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ABSTRACT

This paper invescigates three sensible air coolars: a single~ and a multiple—= stage indirect
evaporative cooler, and a combination cooling towar/heat exchanger air coolar. Ralations and
performance characteristics are daveloped. The single—stage indirsct evaporative coolar is
capable of cooling inlet air to temperatures approaching che inlat wet-buld tamperaturs. The
multiple=stage indirect aevaporative cooler, che haat exchanger/evaporative coolar, and the
cooling towar/heat axchanger air coolars are all capable of cooling inlet air to tamperaturas
approaching the inlat dew-point tamperature. 1In che region of air conditioning intsrssc, the
coefficients of performance- range from 25 for the single=stage indirect evaporative cooler up
to 73 for the cooling tower/heat axchanger air cooler.

INTRODUCTYION

A direct avaporative coolar is an air-conditioning device commonly used to cool and humidify
air [ASHRAE 1983]. Direect avaporative cooling involves the procsss of evaporacing watsr into
an airscream. Throughout this process, air and watar are in direet contact and both heat and
mass are exchanged. Direct evaporative cooling of an airstream pregents an anaergy trade-off,
since a reduction in sensible energy (ctamperatura) is obtained with a corrasponding increase
in latent energy (humidity). A dirset evaporativea coolaer naver reduces the tocal load on an
airstream; it maraly exchanges one form of .the load for anothar.

An indirect evaporative cooler is an air-conditioning device that sansibly cools procass
alr without incrsasing che absolute humidity racio of the air [ASHRAE 1983; Product litarature
1980]. This procass uses two separate airstraams that never aix or coms in dirset contact.
One sctream, the “wet stream,” goas through an evaporative cooling process and is cooled and
humidified. The second stresam, the “procass stream,” passas chrough a sensible air/air heac
exchanger and uses the cool, wat stream as ics heat sink. The indirsct aevaporacive cooling
processs requirses no energy input besidss cthat required to overcomes fan and wacer pumping
povwar. Coafficiants of performanca (air cooling benefit/enargy input) for these systams,
therefore, tend to ba very high.

A single indirect evaporative coolar can only cool procass air down to che wat bulb
Cemparatures of the wet stcream. Since the wat stream is typically cthe ambient, tha system
performence decreases as the ambient wat-hulb temparature increasas. Staging of evaporative
coolers incrsases the performsnca. In addition, thes syscem doas not havae the capabilicy cto
dehumidify the {nlet process scream. As In che case of a dirset evaporative coolar, an
indirect evaporative cooler i3 best suitad for dry and tamparate climatas.

Another air-cooling davice can bs davaloped by coupling a cooling towar with a sensible
air/water heat exchangar. This device was first proposed and analyzed by Maclaine=cross
[1985] and Kang and Maclaine=cross [1985] as a possible air chiller for use in desiceant air-—
conditioning cyclas. In chis davica, a cooling tower 13 used to cool a wacar stream to the
Jat-bulb temperatura of cthe air. The cold wacar is then usad to sansibly cool the



airscream. A portion of the airscraam 1s used in the cooling tower, which allows 3 low watar
temperatura to be obtainad. ’

In cthis paper, the parformanca rvalations for chrae evaporativa cooling devicas aras
formulated. Thermal coafficients of parformanca are daveloped and compared for these units.
The range of environmencal paramecars over which thesa davices ara fesgible 13 detarminad. A
further dascription of this scudy is given in the thasis by Crum [1986]. ‘

PERFORMANCE CHARACTERISTICS

Single-Staga Indiracet Pvaporative Coolars (IEC)

In the indirsct evaporative coolar, the wet stream air that accs a8 the heat sink for thae
varmar procass alr 1s usually drawa from che ambient. Figura | {llustcracas an IEC with a
common air source (scace 1) and a fraction of the inlet air takan off before the heat ex-
changer for use as the wet stream. The parformance of an I[EC 13 given in terms of the
effactiveness of the sansible heat exchanger and the direet avaporativa coolar (DEC). These
are defined asg:
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The effactivaness of a singla=stage IEC i3 the ratio of che actual heat ctransfer race
from the process flow stream co the maximm posaible haat transfer race from the procass
straam. The maximum heat transfar raca would be realized if the procass strsam wers coolad
all che way to the wat bulb campsratura of che wet SCTeam.
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In tarms of Equacions | and 2, tha effactivaness of tha IEC may alsc be wrictan as:
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The cooling benafit per unit mass darived from the single=-staga IEC may be calculatad as:
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whare JATmax is cthe diffarance batwasn ctha dry= and wet-bulb ctemperatura of the inlar air
and n ain i3 the minimum mass flow rate through che heat axchangar.

