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" PREFACE

The pufposé'of this study is the investigation of the
feasibility of obtaining effective and economical comfort cooling
from a combination indirect-direct evaporative cooling system

which utilizes an air-to-air regenerative heat exchanger.
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ABSTRACT

Indirect évapora?ive cooling can be defined as a process in
‘ﬁhich an evaporatively cooled fluid is qsed in.cqnjunction with a
'heaf exchanger to ébsorb-heat and sensibly cool air. If this sensibly
cooled air is in-turﬁ’also evaporatively cooled, the process is termed
indirect~direct evaporatiﬁe cooling. The heat absdrbing fluid can be
either air,>or water which has been evapofatively cooled. There are
inherent disadvantages éésoéiated with the use of evaporatively cooled
‘wéter, In order to ascertain the effecti&énessvof using-evaporatively
" cooled air as the heat ébsorbing fluid, an indirect-direct evaporative
system'ﬁas built and tested utilizing a'fotating,_air-to—air regener;
rative heat exchanger. |

The results of the testing and analysis indicate that such a
system could(economiéally-produce physiologically acceptagle comfort
cooling, providing certain conditions are met. These conditions are,
(1) sufficiently efficient evépor#tive céolers must be used and,
(2) the héat exchanéer must have a high effectiveness while offering

low frictional resistance to the passage of air.



CHAPTER I -
INTRODUCTION

The relafively hot and dry climate of much of tﬁe southwestern
-drea of the United States presents a unique opportunity for the study
of environmental engineering. In this area; environmental comfort
has been obtained by using both the oldest and the newest of cooling
methods. The oldest method, but sometimes the least appreciated,_is‘
that of evaporative cooling,. The newer methods’cbﬁsist of the.ﬁérious
methédsAof mechanical réffigerétion,

'Undoubfedly, one of the main reasons for the rapid populafion
growth of thelsouthwest was the advent of relatively inexpensive
revapofative cooiing. It would be difficult to conceive of growth in

such a climate with little or no means for air conditioning.

?

Although the evaporative cooler did its job fairly well, it
-still had its limitations--it did not perform well in hﬁmid weather,
did not consistently produce sufficiently comfortable conditions, and, -
atjtimes, it functiéned as a discomfort reducer rather than as a com-
fort prodgcer°

.Tﬂg.recent years have seen a rapid increase in. the numbef-of'
mechanicéll;efrigeratibh units .installed in domegtic and commercial 3
‘buildings,' The cpﬁfort producing capabilities of these systems

usually depend on the initial investment. Even the cheapest system, -
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if properly sized and installed, can usually outperform an eﬁaporative
system. 'Howevér,'the capital investment-for a refrigeration unit is
at least four times as much as an evaporative ﬁnit of comparable
capacity. In addition, the-dperating costs are.much higher for a
refrigeration system than for an evaporative system. It is, therefore,
of interest fo'explore the.possibility of a system which would be
jintermediate in the initial and operating costs and which would ap-
proach in ferformanée the cooling capabilities of a refrigération
system.

‘Such a system,_desdribed as é combined indirect-direct eﬁap—
orative cddliné system, is déscfibed and analyzed in‘the following

chaptexrs.



CHAPTER II
'THEORY OF EVAPORATIVE COOLING
ADIABATIC SATURATION OF AIR

' The term, ”adiabatié saturation of air' was defined by
b%. Wiilis H. Carrier and is applicable, under certain circumstances,
> to the adiabatic huﬁidifiéaﬁion of gasés and the drying qf materials.
The term éan apply to éithervpartial or complete adiabatic saturation
of a gas with a vapor. The saturation of air with Water‘vapor is
considered in this paper. However,'this basic thermodynémic princi-
ple may also be applied to other gas-vapor systéms.

The follo%ing'classical experiment demonstrates the adiabgticv
’saturation of air with water vapor, .(Figure 1 describes the process),
In order for adiabatic saturation to occur, the folléwing conditions
must bé satisfied;A (a) the Veésel must be perfectly insuiated -
thét is, no heat can leave or entér the system théough the container
walls; (b)‘the vessel must be 1ohg enough to allow'sufficient time
for ;he air and water to reach>equilibrium conditions with respect to
qne.another; (c) the system must be uﬁder steady flow conditions.
Since the proééSs isvadiébatié, the total heat in the systém will
remain constant and will consist of the sum of thé lateﬁt and sensible
'heats.v The ratip of 1aten£ to sensible heat can assume various values

so long as the total heat in the system remains comstant. The
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dashed 1line in Figure 1 will define the boundaries of the system.
Energy entering the system will be equated to energy leaving the sys
tem. This relationship is expressed by the equation:

Ei — E2 1)

where

[Eal
o
Il

energy entering the system.
E2 = energy leaving the system.

Equation 1 can be expressed in termsof its components as:

2+ Kx + Ux + WEx + Q = 22+ K2 + U2 + Wf2 + Wp (2)
where
P = potential energy.
K = kinetic energy.
U = internal energy.

Wf = flow energy.

Q = heat energy.

Wp = pump energy.
In order to satisfy the conditions that (1) the process is adiabatic
and (2) no pump energy 1is required ( i.e., there are no friction
losses ), it 1is necessary that Q = 0, and Wp = 0. In this process
it is assumed that the entering and exiting elevations are equal (?x
?2), and the entering and exiting velocities are equal (K = K2).
Equation 2 then assumes the form:

Ux + WEx = U2 + Wf2

The sum of the terms U and Wf is defined as enthalpy (H). The above



equation then becomes:

H1 = H2 (3)
or, the enthalpy entering the system is equal to the enthalpy leaving
the system. For ease of calculation, one pound of dry air will be
considered. and can be expressed in terms of their separate
components as:

= ha”* + W-* hv* + (WvE€ - Wv”*)hf2

H2 = ha2 + WV2 hv2

where
ha = enthalpy of dry air.
hv = enthalpy of water vapor.
hf = enthalpy of saturated water.
Wv = humidity ratio - pounds of water vapor per
pound of dry air.
Therefore,

ha” + Wv”® hv® + (Wv2™ Wv*)hf2 =. haz + WV2 hv2 (4)

The water vapor entering the system is in a superheated condition,
and hv" 1is the superheated enthalpy. The water vapor leaving the
system 1s saturated, and hv2 is the corresponding enthalpy at satur-
ation. A convenient empirical expression for the enthalpy in Btu

per pound, of low pressure, low temperature, saturated water vapor
is:

hg = 1060.8 + 0.45 ti



where
hg = enthalpy of saturated water wvapor.

ti

dry-bulb temperature of saturated water wvapor.
This indicates that the change of total enthalpy of saturated vapor
is 0.45 Btu/pound per °F of change. Inasmuch as the change of
enthalpy per degree Fahrenheit of superheated vapor is also 0.45
Btu/pound-°F for air temperatures less than 200°F, the change of
enthalpy of superheated vapor equals that of saturated vapor at equal
temperature. Since the change of enthalpy per °F, and the datum
point for zero enthalpy are the same for both superheated and satu-
rated water wvapor, the enthalpy of superheated vapor equals that of
saturated vapor at the same temperature. This statement is borne
out by the fact that water vapor inair at low partial pressures
can be treated as an ideal gas with little error, and since the
enthalpy of an ideal gas is a function of temperature only, it can
be seen that the enthalpy of superheated vapor will very closely
approximate the enthalpy of saturated vapor at the same temperature.
Equation 4 can, therefore, be written as:

ha=" + Wv*hgi + (Wv2 - Wv") = ha2 + Wv2hg2
The enthalpy of air can be expressed by the equation

h = cpa (t - td)

where

cpa = specific heat of air at constant pressure,
t = dry-bulb temperature of air, °F.
td = datum temperature, 0°F for air.



or

h = cpa (t)
Therefore,

cpa + Wvihgl & (W2 - Wvl)hf2 = cpa t2 + Wv2 hg2
or

cpa (t* - t2) = Wv2 hg2 - Wvx hgl - (W2 - Wvl)hf2

Wv2 hg2 -Wvhg”* - (Wv2 - Wvl)hf2 ~5)

t2-t1 ~
In this equation, t2 is the temperature obtained by the adiabatic
saturation of air with water. From the magnitudes of the terms in
equation 5, t2 is seen to be smaller than tTherefore, the effect
of adiabatic saturation is to lower the dry-bulb temperature of a

gas-vapor mixture.

WET-BULB TEMPERATURE

The wet-bulb temperature is the dynamic equilibrium temper-
ature reached when a small quantity of liquid evaporates into a
large amount of unsaturated gas-vapor mixture. Consider the situation
where a drop of liquid is immersed in a moving unsaturated gas-vapor
mixture. Assuming that the drop is initially at a higher temperature
than the dew point temperature of the gas-vapor mixture, the vapor
pressure at the surface of the drop will be higher than that of the
partial pressure of the vapor in the gas. The latent heat required
for the evaporation of the liquid surface will be obtained by the

lowering of the sensible heat of the drop. This will result in a



decrease in ;he dry-bulb temperature of the drop. As soon as the
temperaturé of the drbp becomes lower than that of the dry-bulb
temperature of the gas-vapor, heat will flow into the drbpo As the
prbcess continueé, the flow of the heat into the drop will continue
at an increasing rate as the tEmpérature difference increases. When
tﬁe rate of'ﬁeat tfansfer from the gas to the liquid eqﬁals the rate
of héat required for evaporétion, the temperature of the drop will
reach a constant low value t, - the wet-bulb tempgfature°

‘Under ce;tain conditions, the wet-bulb Eemperature will
nearly be idénticél with the adiabatic saturatioﬁ temperature of tﬁé
gas-vapor mixture. A device for ﬁeasuring-the wet-bulb temperature
is called a psychrometer, One type of psychrometer consists of a
bulb;type therﬁometer with a moistened wiék over tﬁe bulb, As a
stréam of air is passed over the wet wick, the temperature is 1owergd
to the wet-bulb températureo In order fo obtain a wet-bulb temper-
' ature whichAcorresponds té the adiébatic(saturation temperature,
shielding of the wick is necessary'to minimize the heat transfer due
to radiation., If air ig‘blown across the wick at a high velocity.
(1000-1200 feet per minute), the ratio of‘convective heat transfer to
fadiation heat transfer will be iarge enough to minimize temperature
error due to radiation. This velocity can be achievédAby rapidly
swinging the wet-bulb thefmometerrthrough_the air. This typé of
instrument is called a‘sling psyé_hr,ometer° It is also possibie.to
.achieve the desired velocity Sy qsing a fan of some other type of
mechanical aspirator.

