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ABSTRACT

Studies in field applications of evaporative cooling demon
strate a need for more effective economic.temperature regulation 
throughout the cooling season. To evaluate a solid state electronic 
control device for temperature regulation, a comparison was made be-' 
tween the conventional control systems and the recently developed solid
state electronic phase control power module. The purpose of this study
was to determine the effectiveness of the solid state control in its 
application to actual field conditions.

Three tests were conducted using evaporative coolers powered 
by split-capacitor motors in simulation of actual field applications. 
The first two were conducted at a practical load level, and the third 
as a" maximum performance test.

, Two types of electric motors were compared with the permanent- 
split-capacitor test motor to determine their suitability and capabil
ity for use with the solid state control. The capacitor-start motor 
proved to have the best characteristics. '. '

The solid state power module proved to be effective under all
conditions within the capacity of the cooler. It surpassed the conven
tional on-off two-speed system in all realistic applications in main
taining a constant inside maximum temperature. Results from this study 
show the power module coupled with permanent-split-capacitor, split- 
phase or capacitor-start motors is suitable for practical, field 
applications.

v u



HiTRODU CTION

Statement of the Problem
Environment in agriculture is a factor for which control can 

always be improved. The use of evaporative cooling in this field is 
rapidly increasing, but operating improvements are needed. One poten
tial improvement is automatic control to provide the required air flow
for an acceptable environment throughout the cooling season. With fixed
air flow capabilities of existing single and two-speed fans, one can de
sign for early and late summer cooling when humidity is low and adequate 
cooling can be accomplished with minimum air flow, or for periods when 
the high humidity reduces the cooling capabilities ,of a given amount of 
air. Consequently, most systems are designed for medium conditions, 
resulting in over-cooling or on-off cycling during periods of low re
quirement and insufficient capacity when requirements are high,

A thermostatically controlled on-off system is the best auto
matic system now commercially available, although at this time the
manual on-off is still more common. For the cooling range needed, if
air flow and pad saturation are designed for the extreme heat loads, 
the resulting on-off cycling under light heat load conditions creates 
an environment far short of optimum.

Since most thermostats operate on a three to four degree dif
ferential, temperature fluctuation is inevitable. Air entering the 
structure through the pad can be 12 to 14 degrees below existing room

1
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temperature. With this, and the high velocity characteristic •■of 
evaporative coolers for good air mixture, undesirable drafts,will occur 
at temperatures much lower than optimum. This can be a health hazard 
to animals, especially young ones incapable of adjusting to adverse en
vironments. In addition to agricultural applications, the same poten
tial for improved comfort exists in cooling residences and other 
buildings for human occupancy (l6).

Prior experiments in this area included drawing air through pads 1 
and humidistatically controlling pad saturation (4), This proved im
practical because of the wide hourly variation in the inside relative . 
humidity necessary to maintain a constant inside temperature. This is 
a consequence of varying outside air conditions. Warm air was also 
circulated within the structure at periods of high outdoor humidity and 
low pad saturation, defeating the original purpose of cooling.

To correct the lack of adequate control, a method is needed 
which will provide pad saturation and air flow to meet extreme cooling _ 

needs but with the added capability of automatically reducing air flow 
to meet requirements of lesser cooling loads. A variable speed motor 
which will automatically regulate air flow needed to maintain a preset 
inside temperature and yield a comfortable environment is a possible, 
answer to this problem of environmental control.

Improved comfort over a wider range of outside conditions- can 
be provided by an evaporative cooler with the same pad area as in a 
conventionally designed system, but with automatic speed control of a 
motor and blower capable of delivering more air. When humidity is low 
and cooling capacity of a given amount of air is high, or when the
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cooling load is low, the cooler can deliver a continuous but small flow 
of air« As the temperature rises or internal heat load increases, more 
cooling is provided by increasing the quantity of air delivered..

During periods of high temperatures and high humidity, conven
tionally designed evaporative coolers lose their effectiveness because 
evaporated moisture further increases relative humidity to a level of 
discomfort. However, with the capability of greater air flow and the 
associated higher air velocity through the wetted pad, air-water con
tact time is reduced» The cooling potential of a given quantity of air 
is reduced, but sufficient heat exchange is provided by the larger quan
tity of air. The increase in relative humidity is also reduced, pro
viding a relatively comfortable environment. Thus the extra capacity 
of the cooler has been.called upon to maintain a desirable .dry-bulb 
temperature without the associated high relative humidity of conven
tionally designed systems«

Objective of the Study
The objective of this study was to improve the level of control

of inside^environment modified by evaporative cooling. This objective
was achieved by

1. Selecting and adapting a speed control unit which will auto
matically control a standard alternating current motor of the 
type commonly used for evaporative coolers and by

2. Evaluating the ability of the speed controlled system to
improve environments modified by evaporative cooling.



REVIEW OF LITERATURE

Early Evaporative Cooling in Foreign Lands
' Evaporative cooling in hot dry climates dates hack several 

thousand years„ Egyptian paintings show slaves cooling air with water 
for their lords. Frescoes from as early as 2500 B.C. picture slaves 
fanning jars of'water for the comfort of their kings. Damp felt was 
used to cover tents, giving.a much desired cooling effect (20).

. Leonardo da Vinci made what is known as the first mechanical 
air cooler. This invention consisted of a long water.wheel through 
which air was pulled and cooled by the rise and fall of water.

It is written that Maria the Jewess discovered the water™ 
bath in the Middle-ages* Von Lippman states the water™bath cooler 
was actually known to Hippocrates (3)•

People of India used screen doors covered with grass kept wet 
by servants« The method is still used but with recirculating pumps 
and catch basins. Also employed is a unique device for soaking grass, 
consisting of a balance trough at the top of the grass covered doors. 
Water trickles into the trough from supply pipes until it overturns 
and spills the water onto the grass. After this occurs, gravity simply 
rights the trough for the next cycle.

