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Abstract. Air conditioning systems are resporsible for the increase in man's efficiency at the work due to a more mmfortable
working environment. Presently, the most used system is the mechanical vapor compresson system. Howeve, in many cases,
evapaative maling can be an ecnamical alternativein place of conventional system, under several conditions, or as a pre-cooler
in the mnventional systems. This leads to a reduction in operational cost, in comparison with systems using oy mecharical
refrigeration. Evaporative @oling operates using naural phenomena, through induced processes, where water and ar are the
working fluids. It consists in water evaparation, induced by the passage of an air flow, thus deaeasing the air temperature. The
main characteristic of this processisthe fact that it is more €ficient when the temperatures are higher, that is, when more @adlingis
necessary for thermal comfort. This work presents, initially, the basic principles of air conditioning systems based on the
evapaative @aling process for human thermal conffort. It also presents the principles of operation for diread and indirec
evapaative ®aling systems and the mathematical deveopment of the equations of thermal exdanges, allowing the determination
of heat transfer convedion coefficients for primary and secondary air flow. In addition an analysis of the @aling effedivenessfor
direa andindirea systems is performed, concluding that such effedivenesscan be determined if primary and secondary air flow
and their spedfic heatsare known.

Key-words: evaparative @aling, air conditioning, heat and masstransfer.
1. Introduction

Evaporative cooling operates using natural phenomena, through induced processes, where water and air are the
working fluids. It consists, spedficdly, in water evaporation, induced by the passage of an air flow, thus deaeasing the
air temperature. When water evaporates into the dr to be coled, simultaneously humidifying it, it is cdled dred
evaporative @waling and the thermal processisthe aliabatic saturation. When the ar to be moled is kept separated from
the evaporation process and therefore is not humidified while it is cooled, it is cdled indired evaporative mading. The
main charaderistic of this processis the fad that it is more dficient when the temperatures are higher, that is, when
more maling is necessary for thermal comfort.

2. Direct evaporative cooler analysis

The principle underlying direct evaporative aaling is the conversion of sensible to latent hea. Nonsaturated air is
cooled by exposure to freeand colder water, both thermally isolated from other influences. Some of the ar’ sensible
hed is transfered to the water and becomes latent hea by evaporating some of the water. The latent hea follows the
water vapor and diffusesinto the ar (Watt and Brown, 1997).

In the study of the psychrometric process dry air is considered as a single gas charaderized by an average
moleaular mass equal to 289645 In this work the humid air is considered as a mixture of two gases: the dry air and
water vapour.

Considering the flow of humid air close to a wet surface acording to Fig. (1), the hea transfer will occur if the
surfacetemperature Ty is different from the draft temperature T. If the ésolute humidity (concentration) of the ar close
the surfacews is different from the humidity of the draft w will also occur a masstransfer.
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Figure 1 — Schematic dired evaporative moler
The dementary sensible heat is
0Qs =h. dA(Ts - T) (1)

where h; is the mnvedive hea transfer coefficient, A is the aea of the hea transfer surface T is the surface
temperature and T is the temperature far from the surface
In asimilar way the rate of water vapour transfer dm, between the draft and the ar close to the surfacewill be

dmv:hm padA(Ws_W) (2)

where hy, isthe mass transfer coefficient by convedion and p, isthe density of the water.
Analysing the interface @-liquid, the latent heat 6 Q, isdetermined by the law of energy conservation.

6QL :6Q_6Qs = hLvs dmv (3)

where AQ is the flow of total heat and hys is the specific enthalpy of vaporization of water at surface temperature.
Rearranging Egs. (1), (2) and (3), the total differencial heat flow is

Q z[hc (Ts_T)+pahLvshm(Ws_W)]dA (4)

Equation (4) indicates that the total heat transfer is the result of a combination of a portion originating from
temperature difference and other portion originating from the difference of the absolute humidities. The total heat is
caused by two potentials and these potentials can be combined by the Lewis relationship so that the total heat flow will
be expressed by a single potential, that is the enthalpy difference between the air close to the wet surface and the free
current of the air.