E]
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PSYCHROMETRIC CHART

Whiie the different variables of a gas-vapor mixture can be
éolved by using the fundamentél‘mathematical relétionship of the
thermodynamic properties, this érocedure can be long and involved,;
- A simplified approach.to the determination of these various prop;
hAerfies involves the use of the psychrometric chart, The psy-
’chrometric char£ is a.graphical representation of tﬁe thermodynaﬁic-;
and physical proberties of a gas-vapor mixture. The properties
" usually used in the construction of a}psychrometric chart are dry-
bulb tempefature, ﬁet-bulb texﬁperaturey specific volume, relative
humidity, and enthalpy. These items ére all related, If any two -
of them are known, thé others can Be read directly from the psy-

- phrometric chart, The‘psychrometric charf Was,'td,a gréat extent,
developed by Dr. Willis H. Car?ier at the turn of the century.’
Dr. Carrier showed thaﬁ the latent heat of vaporization was equal

to the sensible heat obtained from the cooling of air. A typical

psychrbmetric chart is shown in.Figﬁre 2,
SATURATION EFFICIENCY

Referring to Figure 2, it may be seen that ﬁartially sat-
urated air undergoing a process of pérfect adiabatiC‘safurafion
“would follbw,the stéte‘lihe from poiﬁf 1 to point 3. This state
iine is one of constant énthélpy; or for a;l practical purﬁdses,
one of constant wet-bulb'temperéture, The mixture at point 3 Would

- be 100 percent saturated. In'actual practice, the air-vapor mixture
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rarely reaches a state of 100 percent saturation, but is usually
only partially saturated. This brings forth the term saturation
efficiency. An air-vapor mixture undergoing a process of partial
adiabatic saturation would follow the state line from point 1 toward
point 3. However, due to the fact that complete saturation is not
obtained, the end condition would be at point 2. Saturation

efficiency can be described symbolically as:

1 3
where
tdb = dry-bulb temperature, OF
Since
where
twb = wet-bulb temperature, °F
then

It can be seen from Figure 2 that evaporative cooling will
result in a decrease in dry-bulb temperature and an increase in
specific and relative humidity. The magnitudes of these changes

will depend upon the saturation efficiency of the cooling process.



CHAPTER IIT
" PHYSIOLOGICAL ASPECTS OF HUMAN: COMFORT
MEANS OF BODY HEAT REJECTION

Under warm ambient conditions, the human body attempts to-

maintain é constant température.by réleasigg heat in the form of
. latent or sensible heat,'of a combiﬁation of the two. The main
methods of'heat’rejéctién are convection, radiation, énd evaporation.
A small percenﬁage of heaﬁ is rejected by other means Suéh as by
condﬁction, the excretion of body wastes, and the rejecéion of heat
during the respiration:process;

. When the:body is surrounded by warm still air, the film of
‘air next to the perspiring surface becomes - very humid. As time
passes, this_stagnant film approaches saﬁuration, and the perspira-
tion rate of the bbdy éeéreases° Any circulation or movément of air
will break up this layer of humid air‘and\imprové thé evaporation,
‘thﬁé:cooliﬁg the skin. Whén ﬁhe surrounding temperature is warmer‘
than the skin temperature (apéroximately 86°F) , fhe'body'cannot re-
ject'ﬁeat by fadiationo ‘When ambieﬁt air conditions are such that
convection, ra&iétion,_aﬁd evaporation caﬁﬁot handle the body's heat
 load, fhe body temperatﬁre rises. 'Uncdmfortable and sometimes
dangefqus physiological éonditiéné are then experiencéd° Ihe designér
of any sucééssful air conditibning system must be aﬁare of a number of

important factors which physiologically affect humén comfort. Some

13
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of these factors are effective temperature, heat. and moisture losses

in the human body, and air motion,
EFFECTIVE TEMPERATURE

ﬁffective temperature is a parameter which is an index of the-
degree of warmth or cold felt by the human body in response to air
 _temperature, éir motion, and the moisture‘content of the air. Effec-
tive temperatﬁre (ET) cannot bé measure directly but correspoﬁds to
the temperature of saturatéd-still air (velocity of 15 to 25 fpm)
which would inducé the same sensations of warmth or coolness as those

produced by the air surrounding a person...
{ :

COMFORT CHART

Figure 3 shows the ASHAE comfort chért f&r still air. As can

- be seén, it is possible to have the same effective teﬁperature'with

' different combinations of wet- and dry-bulb temperature. In practice,
equal comfort coﬁditions are not obtained at ail points on a pérticu—
lar effective temperature line. Either highAorrlow extremes of rela-
tive humidity can cause discomfort regardless of the effective

‘temperafpre; The chart has botﬂ sumer and winter comfort curves.

The curves indicate the percentages of people, pérticipating in tests;

“:who found effective temperatures satisfactory for comfort. . \

_The comfbrt_chart‘has several limitations which should be
mentioned.

Application of summer comfort line is limited to homes, offices
and the like, where the occupants become fully adapted to the
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artificial air conditions. The line does not apply to theaters,
department stores, and the like where the exposure is less than
three hours. The summer comfort line shown pertains to Pittsburg
and to other cities in the northern portion of the United States
and southern Canada and at elevations not in excess of 1000 feet
"above sea level., An increase of one degree ET should be made ap-
proximately per 5 degree reduction in northern latitude (ASHAE
1957) . :

Data from the summer curves of the ASHAE comfort chart have
been plotted on the psychrometric chart in Figure 4. The percentage
figures indicate the percent of people feeling comfortable at the
indicated Effective Temperature, The relative humidity range has
been limited to between 20% to 80%. The Effective Temperature has

been édjusted for-a latitude of 33° (Phoenix, Arizona). No correc=

tions have been made for elevation.
COMFORT ZONE

The éomfort Zone is generally defined as beiﬁg bound by the
50% comfort lines, The Comfort Zone contains the conditions where
50% of the people who have been éccupying a room for one hour or mofe
are comfortable. It musf be kept in mind, élso, that a percentage
- of the people will actually feel comfoftable between the 0% and 50%
lines, and the rest of the people»will-experiencg some degfee of com-
fort., fherefore, space conditions in this part of the zone should not
‘necessarily be donéidered undesirable, A11lcooling'processes, whether
inside or outside the comfort'zone; reduce discomfort. While many of
these,prqcésses-cannot’make people idéally comfortable, the§ can maké

them comfortably warm rather than uncomfortably hot.

b
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- COMFORT COOLING USING THE EVAPORATIVE PROCESS

Listed beloﬁ is a partial list of the minimum requirements for
evaporatlve comfort coollng proposed by Dr° J. R. Watt (1960, p. 113)
(1) Direct evaporatlve coolers have average saturating ef-
ficiencies of 70 percent or more; the cooled air entering the room
. without orior'heat gain.
| (2) The cooled air induces‘a‘maximum average indoor air‘
veloc1ty of some 200 fpm. ) |
(3) The cooled air galns at least 6 F indoors before 1to
final dlscharge° |
B 4(4)_-The cooled spaces éverage 3% abooe cooler discharge
temperature and éverage 70 percent felative humidity or below.
'(5) The cooled spaces avéfage at least SOF‘below outdoor dry-
bulb femperatdre to counteract entéring heat-aﬁd proVide'a-temoera—

ture differential with the temperature outside.
GEOGRAPHICAL LIMITATIONS OF EVAPORATiVE COOLING

_Because evaporatioe cooling is so dependent upon climatic -
conditions, it is obvious .that geographical limitations must be con~
i sidered when dosigning such a system.,

Since evaporative cooiing is a process of approximate adia-
batic saturation, the limiting condition will be the weE—bulb'tempera—
ture,. Certain authorities (Gordon and Potry 1942, p. 32) suggest that
owhére_thé»Wet;buib tempe?aturo‘is.oelow'750F fo:ifhe,greater porﬁion

of the required cooling time, evaporative cooling can be satisfactorily
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applied. An isotherm map, éhowing average summer wet-bulb tempera-
ture data for the United States is shown iﬁ Figﬁre 5. This map
_»indicates that in many locations Wheré évaporativg cooling is popular,
the 75° wb‘limit ié approached or exceeded. Additional:considerations
concerning the feasibility of evaporative cooling are (1) the local
need for cooling and (2) Whgthgr the purchasers of evaporative equip-
 ment feel economically satisfied with the results. Studies have

shown that while evaporative cooling is used exXtensively in the United
States, many consumers consider coolersleconomically satisfactory if
less than a'third of the hours in whi;h éooling.ié needed ére rendered
éomfortéble° This indicatgs thaf evapofative coolers are considered

to be discomfort reducers rather than comfort producers.,






CHAPTER IV

INDIRECT EVAPORATIVE COOLING

Indirect‘heat exchange may be definéd as-a process which
occurs when energy is transferred between two or more fluids with-
out actual direct contact between the fluids. When an indireét heat
exchange; is psed in a system in which the heat absorbingvfluid has -
beén previously cooled by an evaporative process, the process is
called indirect evapdratiﬁe cooling. The heat absorbing fluid in
this case can be either (1) water which has been evaporatively cooled
or (2) air which has been cooled duringrén eva?ortivé process.‘ it
‘can be seen that the indirect evaporative cooling process cools:air
by means of a heat exchanger in conjunction with an evaporative
cooling‘system, thus seﬂsibly 1owefing the air temperature with no

vincréaseAin specific humidity.
SINGLE STAGE INDIRECT EVAPORATIVE COOLING

Indirect éﬁaporafive cooliﬁg systems were being used in

Arizoﬁa and California in 1929, before direct eVaporativé coolers
'had evolved from the experimental stagé,_ The firét commercial in-

direct cooler was made by the Oscar Palmer Manufacturing Company.

The .components of thiS.SYStem were a néturél draft cooling tower; é:
pump, a coppervradiator;_and a fan., Water was cooled in the tower By‘
being sprayed through circulated air., The,cooledywater was then

. o 3
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_passed through a fiﬁ;tube type radiator, ~Either room air of fresh
outside air was then passed fhrough the radiator.-and sensibly cooled.
With this type of system it-was_possible to obtain air cooled to
Witﬂin SOF above ambienf wet-bulb temperatﬁre (Gordon and Perfy 1942,
P. 39). |

' There are severai disadvantages assqciéted with this'type‘
of system. Thé first is the large physical size which is necessary
to obtain an appreciable amount of cooling. The cooling tower, which -
can be either forced or natural draft occupieé considerable space and
can be rather unsightly. A second disadvantage is the initial cost
of the equipment. A'third disédvantage and, by far, the most_serious,
is the tendency of the watef side of the heét exchanger to scale up
due to the use of:hard water., Since the cooling tower is evaporating
water, the minerals which are left behind cdncentrate and plate out
on thelmetalAtubes, This problem can be alleviated to an extenﬁ
-by bleeding off a percentage of the concentrated watéf° Even with
bleed off, howevef; a certain amount of séale is still formed, and
acid cleaniﬁg of phe system is a frequent requirement.