Agsuming cthac there i3 aqual prassuras drop across boeh sidas of che IEC, an energy
operating cost aay be.calculaced for the singla~scage IEC from scandard fan laws as:
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whera Ap 13 tha prassura drop across tha heat axchanger and o is the density of che
airstraams.



A new variable, F, i3 introduced to batter define what portion of the inlet air to the
. IEC is being processed and delivered to the building zome. In terms of inlat air, delivared.
air, and dumped air, F is defined as:

¢ & Jdelivered _ __ "deliverad 7
minlc: 24aliverad * mdt.mu:

Using the definition of F and Equacion 6, the cost per deliverad mass flow rate may be writtan

as: .
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The coefficient of parformance (COP) is defined as the benaefir cooling derived from a

system divided by the cost of obtaining that benefit. In the case of a single-stage IEC, COP
can be obtained by dividing Equation 5 by Equation 8 to yield:
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where the term k contains paramatars not raslaced to cthe mass flow rats.
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The constant, k, 13 a dimensionlass quancity that {s a function of the airscream’s
specific heat, the effactiveness of the adiabatic saturation process, the anaximum possible
tamperature differanca across tha hest exchanger, and the prassure drop across the heat
exchanger. The maximum temparacure differenca term, ATmax, charactarizas the stata of the
inlet air on the psychromstric chare. Obviously, the hotter and drier che ialet stata, the
larger both ATmax and the COP will be. The COP is also diractly proportional to che
effactiveaness of the evapotative cooler and is inversely proportional zo the pressurs drop.

4 graph of COP/k as a function of the fraccion of inlet air delivered to the building is
showm in Figure 2 for varying heat axchanger NTU. The COP i3 zero ac ¥ equalling boch 0 and !
due to infinite coscs at F = 0 and zero benefits at F = I, Further, an optimum COP {3 seen to
exist at a fraction deliversd of 0.5 for all values of VTU.

Using the optimum fraction deliversd valus of 0.5, a heat exchanger NTU of 3.0, and an
evaporacive coolar effactiveness of 0.8, 1lines of constant COP were mapped out on a
psychrometric plane. These are shown in Figura 3 for a pressure drop of 0.5 in. wacar (125
Pa) across each side of the [EC. Lines of constant COP have tha same shape as rmlative
humidicy lines. In the range of tamperatura and humidicy racios seen in alr-conditioning
operations, the COPs rangs from 15 to 50.

To further investigata the ucilizy of aa LEC, two parformanca parametars ars defined as
followa:
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The cemperaturs effactivensss provides a mmasurs of how close the inlet air can ba cooled
toward the inlet air dew=point ctaomperaturs and rangas from 0 to 1. The cooling capacity
effactivaness provides a2 mmasure of how much of the inlat alr can ba cooled and to what extent
Lt can ba coolad. The cooling capacity effactivenass is, therefore, an energy effactivenass.
This effectiveness also ranges from 0 to l, vhers the nsximum value of | ‘corresponds to
cooling all of the air all of the way to its dew=point Ctemperature. The airflow through an



[EC can only approach the wet-bulb temperatura, 30 the above affectivenessas will always ba
less chen 1.

The cooling capacity aeffactivenass for variable fraction deliverad values is shown in
Figures 4 for an inlet stata of 86°F (30°C) and 0.009 lbm/lbm absoluca humidity racioc. The
evaporative cooler effectivenass is 0.8 and the heat exchanger sizes range from | to {nfinite
NTU. The cooling capacity effactivanass is symmetric about tha optimum oparacing F of 0.5.
At zaro fraction deliverad, there i{s no cooling effact. At a unity fraction dalivarad, thera
13 no tamparature drop sinca there is no cold stream heat sink. An optimum cooling capacity
effectivanass exiscts, since the ralaciva mass flow ratio, adnlivcr/ainlu:‘ i3 zero at F = 0
and the tamparactura effactivensss {3 zero at F = L,