The people of India applied still another type of air cooler 
known as the thermantidote, a door replaced by a rotating framework 
covered with grass. Besides the cooling aspect, the grass gave a 
pleasant odor.

k



: s
Early Evaporative Cooling' in the U eS.

Evaporative cooling was developed in both the Eastern and 
Western United States (19)• Oddly enough each section of the country 
had its own respective pioneering in this field,-with different goals 
in mind» ' The East wanted a high humidity within their textile mills 
for easier textile manufacture, while the West set its sights on cool
ing the home«

Eastern evaporative cooling began in 1899 after John Zellweger 
of St. Louis devised the first air cleaning device which worked on the 
simple principle of wetting fan blades and motor case to catch the dust 
particles as they passed through the fan. From this. Dr. Willis Carrier 
developed the first modern air washers comprised of spray chambers in 
which pressure type spray nozzles purified the air. As a side benefit, 
the textile mills were also cooled and humidified. Since labor had 
little influence on management decisions, the cooling benefits for 
personal comfort were .considered of far less significance than the 
product quality improvement from the higher humidity. Consequently, 
it was the rise in humidity from the air washers which was recognized 
as a valuable feature and was then further developed.

The success of air washers in the Eastern mills prompted.study 
of textile mill evaporative cooling. With the existing milling process 
which called for semi-sealing the building from fresh air, cooling was 
almost impossible, making working conditions unbearable in the almost 
completely saturated air.

In the late 1920's. It was discovered that with the use of an 
inside fan, windows could be opened without the loss of milling



efficiency (19). Evaporative cooling then occurred wherever outside 
air reached humidifiers. Ten years later, window fans were found to 
give a much better cooling effect in conjunction with the humidistats 
which ran air washers, giving the desired humidity. Right on the heels 
of this discovery came the capillary air washers and conditioners in 
1935. This invention was simpler and much more compact, saving space 
and money. The spray was still in use as the air washer, but it was 
focused on a thick pad of loosely packed fibers. Through this pad, air 
was passed to give the desired cooling effect.

While the East was having moderate success, the West also was 
progressing with the solution to the task of cooling the home. In 
1930, cooling towers were a familiar sight as were cloths hung in open 
windows and kept wet by absorption from water filled basins or troughs 
on the sills.

The cooling towers coupled with a heat exchanger made what is 
known as indirect evaporative cooling. These towers lowered the tem
perature of a cooling medium, usually water, and circulated it through 
a heat exchanger in the area to be cooled. Inside relative humidity is 
not increased by this method (23)•

In 1929 experimenters in Arizona used cooling towers to chill 
water, then pumped it through automobile radiators to cool inside 
air (19)» This idea caught on with much success.

Three years later the first mechanical direct evaporative cooler 
was developed, consisting of an electric fan pulling air through wet- 
cloths hung in windows (19). From this design, many homemade coolers 
were built and put into use. Many had a burlap pad, l/4 horsepower
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motor and automobile fan blades« In 1 9 3 excelsior pads replaced 
burlape Commercial manufacture of coolers began about 1936«

Today there are two main types of direct evaporative coolers 
found in the Southwestern United States. These are the desert coolers 
and pad-fan systems. In .1957# @5 Per cjent of all coolers located in 
Arizona and Uew Mexico were of the evaporative type (24)(l8)..

Desert Cooler vs. Pad-fan System
The package type evaporative cooler or ’’desert cooler," con

sists of a small chamber containing a centrifugal blower and a recir
culating pump. 'The bottom of the chamber acts as a water reservoir. 
Three sides are used as air intakes in the side-draft style (air is 
exhausted out one side) and four sides are used as air intakes in the 
down-draft cooler (air is exhausted through the bottom). The intakes 
are composed of excelsior pads or other porous material usually one to 
two inches thick. Water from the reservoir is recirculated through the 
pads to keep them saturated. Air is drawn through these saturated pads 
by the blower and exhausted directly or indirectly into the structure 
to.be cooled. Units of this type will cool to approximately 80 per 
cent of wet-bulb depression (22.) (lO).

When cooling with the desert cooler, the air pressure within 
the cooled structure is positive and air is exhausted through openings 
in the structure provided for this purpose. Ducts may be used to trans
fer and distribute air from the cooler to various parts of the struc
ture, to maintain a relatively uniform air temperature throughout the 
building (11).



This type of cooler is used in the cooling of greenhouses and 
livestock structures as well as homes„ An air duct system is used with 
greenhouse cooling since uniform temperatures are a necessity (2)„ The 
big advantage of the desert cooler in the cooling of farm, structures is
that the structure- need not be air tight*

The pad-fan evaporative cooler utilizes the same cooling prin
cipal in a somewhat different physical arrangementa In this system the 
pad and fan are usually located at.opposite ends of the building or 
enclosure and the fan is exhausting air auto. A number of greenhouses 
and poultry houses in the Southwest use the pad-fan arrangement« A 
segment of the wall is made up of a pad area saturated with water from 
a recirculating pump in a manner similar to the pad wetting of desert 
cooler« As air is driven cut by the exhaust fan or fans in the oppo
site wall, air is drawn through the saturated pads, replacing the ex
hausted air with fresh cool air (21)o

Since air is continuously blown out, the indoor air pressure 
with the pad-fan system is less than outdoor air pressure. The struc
ture must therefore be reasonably air. tight to prevent direct inflow of
warm air. Poultry prefer negative pressure (8) but it has not been
determined whether other farm animals experience comfort differences 
between positive and negative pressure. Because internal air is more 
readily exhausted under negative pressure (l^), animals' odors and 
ammonia fumes are removed more rapidly. This has been shown to be 
beneficial to animals as well as creating a more enjoyable environment 
for the laborer.