AAway to circqmvent the disadvantages of using a water cooled
heat exchanger is to use an air cooled heat exchanger. Thisiheat
exchanger would ﬁse eyaﬁoratively cooled air -as the cooling medium,;_
The heat exchanger which will be use& in the systemrprop03ed in this
‘paper is of the rotating regenerative type. -Experimentation and
testing of this type of single étage indirect cooling:has'been.done

by Mr., Neal Pennington_of:Tucson, Arizona,
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DUAL STAGE INDIRECT-DIRECT EVAPORATIVE COOLING

: So far, only sipgle stage direct{evaporative cooling hés beén-

considered. .Theoretically, it could be possiblé to obtéin both

(1) increasea sensible cooling and (2) better phyéiologically accept-
able environmental conditions, by the addition of a seéond evapofative
cooler which would fﬁrthér'cool the cool dry air being discharged

frém the singie stage indirect'system° Combination indirect-direct
-evaporative system utilizing water~to-air heat exchéngers have been
used in this manner with considerable success. Don Eckholdt (1960)
has built and tested such a system. Eckholdt's system made use of a
plate type, qounter'flow, ﬁater-to-air heat exchanger. Although his
system's effectiveness was reduced by heat exchanger design limita-
tions, his fésultslindicéted that'wifh the proper eQuipment, this type
of system was entirely feasible., Robert Kennedy (1953);;desiéned and,
'rinétailed a dual systeﬁ'in a'house—trailer. His system made use of
automobile radiators for the heat exchange elements. This system op-
efated very succeésfully, His'tésts indicate that the system gave good
cooling results with a minimum of operating cost. However, the cooling
coils tended to scale and éapacity was‘ultimately limited.

As previoqsly ﬁeptioned, it is also possible to use evapo- .
ratively cooled air;as thé cooling medium for the second stage
evaporative cooler;_ Referring to Figure 6, a geﬁeraliZed combined
system cyéle is.flotfed on the psychrometfic chart. The process

path A-B~C is that of the primary side. The seéondary side process
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path is AfD-E. Point A is the'ambient outside air. As the brimary
air'is evaporatively cooled it follows the path A-B. Upoﬁ passing
through the heat exchanget it is sensibly reheated to point C. TheA
- hot incomihg‘seCOndary air at temperature A,‘is sensibly cooled by
the heat ekchanger to point D. The air is then evaporatively'cooled
by the seCOndary.cooler to point E° While it.is not an actuallpart -
of the coollng process done in the comblned system, there is one
Eaddltlonal path that must be considered when applylng the combined
system to actual use. After the air has been cooled to point E,-it'
then enters a room and, in the process of cbdliﬁg the room is
heated to point F. The reheating can be the reselt of either
sensible or iatent heat, or a combination of the two.

Because of the afore-mentioned advantages of an air-to-air
heat exchanger, a combined indirect—direet cooling system was>de—
signed, built, and tested, using this,tybe of device.v This indifect—¢

direct cooling system will be henceforth'termed the combined system.

The following chapters will descrlbe the comblned system, and g1ve '

the results of the testlnga



CHAPTER V '
SYSTEM DESIGN

In order to test the proposed cooling principle, a protqt&pe
of the system was designed and constructed. The test set up had fo
be of a sufficient scale to insure that the e#perimental results
could‘be extrépolated to larger systems. Thg system layout is shown
in Figure 7. Photographs bf the system arelseen in Fiéures 8 and 9.
The following sections ﬁillldeSCfiBé the selection and design of

the individual.componeniﬁsu
DESIGN OF DIRECT EVAPORATIVE SYSTEM

The evapofative coolers which were available for use were
'.both rated at 2000 cfm. The system wés sized for an estimated flow

. of 750 cfm. As seen inIFigure 7, the primary cooler would discharge
through the heat exchanger and the secondary cooler would take its
suction from the heat exchanger. The fesisﬁance encbuntered in the
heat exChanger would ¥educe the rated capacitylpf the coolers. Since
the heat exchanger was to be designed with a frontal area proportional
to flow,vit was necéssary to estimafe the effect of the heat exchanger'
‘resistance on thekcooler output. Since the heat exchanger was yet to
be built, no inﬁormétion was available as to’the;magnitude'of the
friction losses° As'an gppfoximétion,'it.Was,assumed that the output
‘of eagh'cooier would Qé reduced to‘750 cfm, |

N} .
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Exchanger

(a)

(b)

GENERAL VIEW OF EQUIPMENT LAYOUT

FIGURE 8
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VIEW OF TEST APPARATUS

FIGURE 9
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Both evaporative coolers were originally‘furnished witﬁ a
float controlled valve to furnish makeup water. These valves were
removed so that no makeup water would be added during testing, rhus,
water censumption cquld be measured |

A1l ducts leading to and from the evaporative coolers and
heat exchangerévwere insulated with one inch thick fiberglass and
wrapped with plastic film. This was dome to minimize heat transfer
tovor.from the air in the ducts,

An enclosure was built around the eecondary cooler. This
enclosure was needed to direct the incoming air flow from the heat

-exchanger to the three inlet sides of the secondary cooler.
DESIGN OF REGENERATIVE HEAT EXCHANGER

The continuous regenerative principle employed in the heat
.exchanger utilizes a rotating element containing the heat transfer
,surface; Each revolution produces a complete‘cycle of exchange in
which heat from the hot secohdary air5is‘absorbed by the matrix in

the rotor, and this heat is released es the rotation meﬁes the
‘matrix into the path of the cdoiing air. )

‘By far,: the greatest time consﬁming aspect of the coﬁstruc-
tion of the test apparatus was the fabrication of the heat exchanger,
Preliminary'design and subsequent medificationsAinvolved approxi-
mately 375 man-hours of leborr

The ratio of volume flow rate to frontal area of similar

'comﬁercial heat exchangers is approximately 500 cfm/sqoft., Since
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the estimated cooler outpuﬁ was approximated at 750 cfm, the diameter
pf the drum‘waé approximately two feet. The rotating drum shaped
element was formed By wrapping sheet_metal around‘a frame of two
fwentyésix inch bicycle wheel rims. This diameter approximated thg
deéiéed frontal area., The drum was attached to each end of a méchined
‘aluminum shafﬁ with three radial one-fourth inch diémeter‘spokes, The
drum was sectionea into twelve pie: shaped segmentsvby sheét metal
radial.dividers; These dividefs weré spaced and ‘attached at the shaft
by longitudinal groovéslwhich had been machined into the shaft. The
dividers were soidefedrto=the inside of the drum., The rotor assembly
was then mounted on bearings in a plywood casiﬁg; as seen in Figure 10.

Two types of seals were required. Radial seals were necessary
to pré§ent leakage-betﬁeen the two halves.of the rotor. The'seéls
consisted of étrips of felt attached to the ends of the radial di--
viders. Tﬁese strips were aligned so that there was an interference
' fit with the bow Shaﬁed adjustable radial seal plate. In additibn,
circumferential seals were used to prevent air f;om passing betwgen
the plywoéd enclosure and the exterior of the drum. These seals
were made ofvsheef.rubbef and attached to fhe plywood enclosure so
as to produce a snug fit against the circumference of the rotor,
These seals caﬁ be-éeen iﬁ Figure 10.

“A pulléy driven»power shaft was connected to the rotor by
a pair of right angie’ﬁitér gears. A vee-belt transmitted the poﬁér

to the pulley from a motor driven constant speed gear reducer. The
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speed of rotation was controlled by varying the pulley ratio be-
tween the gear reducer and the power shaft.

As originally constructed, the‘heaﬁ exchanger had é matrix
" of coarse steel wool. The advantage of this material is that it
has a high@& ratio (ratio of matrix surface area to matrix volume).
. This'would insure a high rate,of heai transfer providedjfhét
frictionél resistance of the matrix is not large enough to.cauée
an excessive‘reduétion in air flow. During the initial testing of
‘the heat exchanger, problems were encountered with this material.
" When the sfeel wool was packed in the rotor, a sufficiently con-
stant matrix denéity could ﬁot be obtéined. The steel wool aléo
couid not be_édéquately attached to the radiai dividers. During
operation, the air flow followed tﬁe path of least resistance,
through the more loosely packed'afeas and along the sides of the
radial divideré? Another problem encountered was that the matrix
was -exposed to alternating counter flow with the ;esulf that the
matrix was periodicaliy cycled in aﬁ axial direction. This coh—
© tinued until compression of the steel'wobi caused the matrix to
decreasé in axial length. The result was an increase‘in friction
with a co;responding deéreaSé in air flow. Fof these reasons,
steel wool was disca?ded.as a matrix material. Since a matfix of
higﬁgﬁ ratio is desirable forvalregeneratof of this type, cor-
_Arugated éluminuﬁ wire screen was next.cénsidered as a matrix.
Ihis:material proved to’be éétisfactory in every respect. A photoé
graph of the corrugated matrix can be seen in Figure 10.
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Heat Exchanger Effectiveness. Heat exchanger effectiveness

is defined as:

« Qmax —
where
Q = actual heat transferred, Btu/min.
Qmax = maximum theoretically possible heat trans-

fer, Btu/min.
Considering the primary side of the heat exchanger, the

actual heat transferred to the air is:

Qp =Wp cp (tpl - tp2)
where
Wp =primary air flow rate, Ibs./min.
cp =specific heat of air, Btu/lb.-°F.
o
tp” = temperature of incoming primary air, F.
tp2 = temperature of leaving primary air, °F.

A minus sign in the result of the above equation would indicate that
the air had been heated.

The maximum heat transfer would occur if the air left the
primary side at the same temperature as the incoming air on the

secondary side. Therefore, the primary side maximum heat transfer

can be expressed as:

Qmax Wp cp (tp* - ts*)
where

ts”®

temperature of incoming secondary air, °F.
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From the two foregoing equations, the primary side effective-
ness can be derived as:

Wp cp (tpl - tp )

7p = Wp cp (tp* - ts?)

7
Iz tPi - ts*

The same analysis can be made of the secondary side to obtain:

tsi - ts,
i - tpi
where
tsg = temperature of leaving secondary air, °F

A term that expresses overall heat exchanger effectiveness is
the mean effectiveness. This is expressed by the equation:
P 2
[ J
The mean effectiveness is only useful and meaningful under the con-
ditions where both the primary and secondary flows and frontal areas

are approximately equal. The heat exchanger was designed so that

these conditions were met.

Analysis of Effectiveness Curve. The purpose of this thesis
was not to design a regenerative heat exchanger of maximum possible
effectiveness, but to consider a whole system in which a regenerative
heat exchanger of adequate efficiency would be used to test the pro-
posed cooling principle. The following procedure, while not being a

rigorous analysis, was used to obtain an initial weight estimate.
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The matrix weight was calculated using an analysis of an
assumed curve showing the relationship between heat exchanger mean
effectiveness and rotor speed. This curve (Figure 11) was constructed
by using data available from similar type exchangers (McGuiness), and
by making some observations about the typical shape of this curve.
The following observations were made:

1. There is a fairly sharp decrease in effectiveness at
approximately 20% of rated rotor speed.

2. The heat exchanger effectiveness decreases by approx-

imately 15% at 20% of rated rotor speed.

Calculation of Matrix Weight. For a very low rotor speed,
the temperature of all of the regenerative mass will approach the
temperature of the flowing air which is passing through the respec-
tive hot or cold air compartment. The effectiveness will then
depend, in the limiting condition only, upon the storage capacity of
the metal matrix when the rotor speed equals zero.