Using the specific enthalpy of the mixture as the sum of the individual enthalpies (Moreira, 1999, p.99) gives

hs_h:(hw_ha)"'(wshvs_Whv) )

where hys is the vapour enthalpy at surface temperature, hg, is the entalpy of the leaving air, h, is the air enthalpy and h,
isthe vapour entalpy. With the hypothesis that air and vapour are perfect gasesit follows that

hs _hchu (Ts =T) + hys(Ws—w) (6)
where the humid specific heat is ¢, =Cg, +WC,, , and, therefore

(hs -h)- hvs(Ws - W)
C

T, -T= )

pu

Combining Eq. (4) and Eq. (7) gives
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where R . is the Lewis relationship. In the @ove deduction the density of the humid air was approximated by the
density of the dry air. Taking the Lewis relationship as being wnitary, gives (h Lvs — hvs)z h . Itisaso verified that
the term (w - WS)hLS isusually negligible in the presence of difference of the spedfic enthalpies (hS - h), so that only

the first term inside bradckets is ggnificant. In the same way, the total hea flow is caused by the difference of spedfic
enthalpies of the d@r and of the saturated air close to the wet surface ad is given by

h. dA

0Q= (hs=h) 9

pu

The sensible heat transferred is

3Qg =m, Cp, dT (10)
Therefore by combining this with Eq. (1) gives

he dA (Ts=T) = m,c,, dT (1)

which can be integrated, resultingin

T

A
h d4A = I dT 12
m.c 0 T (TS_T)
a ~pu
The integration yields
_ H nal
1-07 T2 _ oo Ne? g (13)
Ti-Ts 0 0
0 MaCpu g
In the same way, the effectiveness of a dired evaporative @aling equipment is defined as
B} H nha b
g= 1712 _g gy NMNeA g (14)
Ti-Ts 0 0
0 MaCpu

Analysing the @ove euation it is verified that an effediveness of 100% corresponds to air learing the equipment
at the wet bulb temperature of entrance This requires a combination of gred areaof hea transfer with a high heat
transfer coefficient and low massflow.

It is also observed that the dfedivenessis constant if the mass flow is constant since it controls diredly and
indiredly the value of the parameters on the right side of Eq. (14).

3. Indirect evapor ative cooler analysis.

This sdion presentes the basic theory for the general development of the dfedivenesscoefficient for an indired
evaporative maler using the models presented by Maclaine-Cross and Banks (1983, Chen et al. (1991) and Peterson
(1993).

Anindired evaporative maler (IEC) hastwo distinct air passages, one cdled the “primary” and the other cdled the
“secondary” air passage. The primary air is usualy outdoar air that is supplied to the room after it has been cooled by
ar in the secondary air passages through hea transfer. The surface of the semndary air passages is wetted by
circulating water, so that hea and mass transfer takes placebetween the wet surface ad the secondary air.

A schematic drawing of indired evaporative madler in counterflow is sown in Fig. (2), where hg, and hg are the
entalpies of the entering and leaving seaondary air and h,, is the vaporized water enthalpy; m, and m; are the mass flows
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of the primary and secondary air and m,, is the mass of the liquid; Ty and Ty are, respedively, the inlet and outlet dry
bulb temperatures of the primary air; T and Ty the inlet and aulet wet bulb temperatures of the secondary air and T, is
the temperature of the liquid; hg, ande hes are the mnvedion hed transfer coefficients on the sides of the primary and
sendary air.

PRIMARY AIR
Tpe m,
U' llWATER (,,h,)
EVAPORATIVE
m . PAD
SECONDARTY ATE
T h T.

se® se pe
Figure 2 — Schematic counterflow IEC

In order to simplify the analysis, the foll owing assumptions are @nsidered:

1. Hea and masstransfer occurs only in adiredion normal to flows

2. Thewall of separation of the flows isimpermeéble to the masstransfer and itsticknessis negligible

3. TheLewisnumber is equal to unity

4. No water lossoccurs due to evaporation

5. The energy balanceis evaluated only in the dry and humid flows

6. Variable locd conditions of temperature and enthalpy at the dr/water interface are reasonably approximated
by a constant average

7. Hed and masstransfer coefficients are onstant

8. Surfacewettingis complete and uniform

9. Saturation enthalpy islinea with respea to wet-bulb temperature.

3.1. Heat balance of primary air flow
For hed transfer from primary air flow to the ar-water interfaceshown in Fig. (2) one has

Uy (T-Ty)dA=-mgc,dT (15

where U, is the overall coefficient of heat transfer between the primary air flow and air-water interfaceand c, is the
spedfic heat of the primary air (Chen et al., 1997). Integrating Eq. (15) the number of primary transfer units NTUp can be
cdculated

_ YA __ Hee ™ Tw
NTU, = oo, In A (16)

where A isthe aeaof hed transfer. From Eqg. (16), the primary effedivenessis defined as ( Peterson, 1993)

T,.—T,
€ :]_—e_NTUp = EME 1
p S @
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When the process of cooling of the primary air flow results from sensible heat, one has