The pad-fan is more efficient than the desert cooler because 
air velocities through the wetted pad are more uniform throughout the 
pad area. In addition, all heat generated by motors driving the fans . 
is exhausted immediately from the building and is thus not contributing 
to the internal heat load. A further advantage of this system is the 
absence of local drafts near blowers or duct outlets within the 
building.

There are practical limitations in distance the exhaust blowers 
can be located from the wetted pads, depending upon the quantity of heat 
generated within or entering into the building. As a unit volume of air 
travels from the pad to the exhaust fan, it absorbs heat, raising the 
air temperature. For a given internal cooling load, the distance limi
tation, can be.determined by maximum allowable temperature differentials 
within the building. This maximum for comfort cooling is about 10°F (19) 
and, for greenhouses is about 4°F (2). To maintain a differential of 
>°F in a greenhouse, air must not travel a distance greater than 50 feet.

The effectiveness of these evaporative coolers depends greatly 
on the size and wetting of the pads. Pad saturation and air velocity 
through the pad determine the degree of air saturation taking place.
The larger the pad for any given air flow, the slower the air velocity 
through the pad. This permits a greater contact time of air and water 
resulting in greater saturation. Most pads are comprised of aspen wood 
excelsior (21).



Effects of Cooling
Heat stress has substantial influence on growth and reproduction 

of poultry and livestock. When early stages, of growth in poultry take 
place during summer heat^ the growth rate.up to 12 weeks of age is in
creased by evaporative cooling. Also a 12.3 per cent increase in 
hatching egg production was noted. Egg production was 4.2 per cent 
greater in a pad-fan cooled structure than in a package cooled system. 
High mortality losses can also result from high inside temperatures- (15)»

Cooling also proved beneficial in increasing the efficiency of 
livestock reproduction. Over a two year period from 1964 to 1965? it 
was shown that 30 per cent more cows were confirmed pregnant per num
ber of inseminations under cooled conditions than uncooled. An increase 
in milk production from the cooled cows was also noted (22).

Reproduction of swine is also hampered by high dry-bulb temper
atures. It has been determined that fewer pregnancies (l?)? fewer . 
embryo per pregnancy and lower survival rates (13) result from high 
dry-bulb temperatures. Year.around farrowing of healthy litters is an 
essential element in profitable swine production. Temperature regula
tion plays a major role in its success.

Greenhouse cooling is also necessary during periods of excessive 
summer temperatures. Most of the solar energy transmitted through the 
surface material is retained within the greenhouse creating excessive 
heat unless some form of cooling is provided. Plant growth is directly 
affected by the influence of high temperatures on internal plant pro
cesses. Proper temperature regulation of greenhouses is essential for 
the development of a high quality crop (2).
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Human productivity declines as much as to per cent on hot days 

without some type of cooling. Accident rates and errors also show 
substantial increases as comfort deteriorates (l)«

Greenhouse', livestock and human environments' may require some 
level of cooling dependent on heat load« Presently the variation in 
cooling need for production type buildings cooled by evaporation is 
provided with a bank of fans thermostatically controlled to operate as 
many as are needed for required air flow» This system will maintain a 
reasonably constant temperature without undue drafts, but the control 
is a step function rather than continuous« Evaporative cooling is not 
the ultimate in air conditioning but under proper conditions does serve 
as an economical means of providing relief from summer heat.



THEORY

Farr states, "Evaporative cooling is as old as the ocean 
breeze (4)." This brings up an often asked question, "Why cannot the 
ocean breeze cool the great Southwest?" The explanation is simple.
Air coming off the Pacific Ocean is cool, and therefore unable to hold 
a sizeable amount of water. As the prevailing westerlies take the air
overland, the dry-bulb temperature is increased greatly, while no ad-

!.;Vditional moisture is available for evaporation, resulting in' high di$- 
bulb temperatures and low relative humidity (9)• This hot, dry 
environment of the Southwest is ideally suited for evaporative cooling, 
a process which would add water to the air, decreasing the dry-bulb 
temperature, Although relative humidity is increased, comfort is still 
.achieved with evaporative cooling.

Theory of Evaporative Cooling
Evaporative cooling is an adiabatic process, that is, one in 

which an exchange of heat occurs within the air and water vapor mixture, 
but with no change in total heat content. Consequently, noticeable 
alterations occur only in dry-bulb temperature and humidity content of 
the cooled air. This occurs when free water and non-saturated air come 
into contact and are thermally isolated, causing heat and mass transfer. 
The rate of transfer of heat and mass is determined by the differentials 
of temperature.and vapor pressure. Because the vapor pressure of the 
free water ̂ surface is greater than that of the unsaturated air, the



transfer involves a change of state from liquid to vapor, requiring 
heat of vaporisation and resulting in both heat and mass transfer.
Heat transfer results from the natural flow of heat from a warm to 
cool substance. Temperatures and vapor pressures almost immediately . 
equalize, thus ending further flow. Since the atmosphere is thermally 
isolated, total heat content does not change. As moisture evaporates 
into the air, latent heat is simply exchanged for sensible heat re
ducing the - dry-bulb temperature. This is the basis for direct evapora
tive cooling, called adiabatic saturation. From this it can be seen 
that the lowest possible temperature which can be achieved is equal to 
the existing outdoor wet-bulb temperature, at which the air is com
pletely saturated (19)(6)»

Performance of a direct evaporative cooler cannot be. calcu
lated on the same basis as refrigeration cooling since BTU's are con
verted but not removed. According to Harris (7) the efficiency of 
evaporative cooling is based on the extent of complete saturation of 
the cooled air. This cooler pad adiabatic efficiency is defined as 
the drop in dry-bulb temperature of the air passing through the pad 
divided by the outside wet-bulb depression.