Consider the equation for heat exchanger effectiveness:

Qmax

This equation provides a comparison of the actual heat transfer rate,
and the thermodynamically limited maximum possible heat transfer
rate. This limit would be achieved in a regenerator of infinite

size. Since at very low speeds, the temperature of the matrix will
alternate between the hot and the cold air temperatures, the heat

stored or given up by the matrix would be:
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=G (cm) (tsl - tPl)
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(n)

where
G = weight of matrix elements, 1b.
cm = specific heat of matrix material, Btu/lb. °F
ts® = secondary air, inlet temperature, °F
tp® = primary air, inlet temperature, °F

n = rotor speed, rpm
Then consider the equation:

Qmax =W (ca) (tsl - tpl)
where

W

ca

weight of air flowing, Ibs/min

specific heat of air, Btu/lb °F

The formulas for Q and Qmax can be substituted in equation (1)

Therefore

'V =G (tSj - tP1)
W ica) (tsi - tPl)

(n) _ G (Cm) (n)
w (ca)

Taking the derivative, and assuming that the curve is approximately

linear in the region of interest

d? as A.7 = G (am)
dn Ari w (ca)
Rearranging terms
G =W (Ca) A 7
cm, A-n

(2)

By using the assumed effectiveness curve, equation (2), and

the desired design parameters listed below,
can be calculated.

n =20 rpm

the weight of the matrix
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G = 750 cfm @ 90oF = 53.5 Ib/min.

= 0.75 G 20 rpm.

Then
AT = 0.40- 0.00
An 2.00- 0.00
AT =0.20
An

Using equation (2)

G = 53.5 (0.24) (0.20)
0.214
G = 12.0
Therefore, the required matrix weightisl2.0 pounds.

Final Matrix Configuration. The configuration of the matrix
elements was decided upon after consideration of two main factors ;
the first being heat transfer ability, and the second being prac-
ticality of construction. The resulting configuration was, of
necessity, a compromise between these two factors.

According to Professor A. L. London (1964), one of the
criteria for an efficient matrix, from both the heat transfer and
friction loss viewpoint, is a high aspect ratio. Aspect ratio is de-
fined as the ratio of the uninterrupted width of a matrix flow passage
to the height of the passage. In order to use this criteria and also
have the required matrix mass in the regenerator, a triangular cor-
rugation was used as shown in Figure 10. The layers of corrugation
were separated at each end by a one-inch wide flat strip of aluminum
screen. While these strips interfered with the high aspect ratio at

each end of the matrix, the section in between maintained a high ratio.
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The corrugations weyé stacked in a radial direction rather than a
circumfeéential directipn to maintain this high aspect ratio. By
using this orientation, fewer 1ayéfs were requifed to be cut to size-
and installed., The total weight installed was 14.2 pounds, This is
a greater weight than was calculated and,ﬁas the result of compression

-of the corrugated layers While they were being installed in the rotor.

Optimizing the Rotor Speed. Tests were made on the compléted

heat exchanger to determine thé relationship between regenerator
effectiveness and rotor-spéed° Hot air and cqld air conditions
wefe heldvconstant:throughout the tests.

The rotor speed was varied mechanically over a range of 12.0
to 32,8 rpm by changing pulley ratios. Rotor speeds of from 2.0 to
7.5 rpm were obtained by hand craﬁking° Tests were of ten minute
duration at each speed,‘ Eﬁen though an absolutely steady rate of ro-
tation\was difficult to maintain by hand cranking, the variation was
small aﬁd the total number of revolutions for the test duration was
éprrect° Sincé these low rotor speeds were found to be oﬁ a fairl&
linear pértion of the curve, spéed variations did not cause any ap-
. preciable error, | |

The results of the tests ére tabdlated in Table 1, and the
mean heat exchanger effectivénesé is plotted in Figure 12, As can
" be éeen, the shapé of'tﬁe curve is quite similar to the original
assumed curvé, although the effectiveness isbﬁot as high as the-de-
‘sign conaition,' This is a.result of-the'approximation of fhe shape

" of the original.effectiveness curve..
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HEAT EXCHANGER EFFECTIVENESS VERSUS ROTOR SPEED

41

PRIMARY SIDE

: SECONDARY SIDE MEAN
ROTOR SPEED EFFECTIVENESS EFFECTIVENESS - | EFFECTIVENESS

RPM % % %

2.0 37.0 42.8 $39.9

3.0 50;01' .49.6» 49.8

4.0 52.6 | 59.0 55,8

6.0 61.4 62.0 61.7

7.5. 63.3 63.3 63.3

12.0 64t 67.0 65.7

17.2 65.0 71.2 68.1

24,2 67.0 71.2 69.1

32.8 67.0 71.6 69.3
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FIGURE 12
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The optimum heat exchanger rpm can be found by calculating
the point at which any increase in heat transfer due to increased
heat exchanger effectiveness (i.e., increased rotor speed), is nul-
lified by the increase in motor horsepower.

As a first step, a curve of power consumption versus rotor
rpm was made. The rotor speed was varied over a range of 15.0 to
32.2 rpm and power consumption was measured at each speed. The
power was measured in watts and then converted to Btu/min. The
result is shown in Figure 13.

The second curve, that of heat exchanger heat transfer versus
rpm was more difficult toobtain since this curve is dependent upon
ambient conditions, the primary cooler saturation efficiency, and
secondary air flow. The following data were used as design conditions:

1. Wet-bulb temperature - 76 °F.

2. Dry-bulb temperature (t s - 106 °F.

3. Saturation efficiency of primary cooler - 0.65.

4. Secondary side air flow -48.2 Ibs/min. (test data).

5. Rotor speed - 32.8 rpm.

6 . Secondary side heat exchanger effectiveness - 0.716.

The heat transfer which must be considered is that which occurs in the
secondary side of the heat exchanger. Following is an example of a
typical calculation:

Calculate tp*.

tP1l -tdb - £2p (tdb - twb)

tpx =106.0 - 0.65 (106.0 - 76.0) = 86.5 °F
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Calculate ts2+¢

tsl - ts2

tsl - tpx

106.0 - ts2
0.716 = -—-—————————-

106.0 - 86.5
ts2 = 92.0 °F

Calculate secondary side heat transfer.

48.2 (0.24) (106.0- 92.0)

Q

Q 162.0 Btu/min.

This calculation was repeated for several points and then
the curve in Figure 14 was drawn.

The optimum rotor speed will be at a point where an increase
in heat transfer due to an increase in rotor speed is equal to the
increase in heat exchangermotor power consumptionIn other words,
the optimum point will beat the speed where theslope of the curve
in Figure 13equals the slope of the curve in Figure 14.

Since the curve in Figure 11 is quite linear between 20.0 and
30.0 rpm, the slope is constant for all values in this range. The

slope can be calculated as follows, and plotted in Figure 15.

A Q = Btu/min.
A n rpm

= 5.30 - 3.86
A n 30.0 - 20.0

>
10

A Q = 0.144 Btu/min-rpm
A n

Since the curve in Figure 14 is non-linear, the slope is a

variable with rpm and must be calculated at different rotor speeds.
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Referring to Figure 14, a tangent is drawn to the curve at point 1.

The co-ordinates of points 2 and 3 are obtained and the slope is

calculated.
A Q0 = 162.3 - 158.3
A n 27.5 - 22.5
A Q = 0.40 Btu/min-rpm
A n

Slopes were calculated for several speeds and the resulting curve was
drawn in Figure 15. The point where the two curves intersect is the
optimum speed. The optimum speed was found to be 27.6 rpm, and the
pulley ratio on the drive motor was adjusted to give the desired

result.



CHAPTER VI
SYSTEM AND COMPONENT PERFORMANCE RATING

In order to test the proposed system, it is necessary to
determine what parameters can be used to rate the pefformance of

the test components.

!
i

,"  RATING EVAPORATIVE COOLERS

The basic problem in rating evaporative coolers isthaﬁ the
process of adiabatic'saturétidn is one of heat conversion rather-thaﬁ
heat’r'emoval° Latent heat is increased with a corresponding reduction
‘ inlsensible heat (dry-bulb tempefat’ure)° Mostitypes of evaporative
coolers are rated in terms of air flow and/or saturation effi-
cienciessAnot copling terms. .This gives rather marginal infor-
mation, in that saﬁuration efficiency can vary gréatly with air flow

~and wet-bulb depression. Two evaporative cooling units, delivering

. the same flow of air, canrdiffer greatly in saturation effiéiency,

- depending on design features such as pad thickness, pad areaé, and
water diétfibution effectiveness. -Rating evaporative c¢oolers by sat-
ufatién efficieﬁcy is equally as decepfive: ijo coolers'yieldiﬁg thé
. same satufation efficiency can obviduslj differ gréatly/in'flow;--~;"
{fthéfefafé;ionly Ehe &egreequ cooliﬁé; notjthé aﬁoﬁﬁﬁgkis méasureda
Dr., J. R. Watt (1960, pp. 303-08) has propbsed a new-rating

logy. This allows

R .

‘system for evaporative coolers, with new termino
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comparisbn of the pefformance of differént evaporative coolers., While
this system is not yet standard in the industry, it has been used in

two Masters Degree Thesgs (Kenhedy 19533?«Epkhplthi96Q) cOncefning
dual stage indirect'evaporative coolinghsystemsa Dr. Watt's methgdrdf“*
; rating will‘be used in éaléulating tﬁe results of the propoéé& system; |
however, some of this terminoiogy hasrbeen chaﬁged° Thislratingféysteé:
was selected bécause (1) it‘is a logicai,method of rating evaporative
systems,. (2) it caﬁ be‘adapted_for ratingAindirecﬁ évaporative'systems,.
:and’(3) a comparison can be made of the opefating characteriéﬁics of

- the two coolers in the proposed system. -
GROSS SENSIBLE HEAT CONVERSION

As pointed out by Dr., Watt, since evaporative cooiers operate
by con&erting latent heat to sensible heat, the 1ogica1 way td-ratg
.performanCe would be to measure the amountjof sensibie heaf converted
per houra ‘In an adiabatic saturation précessrthe total sensible heat
converted per minute equals the latent heat qf fhe water evaporated
: per minute, Theréforé, the gross sensible heat‘converted'in'Btu/ﬁr
. can be:éxbreéséd by the following formula: |

I

We bfg

Where

7

; S .
gross sensible heat conversion, Btu/min.

pounds per minute of‘water‘evaporated{

= .
I

Il‘

hf latent heat of water vapor at watet. tem-.

perature, Btu/lb .
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SENSIBLE HEAT REGAIN

After the evaporative cooling has occurred, a certdin amount

of heat regain will be experienced., Heat regain consists of the

following contributing_compoﬁents:

Faﬁ and Pump Motor Sensible Heat Regain. This wiLi probably
be the largest;contfisﬁfing'factor in sensible heat regéin. All
_powef used by‘fénlénd pump motors is assumed to enter the air'sﬁfeam
as heat, or as kinetic energy.impartéd to the air, moét of which is
ultimately coqverted into heat. ,The foliowiﬁgrtherefore applies{
(1) For each hdréepowef input, subtract 2544 Btu/hr; and (2) For each

kilowatt input, subtract 3413 Btu/hr. !