The parformancea of a single-scage IEC varies as the inlat scaca changes. Figura 5 shows
constant air outleat Ctamperacturas for anm I[EC sizad with a heat exchangar ¥NTU of 3, an
avaporative cooler affactivenass of 0.8, and a constant fraction daliverad value of 0.5. Any
combinaton of tamperature and humidity racio that intersects onas of Cha solid linas rasults in
an exiting ailr ctsmparacture as indicacad. For example, air antaring the single-stage coolar at
77°F (25°C) and 0.009 lbm/lbm (kg/kg) would exit ac a tamperature of 68° (20°C). Thaese linas
of constant outlet tamparacura ara straight on a psychromseric chart and resemble conszant
wat-bulb temparaturs linas. All of rthesea constant outlat tampearacture lines intarcept the
saturacion curve at the value of che constant tamparatura line. Tha tempaeratura effactivenass
of a singlewstage I[EC increases as ona moves Cto dryar and warmar scaces on the psychrometric
chare.

Huiti-staged Indirmce Evaporativa Coolsrs

Staging a succession of indirect evaporactive coolers in a saries configuration has the
pocential for cooling the inlet air to near its dew=point cemparature. The overall
performance of che mulzipla-scage I[EC is dependent on the effactivenass of each individual
evaporative cooling and heat exchange process. In the limiz, for an infinitas numbar of
scages, tha air introducad at cha inlac zo the firse scage can ba cooled to its dew-poine
temparaturs with no addition of moisturs to the dalivarad pEOCEss sStraam.

In order to operata any one of tha stages ac the optimum cooling capacity and co"P, half
of the air deliversd from the last stage must be used as the wet scream cold sink. The
ovarall fraction deliverad for an a-stagad IEC is tharafora:

l.a
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For example, i{f two stages of cooling vers used, only 25Z of the inlat air to the first stage
would be delivered as cooled process air ac the axit of the second stage. Sacrificing a large
portion of the inlet process seream may be axpensive.

The temparature and cooling capacity aeffactivenasses of oulti-sctage units can be
avaluacted following the ralacions for a single=sctaga unit. The outlat tamparatura for a two
stage unit i3 ploctad on Figure 5 Ffor comparison with a singla scaga unic. There is a
significant raduction in outlat tamperatura ovar single stage units. '

Figura 6 shows the capacity as a function of aumbar of scages for a constant inlatc scacs
of 86°F (30°C) and 0.009 lbm/lbm (kg/kg) absoluca humidity racio and an evaporaciva coolar
effeccivanass of 0.8 and heat exchangar N¥TU valuas ranging from 1 ¢o infinity. The cooling
capacity affactivenass continually decreasas with che number of stages daespita che incraasing
cooling affect brought about by additional cooling stages. . The drastic dacrease in the
dalivered airflow rata dominaces che cooling capacity effactivenass.

Cooling Tower/Heat Exchanger Air Coolar (CZ/HX)

A syscam schematic and process raprasenctacion of a cooling tower/heat axchangar air
coolar ara shown in Figure 7. In chis procsss, tha inlat air ac scaca | i3 sensibly coolad to
stace 2, while ac the same time, the chillad tower watar i3 warmed from scaca Wy to Wa. The
air ac scace 2 is split into two straams. Ona stream 13 deliversd as conditioned air to tha
building zona and tha othar i3 routad through the cooling tower. The portion of tha inlet air



that is channeled through the cooling tower is humidified and warmed to state 3 and then
dumpad to the ambienc. The cooling tower receives water at statce Wz and recturns it chilled to
the heat exchanger at stacs W,. .

The model used in analyzing the coupled heat and mass transfar in the cooling tower Ls
based on an analogy to 3sansibla heat transfer i{n dry heat exchangers. This method of
analyzing wet surface heat axchangers was first suggested by Maclaine-croes and Banks
{1983]. A brief outline of the davelopment of the ressulting wmodel equations follows. 4an
energy balance oan the cooling tower fluid scream in Figure 7 yialds:
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An energy balance on the air/water interface yields:
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Likawise, a mass and anergy balance on the airstream ylalds:
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Two assumptions are now amade to simplify the cooling tower aodel. The first is that the
Lewis Number is unity, and tha second is chat the saturation curve is linear in the range of
tamperaturas and humidity racios experianced by the cooling tower. With thesa assumptions, it
is possible to manipulate Equations l4 through 17 to solve for the wet-bulb deprassion of the
alrstraam as Lt passes through the cooling towsr,
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The expression in cthe axponent {3 the cooling tower NTU and combines the air-sida heat
transfer coefficient and tower surface area along with the specific heat and msss £low rata of
the air.