The ideal evaporative cooler is one which is capable of 100 
per cent saturation. This is economically unobtainable due to pad 
size and pumps needed. With economics and cooling in mind, 85 per 
cent saturation of the air at the pad is a reasonable goal.
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• Theory of Solid State Control Device ■

To provide uniform.- codling, a phase control power module 
(Figure 1) (5) was connected to the "blower motor« This is a typical : 
control circuit producing a variable pulsating direct current. Such 
devices are used for automatic regulation of electrical heat elements, 
lighting fixtures and A«C« motors, . The theory of operation is rela
tively simple. Incoming alternating current is rectified into pul
sating direct current upon reaching the diode bridge / «
The output of the bridge is shown in Figure 2= Resistor and the
zener diode D combine to maintain the voltage between junction A and 

- - - ■ 
common at 22 volts, .

Thermistor resistor and potentiometer R^ determine the :
Ignition (starting) temperature of the control circuit. When the
voltage drop across R, is less than that of R and R_, the. triad. 3 5
triggering portion of the circuit begins to function. . The setting of 
R^ therefore determines the ignition temperature of the system. At 
point B in the circuit a ramp and pedestal waveform.can be seen 
(Figure 3)» The pedestal height is determined by. the differential 
in base temperature setting and room temperature as determined by 
At this point the ramp is horizontal.

Potentiometer R^ controls the ratio of change in output volt
age to temperature change which is referred to as band-width. . The 
resistance of Rg determines the time it takes "capacitor C1 to charge. .
Discharge time of directly effects; the ramp slope. In Figure 4, ramp 
curve 1 shows the effect of a high setting of Rg, therefore a slow charge 
of giving a wide band-width. Curve 2 shows a low setting of Rg
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Fig. 2. Output of Diode Bridge
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Base Temperature Comparison

1. WIDE BANDWIDTH
2. NARROW BANDWIDTH

ONE CYCLE

Fig. 4. Effect of Bandwidth upon Ramp Portion 
of Wave Form
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resulting in a fast charge of C-̂  yielding a narrow band-widthu A very
small change in ramp slope yields a large change in output voltage.
Diode Dg prevents current return to the voltage comparison segment«

The band-width setting determines the amount of temperature
fluctuation permitted* A wide band-width setting will result in greater ■
temperature fluctuation, but the correct positioning of Eg will yield
rigid temperature control*

The ramp and pedestal waveform is applied to the unijunction
transistor (UJT) The unijunction transistor controls the gating
action of triac Qg, The method used is called error detection in that
it detects the difference between the time the gate is open and the
needed time * The magnitude of the error determines the point within
the half cycle of current the UJT will trigger» Only a positive error
can be detected, that is, a difference such that the incoming waveform
demands a greater time of gate opening of the triac than the open time
occurring at that instant„ When the incoming waveform requires a very .
small change in gate timing, or no change is necessary, the UJT will
trigger only briefly if at all. This causes an oscillation in output
voltage which can be avoided if the triggering device used detects both
positive and negative errors. The waveform generated by the UJT is
shown in Figure 5=

A characteristic of a UJT is its change in peak output voltage.
with temperature change caused by a change in interbase resistance.
Resistor RQ changes the interbase voltage of the UJT to compensate for o
the peak output voltage drop caused'by change in temperature. Properly
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compensated^ the unijunction transistor excels in maintaining accurate 
relationships <>

From the UJT, the square waveform is connected to the pulsating 
transformer This transformer stabilises the waveform frequency at.
60 cycles per second, coinciding with the line voltage at the triac«
In addition, the transformer allows negative current to enter the cir
cuit to eliminate the positive potential build up at the input of the 
unijunction transistoro

The square wave output from the pulsating transformer is con
nected to the gate of the triac® The voltage at the gate.is still 
within the 22 volt or less range„ The square wave opens the gate of 
the triac, thus allowing current flow to the motor for the duration 
of the square wave designated as part A (Figure 5) <. The'portion of 
the square wave marked B constitutes the time of no flow through the 
triac since the gate is closed®

The current flow received by the motor therefore consists of 
two positive pulses per cycle, with each pulse constituting only a 
portion of the full wave (Figure 6), An A.C. motor responds as if it . 
were receiving alternating current, one positive and one negative pulse 
per cycle«



EXPERIMENTAL DESIGN

This experiment was conducted at a research facility at The 
University of Arizona, Tucson, Arizona and data were collected from 
September 10 to September 20, 1970• Typical climatic conditions- for 
this period prevailed« Daily high temperatures ranged from 80°F to 
92°F whereas mid-day relative humidity ranged from four per cent to 
28 per cento One mid-day rain shower did occur*

Enclosure
The cooling system and cooling load used in the tests consisted 

of a pad-fan type of evaporative cooling in an enclosure 8 f x 12’ x 8' 
constructed of plywood with exterior framing» Each structure was 
oriented in an east-west direction and was completely unshaded» The 
exterior was given one coat of all-purpose aluminum paint = A 24" x 28" 
excelsior pad was centered on the east wall, and an exhaust blower was 
mounted top center in the west wall (Figures 7 and 8)«