Radiation Sensible Heat Regain. This term is usually of minor

.impértance; however, where such radiation is enéountered during test-
ihg;_the followiﬁg approximations may abply:‘ |
| .:1¢ Deduct 300 Btu/hr for each sduare foot of cooler surface
area which is reﬁeiving-éolar radiatioh in arélear athSPHere.

: 2.;.Deduct 200 Btu/hr.fof each square foof of cooler surface

area which receives radiation in'an industrial or cloudy atmosphere.

Make Up Sensible Heat Regain.. Thié term is usualiy small ahd
shduldAbe considered only where the water source is very warm (20~306F
ﬁ higher thaﬁ Wet-bﬁlb'temperature),’and/or>little or no‘water is re-
circulatedq This heat can be calculated aS'follows;)

‘Make up Water Sensible Heat Regain = Wy (t = tw)



where

W

m = Pounds per minute of make up water.

t, = Dry-bulb temperature of make up water. OF

tw,= Wet-bulb temperature of entering air. °F
NET SENSIBLE HEAT CONVERSION

The net sensible heat converted by an evaporative cooler can

be calculated by two methods.

Water Loss Method. The net sensible heat converted is

determined at the discharge of the evaporative cooler. Since this
term is the difference between gross sensible heat conversion and
the sum of the components of sensible heat regain, the following ex-

pression is obtained:

¥

- (K, +K +K
;’(123>
Where
Net sensible heat conversion, Btu/min.

Gross sensible heat conversion, Btu/min.

N &

K1 = Fan and pump motor sensible heat regain,
Btu/min.

K2 = Radiation sensible heat regain, Btu/min.

K4 = Make up water sensible heat regain, Btu/min.

Since the determination of gross sensible heat conversion in-
volves the measurement of the quantity of water evaporated, I have

termed this type of calculation the water loss method. Since a very

accurate measurement of water loss is required, this method can only

be used when the test duration is of sufficient length to allow the
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evaporation of a fairly large quantity of water. If only a small
quantity of water is evaporated, the measurement error becomes

relatively largewith respect to the measured quantity.

Flow-Temperature Method. A method of directlymeasuring

net sensible heat conversion is available. It can be shown that:

y

Woep (ti - t2)

where

Net sensible heat conversion, Btu/min.

Inlet air dry-hulb temperature, °F.

t2 Outlet air dry-bulb temperature, °F.

=
Il

Weightflow of air, Ibs./min.

Specific heat of air at constant pressure,
0.24 Btu/lb - °F.

CcP

This method of evaluating net sensible heat conversion elimi-
nates the necessity of calculating gross sensible heat conversion and
sensible heat regain, but requires very accurate measurement of flow.

Both of the above methods were used in the initial testing of
the system. Due to the difficulty in maintaining constant ambient
conditions for much longer than a fifteen minute period, the flow
temperature method was finally used.

While the net sensible heat conversion is a measure of cool-
ing it is not an absolute or constant value, but varies widely with
the wet-bulb depression of the ambient air. For the net sensible heat

conversion method to be used as a comparison of the effectiveness of

different evaporative coolers, the coolers would have to be tested at
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identical ambient conditions.

UNIT SENSIBLE HEAT CONVERSION

Dr. Watt has suggested a parameter which would allow comparison
of different evaporative units even if they were tested at different
conditions. Since'”varies according to the wet-bulb depression, he

suggests the term

tdb* - twb”
where
Unit Sensible Heat Conversion, Btu/min OF
tdb”* = entering dry-bulb temperature, °F
twb”® = entering wet-bulb temperature, °F
This term would eliminate the effects of varying wet-bulb depression,
and would be a figure of merit for comparing evaporative cooling units

of the same size.

UNIT SENSIBLE HEAT RATE

A parameter which will allow comparison of power consumption

is unit sensible heat rate. This term is defined as:

A\ =
P
where
7\ = unit sensible heat rate, Btu/min-kw-°F.
P = electrical power used by evaporative cooler

kilowatts
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RATING THE INDIRECT SYSTEM

The indirect system is composed of the primary cooling system,
the heat exchanger, and the secondary fan. The net sensible cooling

obtained from the indirect system is calculated as follows:
/

f = Ws cp (tsl - ts2)
where
z
= net sensible cooling, Btu/min.
Wg = secondary air flow, Ibs/min.
ts” = secondary air temperature to heat
exchanger, °F.
ts2 = secondary air temperature from heat

exchanger, °F.

The net sensible cooling ( ) is a result of sensible cooling produced
by arejection of heat(i. e., there is a net decrease in energy).
This differentiates this parameter from the net sensible heat conver-
sion C”) , in which there is no net loss of energy, but merely a change
in the ratio of the latent and the sensible heats.

The cooling capacity of the indirect system varies with am-
bient conditions and the performance of the primary cooler. There-
fore, performance can be related back to these variables in the same

manner that was used in rating evaporative coolers.

Indirect System Unit Sensible Cooling. This term is defined

as follows:

tdo-* - twb”



where

(1) = indirect system unit sensible cooling,
Btu/min-°F.

tdb® = dry-bulb temperature entering the primary
cooler, °F.

twb, = wet-bulb temperature entering the primary
cooler, °F.

Indirect System Unit Sensible Heat Rate. This is defined as

xl
where
/
*A\ = indirect system unit sensible heat rate.
Btu/min-KW-°F.
P = power consumed by heat exchanger, primary
cooler, and secondary blower motor,-KW.
RATING THE COMBINED SYSTEM
The total effective cooling done by the combined system is
/
the sum of the cooling effected by the heat exchanger ( and the
secondary evaporative cooler ( . The total power required by the

combined system consists of that required by the motors of both
evaporative coolers and the heat exchanger.
Therefore:
Yt =y +Y'-
where

Yy r = combined system net sensible cooling,
Btu/min.



'/ = indirect system net sensible cooling,
Btu/min.

"y/f = secondary cooler net sensible heat conver-
sion, Btu/min.

Also:
Pt = pp + Ps + Ph
ewhere
P = total combined system power consumption,
kilowatts.
P =primary cooler power consumption,
~ kilowatts.
P = secondary cooler power consumption,
kilowatts.
P~ = heat exchanger power consumption, kilowatts
Combined System Unit Sensible Cooling. This is defined as:
d ~E
t tdb - twb
where
0 = combined system unit sensible cooling,
rt .Btu/min-°F.
tda» = ambient dry-bulb temperature, °F.
twy = ambient wet-bulb temperature, °F.

Combined System Unit Sensible Heat Rate. This is defined as

where the terms have been previously defined.



CHAPTER VII
INSTRUMENTATION AND TEST PROCEDURE

To produce valid test data, accurate instrumentation and
proper testing procedure are necessary. This chapter will describe
the measurement requirements, test instrumentation and equipment,

. N i . .
and the test procedure used in testing the direct, indirect; and

'

combined cdoiing systems.
MEASUREMENT REQUIREMNTS

For an accurate determination of the performance of the
combined system, measurements must be made of kl)iair flow, (2)
dry;bulﬁ teﬁperature, (3) wet-bulb temperature, and (4) power con-
sumption., Thislsecéion will describe the measurement requirements,
theimeasurements'that were téken, and the methods by thch fhey were

taken,

Air Flow Measurement, Since the system was to be analyzed

by the flow-temperatﬁre method, an accurate determipation of air flow
- was required°  Since there was a possibility pf primar& air 1eékingg
through the heat exchanger seals to the secopdaryiside, initial meas- ﬂ-1
urements Qere taken at both the inleté and outlets‘of the primafy
;nd secondaryTsides, No'measurable leakage was detectedlby the 9
instruments;' For: this reésén, only the primary‘éﬁd‘sécondary-put-

let flows were measured,

-58 %
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Since the air flow measurement was Voiumetric, it was
necessary to determine the temperature of the air so-that volume

flow could'be changed to weight flow.

Dry-Bulb Temperature. Dry-bulb temperature measurements
were accurately obtained With 1ittle.difficu1ty.~ Calibrated thermo-
‘couples were used for éll'dry—bulb measurements. Dry-bulb temperature
measurements were taken at points a - f as seen in Figure 6.

In an evaporative cooler there is'considerabie stratification
of the cooled air between the saturated pads and the biowef° This
stratification can be caused by uneven pad resistance, uneven water
supply, etco‘ If the heat added by the blower and wafef is to be
charged to thevcobler performance, temperatures caﬁ be taken at the
discharge.of the blower. The mixing action of thé blower will result
in a more uniform discharge temperatufea For this reason, the blower
discharge temperature was used for determining cooler performance.

In the case ofjtﬁe ﬁrimary cooler,lfhe inlet.air was artifi—
cialiy‘heated and humidified to. obtain desifed Eest condition., For
this’reasén, caré had4to be taken to insure that the conditioned air
which reached the cooler was unstratified. This was accomplished by
plaéing mixing baffles‘in the supply duct‘and als§ by the use of a
iarge mixing box which enclosed the cooler.

Due to‘the temperature gradient across the frontal afea of thg
heat exchanger matrix, air leaving the heat exchanger had a definite

temperature profile across the duct. - The temperature was obtained by
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averaging the reading of four thermocouples spaced equally across the

width of the duct.

Wet-Bulb Temperature. Obtaining accurate wet-bulb temperature
'méasurementé isléf‘ﬁrime impdrtance in ;esting evaporative coolers. |
,Mechanically aspirated thermocouple psychrdmeters were usedAfor this
meaéurement° Air was withdrawn from the system and measured, The

air was then returned to the system to prevent its 1os‘éo Weﬁ-bulb'

_ tempergture measurements were taken at poinFs a - f és seen in

Figure 6.

Pbmer»ansumgtign, Power consumption was measured with a
roﬁating.disc watt—hopr meter. The power cha?ged to the system con-
sistéd of that used by the heat exchanger and the primary and.secéhdary~
coplers}' Additional reqﬁired power for instrumenfation and auxiliary

equipment was not'charged to the system.
TEST INSTRUMENTATION AND EQUIPMENT

Air Flow. Thé greatesﬁ difficulty encountered in testing the
evaporative coolers was in éccurately measuring air flow. During the
initial test Bf thevcombination system, a rotary vane-fype anemometer
was used. When an energy balance was calculated for the regenerative - =
heat exchanger, results were obtained which indicated errors in the
measurements of either temperature, air flow, or a comBination>of the
two. The temperatures proved to be accurate. This indicated that.

“inaccurate air flow measurement was responsible. Efforts were made to
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increase the acéurécy of the measurement. The cross sectional areas
of the measurement section 6f the ducts were enlarged so that the
sides of the'ducts increased from two to five times tﬁe diameter of
thé aﬁemométer vaﬁeé. fhié alloﬁed moré readings to be taken, and
also the velocity in each sub area was more nearly uniform for each
'reading. A wire grid was placéd at the discharge to define each sub
area, Straightening'vgnes were édded to the ducts to reduce turbu-
lence and to maintain an air flow which was more nearlyiperpéndicular‘
to.face of the anemometef.' Originally, the measurements were taken
ét the very end of the diséharge ducts. Beéause.the cross sectional
area of the duqts were large, the air velocities were low, particu-
larly toward the7sidés of-the ducts. Difficulty was encountered with
stray room'currenfs afféctiﬁg the anemometer, giving errétic resulfs,
and iﬁ one instance, actually turning the vanes in a backward direc-
tion., . This difficulty was alleviated by'taking the ﬁeasurementé
farther back in the ducts., Hoﬁever,.in spite of all of the above pre-
cautions, flow measurements remained erratic. At this time, an ac-
curate hot-wire anemometer was secured and with this instrument -valid
results were finally obtained. The aneﬁometer wés-an Anemétherm Air

Meter, made by the Anemostat Company of America..