It is possible to simplify Equacion L5 cto:
'- -
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by defining a wet-bulb heat transfar coefficient as:
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where e 1s the slope of the assumed linear saturation line. It is also possible to simplify
Equacion L7 cto:
dT’
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by dafining a wet-bulb specific heat as:
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The rasulting Equations 14, 19, and 21 are of the sams form as the equacions encountarad in
sensible haat exchanger thaory. These have bean solvad praviously, and the solutions rasult
in che familiar effactivanass—NTU equations for counter and parallel fiow heac exchanger
configuracions (Kays and London 1984]. Equation 22 may ba writtsn in tarms of air mixtura
encthalpias and humidity ratios as:
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Equacion 23 allowa for ctha calculation of the capacitancs rates for the cooling towar air
and water gtraanms. 8y choosing a towar NTU, che exiting air wet-bulb tamperacure can be
calculated with standard heat axchanger effactivanass equacions. Equacion L8 may then ba usad
to solve for the wat-bulb daprassion of the towar air and, when ugaed with tha praviously
calculated exiting wat-bulb tamperature, fixas cha scata of the air axiting the cooling towar.

Figures 8 shows the systam performance as a function of the fraction of air delivared.
The cooling unit NTU is 3 and the air inlet scace is 86°F (30°C) and 0.009 lbm/lbm absolute
humidicy ratio. Tha family of curves dascribas che syscer performance. For any one given
fraction of air deliverad, there ara many possible watar flow ratas. Thare 13 ona optimum
water flow rate, howaver, chat asaximizes the system parformance. For example, at a fraction
deliverad of 0.7, the optimum watar flow race would ba approximataly 25% of the inlet air flow
rata. As the fraction daliversd value dacreases, the optimum wacar flow rate increasas.
Figure 9 illustraces tha variacion in systam parformanca with watar flow rata for a cooling
unit with heat exchangar and cooling towar NTUs of 3.

The maximum in performance results from heat transfer limitations. At vary low watar
flow races, the watar ¢irculating loop i3 the minimm capacitance strasam for both tha heat
exchanger and the cooling towar. Ia the cooling tower, cha watar tamparatura decrsase will ba
graatast and the tamparacturs will approach the wat~buldb tempersturs of the air at scaca 2.
Howsvar, the air passing through the haat exchanger will have a capacitancs race far greatar
then the wacar and will noct de able to approach thas cold watar tawparaturs offarad by the
cooling tower. At the othar axtrams, at high wacar flow ratas, tha air in cthe haeat axchangar
and the cooling ctowar will bacoma the minimum capacitance streams. Thae wacer passing through
the cooling ctowar will have a smaller tamparacurs change Cthen the air and axit at a
temparatura substantially wvarmer than the wat=bulb tamparacure of the air at scaca 2. In tha
heat exchanger, cha air will have tha larger tamperatura changs and exit ac a tamperatura
close to the warm inlat wacar tamparatura.

At low watar flow ractas, the cooling towar is batter able to cool the watar loop, but the
heat exchangar is less able to use the cold wacar to cool the procass air. At high wacer flow
races, the heat exchanger is battar able to cool tha procass alr closar to the water inlac
tamperature, but tha tower cannot provide cha hear axchanger with wacar as cold. Operating
the system at a flow rate batwaan tha two flow rate extrames will, tharafore, opetimiza the
system performanca.

The best system parformance for fractions delivarad ranging from 0.6 to 1.0 oceccurs whaen
the wacar flow rata is approximacaly 25 of cthe inlet air flow rata. Sinca the spacific heat
of watar i3 approximacaly four timas that of air, this flow rate ratio corrasponds to nearly
equal capacitanca ratas in tha haat axchangar.

Lf the optimum watar flow raca is chosen for all of the fractions dealiverad, the family
of curves in Figure 8 would be anclosad by one curva that charactarizes tha bast system
parformance for all possibla oparating points. Figures 10 and 1l show tha oucar anvalopa of
tha camparacura and cooling capacity aeffectivanass curves for cooling units witch NTUs ranging
from | to infinity and an inlet scats of 86°F (30°C) and 0.009 lbm/1lbm (kg/kg) absoluta
humidity ratio. With the bast possible cooling unit (infinize NTU) it i3 possibla o chill
the inlet air to tha dew—polnt tamperaturs and scill delivar approximataly 70% of the inlat
air to the building zone. )

Lines of constant ouclet tampsratura for a CT/HX with NTU of 3 and a fraction delivarad
of 0.75 are mapped in Figura l2. The fraction of 0.75 for tha process air was chosan sinca
this i3 an operating point near the maximum in tha cooling capacity effactivensss curveas. Thae



Lines of constant outlat temparatura resemblea those for a single- and a multi-stage IEC, and
intercept the saturation curve at a temperatures equal to the value of the constant tamperature
lina.