Two such buildings were constructed side by side separated 
sufficiently to prevent shading, In the north building, a conventional 
thermostatically controlled, two-speed motor was attached to the blower« 
At high speed one air change every two minutes was provided. This is 
the design value used for the Tucson area in conditioning a totally.ex
posed structure having a normal internal head load, such as a home (l4). 
This thermostatically controlled design is the ultimate of conventional 
systems, and will be henceforth called the conventional system. In the

20



Fig. 7. West and South Exposure of Test Enclosures and 
Weather Box for Outside Recorder

Fig. 8. East and North Exposures Showing Wetted Pads
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south building a blower and motor capable of providing 1»75 air changes 
per minute at maximum motor r«p«hu was electrically connected to a 
variable speed control unit. ■ No internal heat load was applied but 
this was compensated for by the additional heat load through the non
insulated walls* All tests within each building were made simulta

neously.
Three hygro-thermographs were used to record temperature and 

relative humidity« Each building contained one hygro-thermograph lo
cated in the center of the building three feet above floor level. Out
side air conditions were measured and recorded in a weather box located 
approximately 12 feet east of the test site, 4,5 feet above ground 
(Figure 7)°

Phase Control Circuit .
To achieve the variable air flow required for temperature 

control, the phase control power module previously described was at
tached to the exhaust blower motor. Since the circuit was to be tem
perature sensitive, a thermistor R^, located immediately adjacent to 
hygro-thermograph was used as the sensing device within the phase con
trol circuit.

The power module wiring diagram used as a basis for assembly 
of a control system for the evaporative coolingstests specified a 
permanent-split-capacitor or shaded-pole motor as appropriate motor . 
types for control by the module (5)« The permenent-split-capacitor
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motor was selected for the tests because of its availability in some
what larger sizes than sh&ded-pole motors« The modulfe was connected 
directly to the motor input.

The split-phase and capacitor-start motors used in subsequent 
motor comparison tests have both start and run windings. In previous 
studies on solid state control for A.C. motors, the controlling unit 
was attached directly to the run windings (12)« In the motor compari
son tests, however, the module was connected directly to the motor in
put, thus affecting both the start and run windings. This adaptation 
improves the starting torque of the motor and simplifies electrical 
attachment.



RESULTS AID DISCUSSIONS

The phase control module output is constant frequency, pulsating 
direct current. Since this cannot be measured accurately with a B.C. 
meter, an A.C. meter was used to measure average voltage. Thus the 
voltage recorded is an average voltage represented by line voltage 
times the fraction of total time the triac is on. Unless otherwise de
fined, the word volts will have the above definition. Also, adiabatic 
efficiency associated with inside air conditions gives a better indica
tion of the systems ability to maintain a preset indoor temperature 
than adiabatic pad efficiency so room temperature was used rather than 
pad temperature. The following equation was used to calculate 
adiabatic efficiency.

Efficiency - outdoor dry-bulb temperature - room temperature
wet-bulb depression

This resulted in efficiencies varying with room temperature.
In the first stages of testing with the permanent-split- 

capacitor motor, it was noted that the motor, when under the initial 
starting load, was unable to start at the ignition voltage associated 
with cut-in temperature of the power module. For the particular motor, 
82 volts were required to start the motor under load, although only 60 
volts were required for operation at minimum r.p.m. This is attributed 
to the "locked in" effect of the rotor to the windings caused by magne
tism. The ability to continue running at minimum r.p.m, with only
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60 volts before the rotor again "locks'* to the winding, is attributed 
to the inertia of the turning rotor. At voltages below 82 initial and. 
60 operational, the motor will burn out. To prevent burn out, a pro
tective thermostat was connected in series with power to the control 
module and located in the same environment as the module temperature 
sens or, It was set to close at the temperature associated with 82 or 
greater voltage output in the control module and to open when the volt
age dropped to 60 volts. Therefore the thermostat closing temperature 
was greater than the cut-in temperature of the control module«

Results of Test T
The data in test number I were taken during a period from 

September 10 to September 13. Thermostat contacts in each building 
were adjusted for simultaneous starting at 80°P. The thermostats had 
a fixed differential of 4°F, so opened when temperature dropped below 
76°F. In the two-speed thermostatically controlled system, low-speed 
switched on at 80°F, and high-speed on at 83°F.

In the solid state controlled system the base temperature 
(cut-in temperature of phase control module) was originally set at 790F« 
This gave ample voltage to start under the initial load, but not the 
60 volts needed to operate at the lower temperature at which the ther
mostat contacts open. Therefore, the base temperature was reset at 77°F« 

Inside temperature controlled by the solid state system was 
uniformly maintained throughout the day despite fluctuations of outside 
air conditions (Figure 9) • The tempera.ture drop of 3°F at ignition 
within the solid state controlled system is a result of the differential 
voltage requirements of the motor at the initial start and at low r.p.m.
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Fig. 9· Results of Test I 



An oscillation of temperature and. relative humidity within the 
conventional system can also be. noted from the figure. During periods 
of high heat load, the oscillations are caused by varying outside wind 
speed, creating different resistances upon the blower and fluctuating 
air flow. At low heat load, the oscillations can be attributed to the 
on-off action of the thermostat. The solid state controlled system 
compensated for the varying conditions with its rapid response time and 
ability to operate at reduced or minimum r.p.m. Some.fluctuation did 
occur on Sunday afternoon the 13th of September during occasional rain 
showers which lowered the cooling load below minimum r.p.m. cooling, 
creating a period of on-off thermostat operation.

The temperature within the solid state controlled system reached 
a maximum of 77«5°F after ignition with a.base temperature of 77°F« 
During the same period the conventional system reached 83°F. Through
out the four day period, the solid state controlled system's maximum 
fluctuation after ignition temperature was 1°F while the conventional 
system fluctuated a maximum of 5°F.