Thermocouple Construction. The material used in both the dry-

bulb and wet-bulb thermocouples was 22 gauge copper-constantan thermo-
couple wire. This material was used because of its superior
characteristics in the temperature range to be measured. These

qualities are (1) high.aﬁcuracy, (2) good thermoelectric power, and
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4

¢

(3) very low parasitic emfs due to inhomogeneity in the material.
Each thermocouple had its individual reference junction., The -
g reference junction was insulated with silicone rubber so that it

could be immersed.in a reference ice bath.

Dry-Bulb Temperature Méésurementoz The dry-bulb thermoéoﬁpies
wgre[insefted directiy into| the air stream to be measured; no wells
wefe used.,. As a precaution, thé-thermocouples measuring the coolgr
‘diécharge temperatures were shielded against droplets éf entrained
water. ,Any‘watef on the junction would evaporate and this would
result in a temperature 1owér than the actual temperature.

i

Wet-Bulb Temperature Measurement, The wet-bulb temperatue

measurement§ were taken with mechanically aspirated ﬁet-bulb psy-
chrometers (Figure 16). Origiﬁally, the thermocouple junction‘was
immediately aboye the stopper. It was found that heat conduction
aiong the wire to the junction caused.errors to be iﬁtroduced° In

- some cases, the error amountgd to as much as 1.5°F. By bendiﬁg the
the thermOCOu§1e4wires at‘:ight angles and extending thé jun@tion
aﬁproximately one -inch along the axixvof the pipe,'thié error was
greatly reduced, The air flowing across the wick cooled the wires aﬁd
£educed the heat-conduction° The temperatﬁrg at the junction, for all -
“’practical'purpéses, was the wct-bulb temperaﬁure° - Care was taken to
prevent - the wick'from touéhing the pipe and piéking up heat. The
‘pipe was first-wrapped'with insulating tape'tb‘minimize conduction of
“fhea;; and thenfwithAaluminum foii to reducé radiétiongr'The pipe was
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sized so that air flowed across the wick with the required velocity of
1000-1200 feet per minute. ‘The individual psychrometers were cali-
brated against an accurate thermometer type sling psychrOmeter;Which

was graduated in 0.2°F subdivisions.

Thermal Emf Measurement. Where precision is required in the
‘measurement of thermal emf, a very acéurate poteﬁtiqmeter is réquiredo_,
The potentijometer used was a Leeds & Northrup Model 8686 which has
limits of error of + (0305%'+.3/q V). Since the Potentiometer was
. used to méasure thé emfs of more than one thermocoﬁple, the extension
' wires of each thermocouple had to be run without interconnection, up
to the switch at the potentiometer. The switch used was a twelve- |
péint, silver cOntaét, double pole éelector made by Thermo-Electric

Company .

Watt-Hour Meter. The watt-hour meter used for power measure-

ment was a Sangamo Model J. S. single phase meter. This meter is of
the rotating disc- type. Power consumption was measured by timing the

‘rreVOlutions‘ofvthe meter disc, Power was calculated by the following

equation:
p = 3600 (RK) ()
T
ﬁhere
P =.p§wer (watts)
K | = Meter constant (1.8)
‘ ' ﬁ" = Nuﬁber-of :évolutidns of . disc

o
it

Time for N revolutions

Y
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Switches and connections were installed so thatvthe'meter:could,be
connected to a circuit without interruptién; A schematic can be
seen in Figure 17, The switch was closed under normal conditions.,
When a measurement was desired, the'watt-hour meter -was plugged into

the electric receptacle and then the switch was opened.

. : EnviropmentavaOntrola It was necessary to have some means
of adjusting tﬁe environmen¥a1 conditions so that testing of the sys-
-tem'could be done under vafiops_simuléted weather conditioms. The
températu?e,and‘humidity of the inlét air to the primary cooler<and
the secondary inlet air to the heat exchanger was aftificiflly
contfélled. ‘ |

The temperatdre of the air was'regulated by passing it throughrr'

propane gas heaters. These heaters can be seen in Figure 8-b, The

temperature was controlled manually by adjusting a needle vaive in theiff 

gas supply.iine, By constantly adjusting fhe gas £low during a test; . -
‘the desired temperature could be maintaiﬁed withinlf 0.5°F for a
reasonable length of time. Hdwever, thé cooling done by the system
eventually changed the cqnditions in‘the room where.the‘testiﬁg was
being cqnducted sd that fairly constant inlet tempefatures could bé
.maintaiﬁed for only_app:oximately 10 - 15 minutes.

| Sinée the tésting was done in the winter, the moistu?ebcpntent
of the aif'wag Quiteflow, Humid{fying‘séyays (Figﬁréwlé)HWéfé.pééd

to raise the relative hgmidity of the heafed inlet air to a reasonable .
'summer.value, There was no attempt‘made to achieVe'a specified'

relative humidity for any partiéular.dryebulb temperaturea

w
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- TEST PROCEDURE

A consistent and logical test procedure is required to obtain

repeatable and accurate results. The test sequence listed below will

-

1.

give the general order of the various stepsAof the testing.

The coolers were turned on in order to thoroughly satu-
rate the exceisior pads before sfarting the test.

The wet—bulﬁ'psychrometérs were visually inspécted to
determine if the wick was thofouéhl& wet,

The gas heaters werewsﬁarted and the hﬁmidifying sprays
turﬁgd on.

Readings were tdken on the wet-bulb and dry-bulb thefmo—

‘couples, Since the heat exchanger had not been turmned on,

the condition of the air flowing through would remain

constant. Therefore, the inlet and outlet thermocouples

on either side could be checked against eaéh’other for

‘accuracy.

The heat exchanger was turned on.

The.heaters were adjusted to'achieve the required dry—
bulb inlet cdnditions.n |

The air flow was measured in the:primary and secondary
sides., A temperature was taken at each air flow measure-

ment location. Air flow was quite constant and so mea-

.surements were taken only before and after the test..

Individual KW readings were taken on the primary and

secondary cooler motors and on the heat exchanger motor.
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- The KWH meter was conﬁected to measure the total system

power consumption,

If the temperatures were steady and at the desired condi- ' . -~

tions, the test was started.

The twelve dry-bulb‘and wet-bulb temperature readings were

" taken continuously for the duration of the test., The

test duration was governed by the length of time that

the inlet dry-bulb temperaturés were maintained within

124

13.

14

+ 0.5°F of the desired temperature. The test had to be
of at least a ten-minute duration to be acceptable.

"Total system power consumption was measured at five

.

minute intervals,

When the test was completed, the air flow and theapbwer'

consumption of the individual components were again mea=

sured.

ATheercouple tempefaturesAwefe‘éorrected'from their cali-

bration curves and then plotted on a psychrometric chart

to see if they seemed reasonable. If so; the test results -

' were accepted, - SR o



CHAPTER VIII
EXPERIMENTAL RESULTS

This chaptet is concerned with the (1) analysis of test
results, (2) the calculation of the theoreticalvperformance of the
system,‘(B) the applicability of the system to ﬂumaﬁ comfott eoeling,.
and (4) recOmmendations_concerning the modification of the system to

achieve more desirable results.
CALCULATION OF RESULTS

Many tests were run on the experimental system. ‘The testV
data listed in Table II represent the four most valid-tests that were
obtained. Tﬁe locations in the system where test data was taken can be
seen in Figure 7. The majority.of the invalid tests were found to
have either flow or wet-bulb temperature measurement errors. The per-
formance of the direct, indirect, and combined systems were ealeulated
‘accqrding to the procedures set forth in Chapter VI. ‘The results are -

listed in Tables III, IV, and-V, respectively.

Summer Design Performance; In order to ascertain the effece
tiveness of the combined, indirect, and direct systems as comfort
* cooling devices wﬁen operating under summer design conditions
(Phoenix, Arizone), the following calculations were made using ap-

plicable performance results taken from test 1 and summer design

70
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TABLE II
* TEST DATA
Test 1 |:Test 2 Testv3 Test 4
Primary. System
. Dry=-bulb temperatufe (OF):' T ' '
Point.a - 107.1 | 107.1 .97.4 89.4
Point b 84.0 84,3 79.9 75,2
‘-Poinﬁ c , ; 99.7 100.4 92.6 85.0
;Wet-bulbrfempefatﬁfe (0F5 3
Point a ' 70.6 69 .6 68.3 66.9
Point b 71.0 69.6 68.5 66.8
Point c 75.4 74.6 72,0 69.6
Air flow (1lbs./min.)
o WP 46.3 47.3 46,8 45.9
Power consumptioh_(kilbwatts) o i : ,
Pp : 0.35 "0.35 0.36 0.36
Secondary System
AiDry-bulb temperéture~(oF)f" E S :
Point d ' ' 105.5 109.0 99.1 89.8
Point e - 91.5 92.6 85.6 80.2
Point f - 74.0 75.5° 71.5 . 69,3
. Wet-bulb temperature (OF)'- '
Point d 70,3 70.2 68 .4 66.6
- Point e 65.2 66,1 64,7 64.0
_Point £ 65.5 66.4 65.1 64.3
Air flow (lbs./min.) o
Wy 48.2 47 .4 47.9 48.1
Power cénsumption (kilowatts) v
P, . : 0.26 0.26 0.25] 0.26
Heat_Exchanger'
,Powef consumptidn (kilowatts) B : .
' Pn ' : - 0.09 0.10 0.09 | - 0.09




 TABLE ITI

DIRECT EVAPORATIVE COOLER RESULIS

WET -BULB

UNIT SENSIBLE

TEST " SATURATION NET SENSIBLE - UNIT SENSIBLE
: DEPRESSION EFFICIENCY HEAT CONVERSION | HEAT CONVERSION HEAT RATE
p ‘ _ Bﬁu/min Btu/min-°F Btu/min-°F-kw
. PRIM, SECOND, PRIM, { SECOND,] PRIM, |SECOND, ; PRIM. SECOND,{ PRIM, SECONbg
COOLER | COOLER COOLER | COOLER | COOLER {COOLER jJCOOLER COOLER. COOLER |COOLER
1 36.5 | 26.3 0633 | 0.665 |256.7 |202.4 7.03 7.70.| 20.09] 29.62
2 '37.8 | 26.5 | o0.611 |o0.645 |262.2 |194.5 | 6.94 | 7.34 | 19.83] 28.23
3 29.1 { 20.9 0.601 ]0.675 |196.6 }162.1 6.76 7.76 | 18.78} 31.04
4 22.5 | 16.2 0.631 |0.673 |156.4 |125.8 6.95 7.77 | 19.31] 29.88
Summer o
- Design 29.0 | 13.3 0.633 |0.665 .]206.7 |153.9 7.13 7.70 | 20.37% 29.62 .
Theoret- A
Jical | 29,0 | 14.7 0.800 |0.800 }261.7 |}133.1 9,02 9.05 | 34.69] 34.81
Perfor- - : ‘
mance

L



TABLE 1V

INDIRECT SYSTEM RESULTS

TEST NET SENSIBLE | UNIT SENSTBLE | UNIT SENSIBLE | WET-BULB
COOLING COOLING HEAT RATE | DEPRESSION
Btu/min’ Btu/min-°F | Btu/min-°F-kw ‘ °p
1 185.1 | 5.07 | 7.2 | 36.5
2 . 186.6 4,93 | .. 6.94  37.8
3 | 15502 5,33 . 7,61 29.1
4 1118 | 4,97 7.00 | 22.5
Summer | , : o '
Design - 144.6 499 - 7.13 29.0
Theoretical| % ' o _ o
‘|Performance 222,2 "} . 7.66 ‘ 12.56 29,0 .