The varilation of COP with {nlet air state is also showa in Figure 12 for a fraction
delivered valus of 0.75, a preasure drop of 0.5 Ho0 (125 Pa), and a heat exchanger and
cooling tower NTU of 3.0. These lines have the same shape as the saturacion curve. In the
range of air conditioning practica, the COPs ranges from 10 to 75.

CONCLUSION

This ‘paper has presentad parformance relations and charactariscics for single~ and mulciplae=—
stage indirect evaporative coolars and a combination cooling towar/heat exchanger.

The single=stage IEC can cool the inlet airstream close to the inlet wet bulb
temperature. Mulctipla—-stage LECs have increased cooling ability and are capable of cooling
air close to the dew-point temperatura. The cooling tower/heat aexchangar air coolar can cool
air close to the dew point with only one stage of cooling., Coefficients of performancs for
these air coolers range from 25 for the single~stage IEC up to 75 for the cooling cowar/heat
exchanger in.the range of air states seen in air-conditcioning praccica.

The cooling tower/heat exchanger air cooler has the greacsst thermal potential for air-
conditioning applicacions. It cam produca the lowest tempsraturas and highest cooling
capacities ‘for any value of fraction of inlet air delivarad to the space. A possible drawback
to this system, is its complaxity. This cooler usas a ecooling tower and requires a watar
circulating loop. The performance of chis cooler is seansicive to the watar flow rata, and a
smar: control system would Se raquired to operate near the optimum conditions.

FOMENCLATURE
A = Trannfuf drea in wet surface heat exchanger (f:z, mz)
¢, = Specific heat ( Betu/ltm°F, I/kg°C)

Cyb = Wat bulb specific heat (Btu/lbm°F, J/kg°C)
c = Capacitanca rate (Beu/hr’F, W/°C)

COP = Air-cooling benefit/enargy input (dimensionless)

e = Slope of assumed linear saturacion line ot eeh

F = fraction of {nlat air to the air coolar thac (s deliverad ¢to conditioned zone
(dimensionlass)

n = Enthalpy (Btu/lbm, J/kg)

h = Heat transfer coefficient (Btu/hrft?°F, W/m2°C)

hp = Yacer vapor transfer coefficient (lbm/f:zhr, kg/mzs)
he = Enthalphy of liquid wacar (Btu/lbm, J/kg)

h = Enthalpy of water vapor (Betu/lbm, J/kg)

hfg = Lacent heat of vaporizacion (Btu/lbm, J/kg)

hyp = Wec-bulb transfer coefficient (Btu/hr=ft?F, W/m2C)

k = Constant in Equacion L0 (dimsnsonless)
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Mass flow race (lbm/hr, kg/s)
Haatc transfar rate (Btu/hr, W)
Temperatura (°F, °C)

Ovarall heat transfar coafficiaui bQCWlfp watar fillm surface and fluid stcream in wet
surfacs heat axchanger (Btu/hr—ft“F, W/m

Width of wet surface heat exchanger (ft, m)

Work rate (Btu/hr, W)

Direct evaporative coolar affactivaness (dimensionlass)
Sensible heat exchanger effactiveness (dimansionlass)
Indirect evaporative coolar affectiveness (dimensionlass)
Presgsure drop (psi, Pa)

Alr &ensicy (1bm/fe3, kg/mJ)

Bumidiey ratio (lbm/lbm, kg/kg dry air)

Subscripcs

a -

ce -

da -

dalivarad = daliverad airstream

aolst airstreanm
cooling capacity

dry air

daw pt = daw point conditions
dump = dumped airstraam

£ = fluid stream

inlet = inlat airstream

aax = maximum

min s ainimum

a = numbar of stages
ouclar = outlat airstream
proc = procass airstream

T = tamparatura

@ = at watar film surface
wh = yat=-bulb

Sapsracripcs

' at saturation conditions
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