Since the greatest differential of performance of the two sys
tems occurs at peak outside temperature, a special record was made of 
values at maximum outside temperature (Table l). From these valuesV
adiabatic efficiencies were calculated. As expected, the adiabatic 
efficiency of the solid state controlled system normally-exceeded the 
conventional system. The maximum adiabatic efficiency differential 
was 23 per cent.



Table 1. Results of Test I at Maximum Outside Temperature

Outside Conventional System Solid State Controlled System
Temp,
°F

Relative
Humidity

%
Temp» 
°F

Relative
Humidity

$ '
Efficiency

*
Temp,
°F

Relative
Humidity
' t

Efficiency
%

Thursday 92 18 76 6o 54,8 77 54 51.7
Friday 94 16 82 52 38.7 77.5 53 53.2
Saturday 90 28 83 .45 29.2 77.5 60 52.1
Sunday 88 24 78 56 40.0 77 57 44,0

Average 91.0 21.5 79.8 53.2 40.7 77.2 56,0 50.2



Results of Test II
Test number II was. conducted in the same manner as test number I 

with the exception that a thermostat setting of 72°F was used.as a com
mon ignition temperature, a temperature at which the capacity of both 
cooling systems would likely be exceeded for outside conditions typical 
of that time of year. However, outside temperatures during this period 
moderated considerably and very light cooling loads predominated. Again 
the solid state controlled system maintained a relatively constant in
side temperature.with a maximum fluctuation of «5°F, while temperatures 
in the conventional system fluctuated a maximum of 4°F (Figure 10)*

• One might question the high relative humidity within the solid 
state controlled system on such a cool day as Thursday, September 17th. 
This is a result of maintaining, the preset temperature under a light 
cooling load wherein the solid state controlled system was operating 
near minimum r.p.m. Saturation efficiency was thus increased by a 
high contact time between air and water within the pad, resulting in 
a high relative humidity. However, the undesirability of high relative 
humidity becomes less significant at lower temperature so this charac
teristic was not considered detrimental to the objectives.

Lower adiabatic efficiencies were recorded on cool days within 
the solid state controlled system than the conventional system 
(Table 2). This is attributed to the lower inside temperatures of the 
conventional system, resulting from over-cooling at low load.

The two tests of the performance of evaporative coolers oper
ating with different control systems shows that the phase control power
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SOLID STATE CONTROLLED SYSTEM r TEMPERATURE 

RELATIVE HUMIDITY 

CONVENTIONAL SYSTEM 
~TEMPERATURE 

RELATIVE HUMIDITY 

OUTDOOR 

Fig . 10 . Results of Test II 



Table 2» Results of Test II at Maximum Outside Temperature

Outside Conventional System Solid State Controlled System

Temp.
°F

Relative
Humidity

1°
Temp,
°F

Relative
Humidity Efficiency

1o
Temp,
°F

Relative
Humidity

*
Efficiency

Tuesday 86 8 73 56 41,9 72 43 45.1
Wednesday 86 7 70 52 52,4 71 4l 48.3
Thursday 80 22 68 57 60,8 72 58 34.7
Friday 89 12 76 56 41.9 72 60 54.8

Average 8$.2 12.2 71.8 55.2 49.2 71.7 50.5 45.7
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module provides■much better control than that which can be achieved 
with a thermostatically controlled two-speed system. ■ The solid state 
controlled system was capable of maintaining, a very nearly constant 
inside temperature^ while temperatures within the conventional system 
deviated as much as 8.5°F above and 4°F below the desired temperature« 
When outside temperature reached levels such that the cooling capacity 
of the two-speed blower was exceeded, the power module in the solid 
state controlled system called on the additional blower capacity avail
able to maintain the dry-bulb temperature at the desired level without 
excess relative humidity. In addition, the short cycle temperature 
fluctuations present under the conventional system were eliminated by 
the solid state controlled system. Although over-designed for periods 
of low heat load, the solid state controlled system was capable of 
maintaining a constant maximum inside dry-bulb temperature and an . 
acceptable relative humidity throughout the entire cooling season.

' Maximum Performance Testing
Maximum performance tests were conducted to observe inside air 

conditions under extreme heat loads when the capacities of both systems 
were exceeded. These tests were performed when maximum outside tem
peratures were about 90°F and wet-bulb temperatures were about 60°F.
The thermostats were both adjusted to $8°F.

In Figure 11, the summarization of inside conditions over a 
two day period shows the temperature relationship between inside and 
outside environments. The solid state controlled system not only held 
the dry-bulb temperature at 58°F two hours longer in the morning and
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lowered the temperature to 5S°F six hours earlier in the evening, but 
also kept the daily peaks an average of 6°F below the peak temperatures 
in the conventional system. This differential is, of course, made pos
sible by the greater capacity available in the cooler equipped with 
solid state control. The advantage of the phase control module lies in 
its capability to utilize only that portion of cooling capacity needed 
for existing loads. Larger blowers can thus be used, providing control 
over a wider range of outside conditions. In the late hours of the 
evening from 11 p.m. to 3 a.m., the inside temperature in the conven
tional system was greater than outside. This can be accredited to heat 
stored within the walls and frame during periods of external heat load.

Inside and outside relative humidity curves are superimposed on 
the temperature curves in Figure 12. At approximately 9 a.m. the rela
tive humidity within the solid state controlled system is at one of the 
two daily peaks. ,Each of these peaks occurs at a time the system is 
maintaining the preset inside temperature while operating at maximum 
capacity. After the first daily peak the heat load exceeds the cooling 
capabilities of the solid state controlled system which maintains air 
flow at peak capacity until approximately 9 p.m., when another high 
point in the curve is noticed. At this point the system has regained 
control of the inside temperature. Between 9 a.m. and 9 p.m., with the 
system operating at peak capacity, the inside relative humidity re
sponded inversely to the heat load, that is, as heat load increased, 
inside relative humidity decreased and vice versa. The cooler is 
bringing in air and moisture- at a constant rate but because of the
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excessive heat load, inside temperature rises. The rise in temperature 
accompanied by a constant air moisture ratio causes a decrease in rela
tive humidity.