TABLE V

COMBINED SYSTEM RESULTS -

~ TEST

NET SENSIBLE | UNIT SENSIBLE | UNIT SENSIBLE .AVERAGE
COOLING . COOLING HEAT RATE WET -BULB
: : DEPRESSION
Btu/min Btu/min-"F | Btu/min- F-kw °p
1 387.5 10.52. 15.03. - .36.85..
2 - 381.1 9.95 14.01 '38.3
3 317.3 - 10.61 15.16 29.9
4 237.6 10.40 14,65 - 22,85
Summer : : _ N
Design 298.5 10.29 14.70 29.0
Theoretical . o A
Performance - 355.2 12,25 ~20.08 29.0 -

4 .



conditions of 105.0 °F db and 76.0 °F wb.
Sample Calculations.

A. Conditions at the primary cooler outlet.

r _ tdb(a) - tdb(®)
tdb(a) - twb (a)

105.0 - tdekl

0.633 = 105.0 - 76.0
tdb — 86.6 F
twb(b) = twb(a) = 76.0 °F

B. Primary cooler outlet.

= WP CP (tdb(a) " tdb(b))
y/p = 46.3 (0.24) (105.0 - 86.6) = 206.7 Btu/min
D 2 H
P tdb(a) " twb (a)

E —_ = 7.13 Btu/min - °F
105.0 - 76.0

A
pP

~N\v = = 20.37 Btu/min - °F - kw
r 0.35

C. Indirect system performance.
p— A
Ts = -3

0.681 = 16 td- QgL
105.0 - 86.6



tdb (e)

92.5 °F

twb(e) = 72.5 (from psychrometric chart)
A = Wg Cp (tdb(d) - tdb(e))
A = 48.2 (0.24) (105.0 - 92.5)
y = 144.6 Btu/min
\
0’ tdb(d) - ~ (d)
144.6
0" 105.0 - 76.0
0 = 4.99 Btu/min - °F
I
7\ o
PP + Ps + Ph
= “"99 ——————
0.35 + 0.26 + 0.09
"X = 7.13 Btu/min - °F - kw

D. Secondary cooler performance.

t tdb(e) - tdb (f)
tdb(e) - twb(e)

92.5 - tdb(f)

0.665 - 955 - 72.5

tdb(f) = 79.2 °F

twb(f) = twb(e) = 72.5 °F

M)A = Ws cp (tdb(e) - tdb*f))
A5 = 48.2 (0.24) (92.5 - 79.2)

153.9 Btu/min

tdb(e) ' twb(e)



153.9
Ax 92.5 - 72.5

= 7.70 Btu/min - °F

N =A_

7.70
= 0.26

S 29.62 Btu/min - °F - kw

E. Combined system performance.

yt =V +45

—y/t = 144.6 + 153.9

298.5 Btu/min

o

tdb(d) - twb(d)

298.5
0. - 105.0 - 76.0
= 10.29 Btu/min - °F
~ ]\ .
't P + P + P
P s h
7 <. = 10.29
A 0.35 + 0.26 + 0.09

14.70 Btu/min - °F - kw
Results of the above calculations are listed in Tables III,

IV, and V, under the heading of "Summer Design".

Theoretical Performance. The results of the tests indicated
that the system components were not operating as effectively as

possible. The two evaporative coolers were operating between 60 and

v
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68_percgnt saturation efficiency. An‘evaporativelcooler which was
specifically designed for this particula? type of(applicatibn -
could opepate at approximately 80 ﬁeﬁcent satufation efficienC};°

The heat e#changer, while having a féirly good effective-
ness, still did not operate as efficiently aé commercially avail-
able units. An effectiveness of 85 perceﬁt would be reasonable for
é commercial unit.

' An analysis was made of the éerfprmance.of a theoretically
possible system qtilizing the above meﬁtioﬁed possible component
capab;’.lities° In order to make this type 6f'ana1ysis, several
assumptions were made. Since the toFal pressure’ on eachvof the
evaporative cooler blowers was approximateiy theAséme, calculation
of the theoretical performance was made assumfﬁg equal flows and
power consumption for both evaporative coolers. For calculation
purposes, the sensible heat regain was assumed to be negligible°
In order to perform Ehe calculations, the following data was used
ras-design éonditions;

Design ambient temperatures - 105.0 Op dry-bulb, and 76.0°F
: wet-bulb, . :

- Primary and‘sec0ndarylair’£10ws - 47.0 ‘ibs/min°
Primary and secondary power - 0,26 kilowatts.

Primary and‘secondary saturation efficiency - 0080¢ 

Heat exchanger effectiVeness - 0,85,
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rHeat exchanger power - 0.09 kilowatts
Using-thése,data; and making the'same>kiﬁd 9f”aﬁai§5iéjthét was mad;
'in the section entitled "Summer Design_Perférmancé", ppP- 67:74,' 
_performance‘data was obtained. These'performance results are listed
in Tables 111, iV, and V, under the headihg of "Theoretical

i,
Performance',

" EVALUATION OF RESULTS - -

'-This section will be concerned with the evéluétion of the
- perfo?mance results obtained in the previous section. The comfort
analysis will be discussed in a folloWing_sectioﬁ.

In order to facilitate comparison of tﬁe results of the ex- -
perimental system with otherwsystems,,such as mééhanical refrigeratién, o
tons of sensible cooling obtained per horsépowér consumed were cal-

culated and are shown in Table VI.

Direct Evaporative System., The main deficiencies indicated
by'the‘gesting ofvthe direct evaﬁorative coolers were that, (1) the
air flow was only one third of the rated flow at zero static pressure,'v
(2) the power consumptionvof each éoolervmdfdrvwas greater than Fhe
‘nameplate rating éf the motor, and (3) the saturation efficiency of
both coolers wés 1oﬁ§r than could normally be expectedd Items 1 and
2 are definitely related. Tﬁe 16w éir flows obtained, and the ex-
cessive péwer.consumftion %ere due. to high frictionalyresistance in =

the heat exchanger,_ This frictional resistaﬁce»was the largest con-



TABLE VI

COOLING SYSTEMS OUTPUT-POWER COMPARISON

TEST PRIMARY COOLER | SECONDARY COOLER | INDIRECT SYSTEM COMBINED SYSTEM
WET-BULB | TONS /HP| WET-BULB | TONS/HP| WET-BULB | TONS/HP{ WET-BULB }TONS/HP
DEPRESSION DEPRESSION DEPRESSION| DEPRESS ION
0. 0. [e) (e}
¥ F F F
1 36,5 2,73 26.3 2,90 36.5 0.98 36.85 2,07
2 37.8 2.80 26.5 2.79 37.8 0.98 38.3 - 2.01
3 29,1 2,04 20.9 2,42 29.1 0.83 29.9 1.69
4 22.5 1.62 16.2 1.80 22.5 0.59 22.85 1.25
Summer ‘ : L
Design 29.0 2.20 13.3 " | 2.21 29.0 0.76 29.0 1.57
Theoretical ‘ )
29.0 3.75 14.7 1.91 29.0 1.18 29.0

Performance

1.89

08
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‘tributing factor to the iﬁefficient operation of the system. Low
saturation efficiencies of the two coolers were apparently due to
poor water disfribution on ;he excelsior pads. Several steps were
taken to alleviate this problem. The amount of water fldw over the ;
"~ pads was varied witﬁ little_result other tﬁan a decrease in saturation
efficiency when the flow was excessively reduced. The pads were
individually soaked in water for several hours before testing, since
it was observed that the pads were not being thoroughiy wetted during
operation . None of these measures helped appreciably. The main
problem was that the water distribution-trays were not designed prop-
erly. The disbribution outlets were spaced too far apart to effec-
'tively Wet the pads. Properly designed evaporative coolérs or éif
washers would have given more desirable results,

One important conclusion can be obtained from the test results.
In the Theoretical Perfbrmance calculation results listed in Table III,
Tit is noted that the ratio of primary to secondary cooler net sensible
heat conversion is larger than the ratio obtained during the actuai
tests. This is due to the féct that, with inc:eased component ef-
ficiencies, the wét—bulb depression of the air entering the secondary
cooler was smaller aﬁd therefore less potential cooling was available.
This ieads to the conclusion that it is more imporfant for the primary
cooler to be operating efficienfly than it is for'the secoﬁda?y
éoéler; In fact, excessive saturation gfficiency on the part of the

secondary cooler could cause discomfort due to excessive humidity.
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The brimarf cooler should be as efficient as possible since its dis-
charge is not uéed directly for comfort cooling, but is used soleiyr
to sensibly‘cool the heat exchanger. Saturation efficiencies of
‘ninety percent .or greater can be obtaiﬁed with multiple spray bank air
washers. This Qould be an effective method of primary cooling. An
evaporative pad cooléf, or a single spray bank air washer wduld be
adequate for the secondary cooler.

e

Indirect System. The indirect unit's performance is shown in

' Table-IV° It‘can be seen that the net sensible cooling of the indirect
system was lower than the net sensible heat conversion of the primary
direct cooler. -This was due to the fact that in the indirect system;
approximately thirty percent of the cooling capacity of the primary
" cooler was lost because the heat eichanger was operating at only ap-
proximétely seventy percent efficiency. Therefore, it is to be ex-
‘pected that with equal flows and wet-bulb depression, an indirect.
system will produce less sensible cooling than a direct system, This
ié also indicated by noticing that the ﬁnit senéible heat conversion
of the direcf system was larger than the unit'sensible'cooling of the
indirect system. However, the conditioned air fromAthe indirect
system will have a 1ower'specifi¢ humidity than that of the direct
system, ’

Comparing the unit sensible heat rate of the indirect system
with that of tﬁe direct evaporative coolers, it is seen that the in-

direct system's unit sensible heat rate is much lower. This is caused
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by'twb factors; (1) the indirect system utilizes two motor-drivenl
fans aﬁd one motor.driven heat exchangér, compared withﬁjust one fan
.for the direct sysﬁem, and (2) the lesser dégree of sensible cooling
of the indirect system. Table VI indicates the performance of the
indirect system in toﬁs/hp. These figures can be compared with me-
chanical refrigeration units of similar output which#can produce about
1.0 tons/hp. The results show that in all test runs, the‘indirect
unit was operating less.efficiently than comparable refrigeration
u@its. The Theoretical Performance cglculations indicaté that while
the indirect unit wouldlbe more efficient than mechanical refrigera-
tioﬁ af summer design conditions, the margin of superiority was small,
‘At 1owef wet—bulb‘depressions, the refrigeration unit would be more
economical., The Thedretical‘Pefformance calculations were made using -
more efficient components, but the same magnitudes of air flows and
power copsumption of magnitudeé encountered during testing of the test
apparatus were used. This indicafes that just using‘direct.coolers
with high saturation efficiencies'and heat exchanger with a high ef-
féctiveness is not enougﬁ to obtain efficient cooling. The main con-
tributing factor to system inefficiency was the high frictional resis-
tance of ﬁeat exchaqger, This points out. the necessity of having'é

: heat exchanger with low frictional resistance as well as having high

thermal exchange effectiveness.