(T ps)
) = he HA (18)
HTPS - Ty H

where A, is the area of heat transfer on the primary air flow side. From Eq. (18) it follows that

cp(Tpe— T

_ (Tpe - Tw)
TPS =Tw ehCSA/mp Cp (19)
3.2. Heat balance of secondary air flow
The combined heat and mass transfer from the air-water interface to the secondary air flow is given by
hp (h,, —h) dA = mgdh (20)
where hp isthe convective mass transfer coefficient. Integrating Eq. (20) gives
hpc A
NTU, =ToA _o%R s - E (21)
mg Mgy Hh

where NTUg is the number of secondary transfer units (Incropera and de Witt,1990). Rearranging Eq. (21), the
secondary effectivenessis defined by

— 71— NTUs _Hhe - Hle ~Ts
Sha Hh E‘Tse -Tw E (22)

Assuming a unitary Lewis number gives

NTU, = in B~ Cin s " Tw (23)
Hh se _TW
So that, hp e
Cp
Substituing Eqg. (23) into Eg. (20) gives
hes
— (h,, —h)dA = m,dh (24)
Cc

p

From this, it follows that

hy ~he _ o Fhes A P

(25)
hy — hS Hmsc, F
The equation to determinate hg can be obtained from the above equation giving
he=hy, - — " Nse (26)

MH
Hmscp H

where A isthe area of heat transfer on the secondary side.
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3.3. Heat balance between primary and secondary air flow

The heat loss of primary air flow must be equal the heat gain of secondary air flow. Therefore,
mg (hs_hse)zmp Cp (Tpe_Tps) (27

from where it follows that
m
h$=h58+_pcp(Tpe_Tps) (28)
mS

Substituting Eg. (18) into Eqg. (28) gives

] b
m, a 1 C
h$=h3e+E7ECp(Tpe_Tps) Dl_—[ (29)
m h, A
S D eXp( cp p) [
H myc,

One can, theoretically use Eqg. (26) and Eg. (29) to determine t,. However, the most usual method is to solve it
through trial and error, starting with an initial guess for t,, and using the respective h,,. Like this, two values for hg can
be calculed using Egs. (26) and (28) and compared to each other. If they are not equal , another value of t,, is guessed
until the calculated values of hg converges to a single value. Oncet,, is obtained, the dry bulb temperature of the leaving
primary air can be obtained using Eq. (19).

The equation to calculate the humidit ratio of the leaving secondary air has the same form of Eqg. (26), i.e., (Chen et
al. (1991))

W= W, — M (30)
exp( Cs S )
sCp

4. Cooling effectiveness

The performance of an indirect evaporative cooler (IEC) for the transfer of heat from primary air to secondary air is
known as cooling effectiveness and it is usually represented as

e = (Tpe _Tps) (31)
(Tpe _TW)

However, this form of cooling effectiveness requires that t,s be known. Since the temperature of primary air leaving
the IEC is usually unknown it is desirable to find another representation related entirely to known information about the
heat exchange and its operation. Therefore, assuming no additional heat gains, there will be an exchange of energy only
between primary and secondary air (Peterson, 1993).

From Eq. (27) it follows that

my, Cp (Tpe _Tps) =ms (hs —hg) (32)
Defining the saturation specific heat as C,, = (hSS - hse)/(T$ - Tse) and substituting this value into Eq. (32) gives

= Tpe - Cmax (T~ Ts) (33)

min

where Cpin=myC, and Cr = My, . Therefore

_ Crra HTss ~Tee [
8p - Cmin HTpe _Tw E (34)
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Substituting Eq. (22) into Eq. (34) gives

€ Cmax ETS€+ €p Tpe
min

w (39
€ E+ €
° Cmin P
Finally, substituting Eqg. (35) into Eq. (17) one finds the relationship for codling effediveness
g=— L O = 1 (36)
1 .1 HComin E 11 MG E
8p €s max €p €s [MsCup

The equation above is useful onceit is afunction of known parameters such as the mass flows and constant
presaure spedfic hea of the primary and secondary air flow, respedively.

5. Conclusion

This paper presents a mathematicd model for dired and indired evaporative @aling air conditioning systems.
Initially it presents a mathematicd model for a dired evaporative wader that is obtained by writing the equation of the
energy conservation for an elementary control volume and analizes the hea and mass transfer between the humid air
and the water. The resulting equation alows the determination of the effediveness is in agreement with the reseach
developed by Alonso et al. (1995).

Then an indired counterflow evaporative aadler is analyzed. An energy balanceis evaluated to the primary air flow
and to the secondary air flow and, still, a hea balance between the primary and the secondary air flow is done too. It
provides an eguation that all ows the determination of the primary air outlet temperature (Eq. (33)) and also an equation
(Eq (36)) for the wmding effediveness It can be seen that the effediveness can be cdculate if the primary and
sendary air massflows and their constant pressure spedfic hea are known.

This paper is atheoreticd basis for the analysis of evaporative devices. The foll ow-on papers will be devoted to the
appli cation of this mathematical model on some particular evaporative aling devices.
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