The conventional system shows a similar trend but because of 
insufficient capacity, it was unable to maintain or regain temperature 
control until the external temperature reached the preset inside tem
perature „ Therefore no meaningful inside relative humidity peaks were 

recorded.
Comparison of adiabatic efficiencies are shown in Figure 13'.

A daily average of 31 per cent greater efficiency is achieved- with 
the control system, with the greatest variation of 4^.2 per cent oc
curring at '9 a.m. of the first day (Table 3)« The negative efficiency 
occurred during the brief period when outside temperatures were lower 
than inside temperatures in the conventionally controlled system.

Analysis of Various Types of Motors
Since the permanent-split-capacitor motor is suitable only 

for light starting loads and can be obtained in ratings of 1,5 horse
power or less, other types of motors need to be used for many applica
tions, especially those with greater horsepower requirements, 
Capacitor-start motors are especially suitable for heavy starting loads 
and are available in larger sizes. In lower horsepower ratings, split- 
phase motors are more commonly, used than permanent-split-capacitor 
motors, because of the lower initial cost. Consequently, the adapta
bility of these two motors to control by the phase control power module 
was also compared to that of the permanent-split-capacitor motor.
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Table 3« Results of Maximum Performance Testing

Outside Conventional System Solid State Controlled System
Relative Relative Relative

Temp. Humidity Temp. Humidity Efficiency Temp. Humidity Efficiency
°F cp -  . ° A . . . . .. %_______ °F . f ’. ........... i

6:30 A.M. _ _T  ... 60 , ^ 63 .. 58 66
7:00 59 50 58 63 10.5 58 66 10.5
9:00 75 32 66 63 50.0 58 85 94.4
11:00 84 26 72 59 53.3 65 79 84.4
1:00 P.M. 89 18 74 54 53.5 67 76 78.5
3:00 87 17 73 55 51.8 65 76 8l,4
5:00 84 22 68 57 66.6 63 77 87 0 5
7:00 73 46 64 68 69,2 6l 80 92.3
9:00 65 53 62 67 30.0 58 83 65.0
11:00 6l 58 62 64 -35.2 58 80 35.2
1:00 A.M. 59 64' "' - 6l - "28.5 "I'S"'"" 79 ■ l4„2
3:00 57 68 ■ 58 71 ««. W, 58 ■ 76
5:00 . 58 54 58 71 0 58 73 0
7:00 58 50 58 71 0 58 73 0
9:00 75 30 66 67 48.6 58 84 • 91.8
11:00 82 18 68 60 56.0 62 79 80.0
1:00 P.M. 87 17 71 57 58.1 65 75 80.0
3:00 88 17 71 58 61.8 66 73 80,0
5:00 84 23 70 60 59.5 66 74 76.5
7:00 74 39 65 66 58.0 63 77 70.9
9:00 67 55 64 62 .. 31.5 60 79 73.6
11:00 64 60 64 66 0 58.

82 70.5
1:00 A.M. 62 64 *63 .... l b ... : - i S S ....86 " / 66.6
3:00 .58 72 61 74 "60.0 58 78. 0
5:00 56 71 57 . 74 57 78
Average. 70.5 43 A"1 64.5 64.2 29.6 S o X 77.1 66,6



•To make these comparisons, the temperature sensing thermistor 
was waterproofed with Uralane, a dielectric varnish. . With the phase 
control module connected to each of these three types of motors and the 
thermistor immersed in a water bath, the output voltage of the control 
module and motor r.p.m* were recorded for a range of water temperatures. 
The blower used in the solid state system constituted the load for each 
of the motors in the test.

Both split-phase and capacitor-start motors responded.to the 
phase control module in a manner somewhat different from the permanent- 
split-capacitor (Figure l4). Although the band-width of the split- 
phase was larger than that of the permanent-split-capacitor, it was 
still acceptable for good temperature, control* The narrowness of the 
band-width associated with the capacitor-start motor surpassed that of 
both other motors, making it better suited for rigid temperature con
trol* Figure 15 illustrates the comparative responses of the motor 
r.p.m. to temperature change, the relationship resulting from the 
band-width control* Table k also shows the relationship of voltage 
to motor r.p.m.

The efficiency of the power module (maximum voltage divided by 
line voltage at test site) with the permanent-split-capacitor and 
capacitor-start motors was 9^ per cent* With the split-phase motor 
module, efficiency was 91*5 per cent*

Motor speed efficiency (maximum obtainable r.p.m. with power 
module divided by full r.p.m*) when adapted to the power module may vary 
with motor type and with individual split-phase motors. An efficiency 
of 96*42 per cent was gained with the permanent-split-capacitor.
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Table 4« Comparison of Electric Motors

Permanent-
Split- Capacitor-

Temperature Capacitor Split--Phase Start
°F Above Base $ Max. % Max. % Max.
Temperature R.P.M. Volts R .P .M. Volts R.P.M. Volts

