflectors
would facilitate better distribution of the generated radiant
energy, and (2) to increase the dependability or stabilize

~ the burning.

Following an analysis of the physical and chemical
properties of kerosene, experimental attempts were made to
improve the Frostguard along the above two lines. To reduce
the flame volume required a better mixing of tne air and
fuel-vapor before burning started. However, since the ig-
nition temperature of kerosene is below its saturated vapor
teuwperature at 80 psig, burning would start as soon as suf-
ficient air was entrained to give a combustible mixture.
Therefore, since the burncr is of the pressure heat-vaporizing
type, little could be done that would induce a better aeration

of' the fuel vapor in order to reduce the flame volume.

The reason that the Frostguard failed to operate satis-
factorily in wind in excess of 5 MPH resulted Irom a lack of
suiTicient air for conbustion, which reduced its vaporizing
capacity. This problem was solved to & satisfactory degree
by placing a vind deflector and scoop at the top and bottom,

respectively, of the unit, and by the addition of a ceramic




99

material around the veporizing coil. The wind deflector

and scoop took care of the steady wind while the ceramic

held surficient heat to carry the vaporization through the
gusty wind conditions. Also, the ceramic produced a suf-
ficiently high teuwperature surrounding at the initial point
of coubustion to reduce tite flame volume somewhat. As a
result the surface tenmperscture was increased by approximately

100°F. with the szme flame volume.

Folloviing the conclusion that better radiant energy
distribution could be more practically carried out by the
use of smaller units spaced closer together, work was carried
on to develop a small non-powered liquid petroleum fuel
burner. The objective was to accomplish a nigh rate of
burning in order that a considerable part of the total heat
liberated vould be discharged as radiwnt energy; this had to

be carried out vith a minimun of smoke.

Several dirferent principles were tried with varying
degrees of' success. However, in view of the cost, operution,
and snoke oufput, it was found that the principle employed
by the Return-stack Orchard Hecater (as developed by the

University of California) was the best.

The increasing distribution of liguified petroleun gases
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places this fuel as a possible source of heat energy for
frost damage control. The simplicity with whiech this fuel
can be burned efficiently to give radiant enerzgy as well as
sensible heat gives rise to definite advantages. Presently,
the cost is apparently a disadvantage; however, the low
first cost of burner units, low maintenance cost, cheapness
with which the rate of burning for such a burner can be
modulated and automatically controlled, and the possibility
of combining such a setup into a permenent installation; may
well outweigh the comparatively high fuel cost. One of the
objectives of tihis study was to develop a LPG burner-unit
which would be practical for the growers of flowers and
higsher valued truck crops. Such a unit was designed and
tested to evaluate its opcrating characteristics. The results
of this test indicated that the unit was ready to be tried
under natural frosting conditions. The type of vegetation
and freezing conditions will, of course, determine the extent
of protection afforded; however, it is suggested tnat these
units be spaced fifty feet anart and eight feet high. The
above spacing is suggested for fairly well exposed vegetation,
such as tomatoes, strawberries, etc., and for the frosting
conditions most likely to occur during the normal growing
season. The cost is estimated at $10 per unit or $160 per
acre. This cost includes, (1) rent on tanks (two per unit),

(2) regulators, and (3) burner-units.
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Conclusions

Both radiant energy and convected or sensible heat are
used in varying amounts for the protection of vegetation from
Irost damage. Radiant encrgy is more effective on low
growing vegetation, anda if applied With surficient intensity
will protect under freezing conditions which are accompanied
by apprecieble wind. Convected heat is more practical for
vegetation above two feet vhen there is little or no wind
and on comparatively level ground surface. Any burner
discharges both types of heat energy; however, the particular
design determines the reletive amounts. DBoth methods are
more effective when released at several places over a certain

area than from only a few places--favoring small heater-units.

Large radiation equipment is inefficient in its distri-
bution of radiant energy and sensible heat, and is necessarily
expensive--a factor wiilch restricts its apnlication to the
nigher valued crops. The nressure heat-vaporizing type of
burner used in the present unit is inherently erratic in its
operation and requires considerzble meintenance for satis-

factory operation.

The principle employed by the Return-stack Orchard

Heazter serves very well to bring about the efficient clean
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burning of a comparatively high fuel rate. It is evident
thet this hcater was designed primerily to heat orchard type
crops; however, by re-designing so that wmore of the radiation
would be directed dovmwerd, this principle could be used for
the protection of low growing vegetation. Because of the

low initial cost, lack of need for maintenance, and low
operating cost, a heater constructed on this principle could
be positioned close enough together to afford protection

against the most probeable freezes.

The liquified petroleum gas burner-unit offers practical
frost damage control on crops such as ifloviers or other higher
valued crops, and narticulerly those crops which may become
contaminated by other burncrs. Also, this type of burner
could be incorporated into an automztically controlled setup,
which could be noduvlated to a rate of burning that would
protect against the prevailing freezing condition; thus,

ef'fecting a saving in the fuel consumption.
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