"The Combined System. The combined system's performance is

shown in Table V. The combined system produced'more sensible cooling
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£han either the indirect or direct system. In addition, the amount
of cooling per degree_of wet-bulb debression (unit sensible cooliné,
‘ Btu/oF) was also larger than was obtained'By eifher the indirect or
direct system. Tﬁe results shéw fhatAaéIa cooling device, the éombined‘
system operates quite effectively.:_TheAunit seﬁsible héat-rate of the
éombined system lies between ﬁhat df the direct and indireét systems .
As in the case of thé indiréct sygteﬁ,nfhe,éefformance Sf thé coﬁ—
bined system was penéliéed by.the high frictional resistance of the
heat exchanger. Less friction loss wouid have reésulted in both'ﬁigher
‘flows with_é-corresponding higher net sénsible'cooling, and iess
powef‘consumption. The t&ns/hp figu%es.in Table VI indicéte_that;'

" - depending upon the wet-bulb depressiqn; the experi@ental cdmbined
system had abpro#imately one and one-half to two times'fhe-cooling
capacity per‘hofsepéwér of a éomparably sized mechanicai refrigefation
unit, 'Wiéh properly desigﬁéd'éomponents,4tﬁis type of‘cooliﬁg system
wouid have even a’ greater econémicuadvanfage thén.that of mechénical

'refrigeration,‘
COMFORT ANALYSIS

Thé capacity of.economy of a-cquort cooling system is
'iirrélevant iflfhé primé'objective'is not abhieVed; that of bbtéining
comfortable envirommental conditions. o
Thé.resﬁlts of tﬁe four tests and the two theoretical'calcu—
1ations“were_ana1yzed for comfort producing cépabilities,- In opera-

tion, it is possible to utilize the'system in three ways; (1) using
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the direcﬁ.seéondary evaporative cooler only, (2) using the indirecf'l
'systéﬁ, aﬁdv(35 usiﬁg the'combined system. Eﬁodgh data were taken
during each test of the' combined system éb that individual tésﬁs of-
‘the direct~and indireét‘systemé were.nof required. Hoﬁe?er, éne v
.assumption had ﬁd be madé, Since the_air-to_the secoﬁdagy coolefzis :
brecooléd bj the heat’exchanger, the.output of the cooler is at dif-
fereﬁt cénditions than it would be if thé;cooler was ¢ooling‘oufside
ambient air. For this feason,>primary cooler data Wéfe.uéed.fbr'the
analysis of the comfoft prodﬁcing.capabilities of the direct unit.
This will rééult,in'a slight difference.iﬁAthe’results since the ﬁri—
'mary'éboler was less efficient than the secohdary coolér,‘ However,
the differenéé is small, and the results are indicative of the type
- of performance thét can be expeptedcl |

As statéd in Cﬁapter III, the éonditioned air in an evapbra-
tive cooling sysfem éhould gaih at least 6 °F‘indoors'beforelit is
discﬁarged from the space to be cooled. For easé of analysis,4i£ will
?e'assumed that this temperature rise is due to a gain in sensible -
heat only..‘Assuming that the hé#t load on the room was suéh that the\ -
6 °F rise wés obtained, the comféft(fesultskcan be foUnd from Ehe com—i‘ 
-fort éhart,.Thésg dgta, along with EhelEfféctive-Ieﬁperature,~é;eftab§;;_

lated in Table VII.

Direct Unit Performance. The direct unit produced partially

comfortable conditions in Tests 3 and 4 only, and even these conditions

' were out of the comfort zone. Tésts 1 and. 2 indicate that zero percent



TABLE VII

COMFORT CONDITIONS
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TEST COOLING SYSTEM ¢ COMFORT CHART EFFECTIVE TEMPERATURE
% COMFORTABLE 3
1 Direct 0 80.5
Indirect 0 81.0
" Combined - 60 74.2
2 Direct | 0 . 80.0
Indirect -0 81.5
Combined 47 75.2
3 Direct 24 77.9
: : ) S
Indirect 11 © 78.6 )
Combined 77 72,8
4 birect o 47 75.1
_ Indirect 39 76.2
Combined 94 71.3
Summer  Direct 0 83.4
Design .
. Indirect 0 83.9
Combined b . 79.2
Theoretical Direct 0 81.7
Performance _ -
© Indirect 0] 80.8
Combined 41 75.8 -
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of the péople would be comfortable under these conditions; Some
degree of comfort cooling.could have been obtained if the cooler had
‘been operating at eighty percent efficiency. The test equipment,
'operating at design conditions of 105 O dry-bulb and 76 oF wet-bulb,
would produce cqﬁditions gomfortable to zero percent of the people,
The Theoretical Perférmance analysis showed that at summer.design
éonditioﬁs, énd using a cooler of eighty percent saturation efficilency,
the zero percent comfort line was not obtained. The Theoretical
Performance analysis;showed that at summer design cénditions, using

" a cooler of eighty percent saturation efficiency, the conditioned air
would be comfortable to zero percent of the people; These results
indicate that during part of the cooling season,-evaporative coolers

are discomfort reducers, not comfort producers.

Indirect System i’erformance° It was originally expected that
the indirect unit could be used for comfort cooling at times when it
- was coél enough so that the combined system was not required, The
results of the tests show that this expectation was not'realized‘by
the test.apparatus° In fact; the tests show that in all cases using
the test apﬁaratus, the evaporative cooler consistently produced
slightly more comfortable conditions than the indirect unit. Only in
the Theoreticai Performance analysis did the indirect unit produce
more comfortable conditions than thé direct unit. Even in this case,
the advantége was marginal, This would indicate that it would not be

advisable to use the indirect system by itself as a comfort cooling
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" device since iﬁhis not as economical as a direct unit. There is one
\posSiblg'modificatiQn of the indireqt’syétém-that would permit iﬁs
_effective use as é‘comfort cooling system} This modificatio;.would_
ijinvolve'the return'bf_the &iscﬁarge'air.from the conditioned areas;‘
back £o the inlet of thé'primary cooler, This air,-sinée it had beeﬁ'
originally_codied by the indirect siétem, would have'both lower dry-
‘, bu1b and‘wet;bulb temperatufes than tﬁe outside ambient air. ihere-
fore, the priﬁary cooler would have a 1owef'out1et temperature, and
the performance of ghe indirect unit would be improved., This modifi-
catjon would involve the addition of return dﬁcts, dampers, and other
 equipmento This would increase the coét of'ﬁﬁe installation. The
deqision t0'ﬁse this moéification Woﬁld have té_depend upon an eco-
nomic -analysis. |
'The.indireqt}sfstem does effgctively sensiply cpbl hot

:aig and, with the previously mentioned modifications, could do this
‘eéonomicallyggAn:idéal épplicatibﬁ Qoqld.be to uéé it as ; pfecééling::;i
'_system for make up'éir fhat is to be coo-led_by‘r'efrigeration° This
"would be used iﬁ.an application Whefe lafge quantities of make up air .

- are required, such as in hospitals, bowling alleys, night clubs, etc..

Combingd'Svstem Performance, The combined system did a very
Creditable.jqb of comfort cooling Qnder the test conditions; In tests
| 1, 2, aﬁd'4, the qonditioﬁed air was in thebcpmfort zone, i. e., at
-least fifty percent of thé peoplé would be comfortable., Test 3,‘the

only test out of the comfoft zone, indicated that forty-seven percent

~a



of the people would be comfortable, Therefore, even this test sup-
plied fairly cpmfortable cénditiqns, These results establish the
superiority of the combiﬁed sYstem‘over either the direct or indirect
systems. Only in tests 3 and 4, could the direct. or indirect systems
bproduce condifions,which would be comfortable to greater than zero:
peréent of theipeople, However, even in thése éases, the Condifions
~ obtained were ﬁot in the coﬁfort zone. The Summer Design aﬁalysis
indicéted that thé conditioned air from the combined éystem would be
comfortable to only four percent of the people. However, the-con—
ditions were still preferable to.thosg obtained by either the
indirécf or direct syéfems. The indirect and direct systems condif
tions were far enough from the zero percent line on the comfort chart
to indicate that the conditions obtained were definitely‘uncomfortable.
The analysis under the Theoretical Performance conditions indicated> |
”_ that the conditioned air wouid be'éomfo:table to forty-one percent
of the péople, This figure is quite aéceptable when it is considered
that summer design conditions are experienced for only a small per=
.centage ofAthe time during the summer months. iThe results obtained
frém the indirect éhd direct system indicatevthat zero .percent of
-the people wéﬁld be comfortable under the Theoretical Pefformance
conditions.'

The results indicaté that the combined syétem is ‘feasible -
as a practical. comfort cdoling source;‘and is superibr to either

direct or indirect evaporative cooling.
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RECOMMENDATIONS AND CONCLUSIONS -

Recommendatiohs° The cémBined system, as'constructed, was
eXcéssively large and bulky. Part‘of this was intentional, in drder
t§ pfovide éecessibility for testing the system. The fagt that
the cbmponents.were ﬁof designed specifically‘for this'typevof*
application-cqntributed greatly to the physical size. The'?hysical__
size of any combined system muét, by'necgséity, be large in order to
accommodate adequéte_heaf traﬁsfer gpd\evapbrative surface areas,

If the system was cdnsolidated:into a single housing, the ratio of -
'ﬁhysigal volume to cooling capacify could be decrease&° More-~

over, it is suggested that the iqdividual fan motors and water pumps
on eaéh cooler could be replaced by one main motor, that would driﬁe
both fans and a.water pump coémon to both direct coolers. ‘It would & -
‘ g1SO be poséip}e to use one fan to sﬁpply the air to both direét
coolers. However, this would increase the cdmplexity of the system

housing; its feasibility would depend upon an economic analysis.

Conclusions. More investigétion as-to physiéal design and
_;omponént sélection must be made before a marketéble'éombined System'
can be constructed; The résults of the tests'ihdicaﬁe ihaé con-
bina;ion direct-direct evaporative coéling couid bécome an economical

and feasible method of comfort cooling..
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