42 96.4 110 94.8 107 100 110
40 96.4 110 94.2 105 100 110
38 96.4 110 94.2 102 100 110
36 96.4 110 93.9 101 100 105
34 96.4 110 93*9 101 100 105
32 96.4 n o 93.9 101 100 105
30 96.4 110 93.9 101 100 105
28 96.4 110 ' 93.9 101 100 105
26 96.4 110 93.9 101 . 100 105
24 94.6 109 93.9 101 100 .102
22 94.6 109 91.6 100 100 102
20 94.6 109 91.6 100 100 102
18 94.6 109 91.6 100 100 102
16 94.6 109 . 91.6 100 100 102 -
l4 92.8 108 91.6 100 100 102
12 92.8 108 91=6 100 100 100
10 92.8 108 86.4 94 100 100
8 92.8 108 85.2 90 100 100 ,
7 e= csi '■«»-«» •=' 77=1 85 =  C= —  — —
6 91.1 105 55=1 55 100 100
4 90.2 102 55=1 53 100 98
3 86.6 ■ 91 49.0 50 100 90
2 82.1 80 ■ 37=1 45 100 A 70
1 33.9 65 37=1 45 17.6 36
0.5 23-2 60 21.4 37 17.6 36
0 Off ' Off Off
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per cent with the■split-phase, and 100 per cent with the capacitor- 

start o This relationship is influenced by individual motor charac
teristics e

The difference between start voltage and minimum run voltage 

also differs with the type of motor* A difference of 22 volts causing 
a change of 6l»5 per cent of maximum r*p+m* was obtained with the 
permanent-split~capacitor motor* The split-phase motor had a 3 volt 
difference causing 37®6 per cent of maximum r.p.m* deviation, and the 

. capacitor-start motor showed no difference in start and minimum run 
voltage * These figures merely"determine the difference between the 
thermostat setting and base temperature e The characteristic of zero 
voltage deviation between start and minimum run would eliminate the 
small peaks in the temperature curve just before the phase control 
module operates (Figure 9) when using a capacitor-start" motor»

With all three types of motors it would be well to provide a 
minimum voltage clamp on the power module to assure that the applied 
voltage does not fall below the minimum required to operate at low ropoim 
In the tests, the thermostat provided this protection, but under field 
operating conditions, a more positive protection would be desirable.

With all types of motors, especially the split-phase, excess 
beat was created at low voltage» This is caused by the decrease in 
back e.m.f..with low rotor speed which permits high current flow and 
increased heat generation* With the standard designs, the motor cannot ■ 
dissipate this additional heate

; ■ Two methods can be employed to counteract the excess heat* A 
small auxiliary fan may be installed to circulate air over the motor or



an oversized motor frame can be used, providing a larger heat sink.
The life of a motor will not be shortened if the heat accumulation is 
controlled.

A motor used with a wide range of r.p.m. must have ball bearings. 
The wedging action of the oil between a sleeve bearing and the motor 
shaft cannot take place until high r.p.m. is achieved so sleeve bearings 
become overheated at low r.p.m.

With the above considerations and it's excellent operating re
sponse to the phase control module, a capacitor-start-motor with ball 
bearings appears to be the best selection of motor for field use with 
solid state speed control. This motor is readily available in a wide 
range of horsepower ratings.

At the present time, three-phase motors require one power 
module for each phase, with a master control for the three modules,
A commercially developed triac is now in the testing stage,'however, 
for use with a phase.control circuit to control a three-phase motor, 
simplifying this particular application.

Summary
Typical Arizona cooling requirements can be quite readily, satis

fied with a solid state controlled system such as the one tested. During 
the early summer season temperatures are high but humidities are very low 
so evaporative coolers have great cooling capacity and can effectively 
reduce the dry-bulb temperature. However, in July and August high tem
peratures are accompanied by high relative humidity and coolers properly 
designed for June are of insufficient capacity for August. With a cooling
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• system of adequate capacity controlled by a phase control power module, 
a constant inside dry-bulb temperature can be maintained during the 

hours cooling is required through the entire cooling season.
A complete power module for loads up to 36OO watts can be pur

chased for $27•00. In many applications, an expenditure of this mag
nitude can be economically justified.

Future Applications
The study of the potential application of phase control power . 

modules in agriculture as described here represents a useful but rela
tively limited function. Extension of temperature regulation may in
clude provision of a constant inside temperature throughout the day 
during all four seasons. This may be accomplished by the use of two 
power modules, one for cooling, and one for heating. The heating sys
tem could include a fan of fixed output with a power module controlling 

the amount of heat generated.
As additional knowledge is gained through research on optimum 

plant and animal environment, control of the environment may become 
more versatile as well as precise. Current recommendations are lim
ited to ranges of conditions within which performance is not reduced 
because of stress.. It may be that cyclic patterns, similar to diurnal 
patterns but without stress inducing extremes will be more helpful to 
high performance than some presumed ideal constant condition. The - 
phase control power module could be adapted for this purpose.

To achieve precision cyclic temperature regulation, one might 
consider a continuous change in setting of the base temperature



potentiometer. The various settings of the potentiometer may be con
trolled by a rotating cam designed to provide the desired temperature 

cycle.



CONCLUSIONS

Based on the results of the study, the following conclusions 
,are made„

1. Temperature within the solid state controlled system was main
tained below a preset maximum during heat loads in excess of 
the capacity of conventional systems.

2. When the heat load was within the capability of both systems, 
the solid state control maintained a rigid temperature, whereas 
the two-speed thermostatically controlled system permitted 
temperature oscillations»

3 = During periods of moderate and high cooling, the inside
relative humidity within the control system was substantially 
less due to increased air'flow. Also greater adiabatic 
efficiencies were obtainable with the control module during 
high heat loads.

h. The capacitor-start motor is the best suited type of motor 
for use with a solid state phase control module. However, 
the permanent-split-capacitor and split-phase motors also 
performed satisfactorily. ■

5* Special provisions may have to be made to control motor heat 
when used with a phase control power module.

k7
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