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Abstract-The modelling of indirect evaporative air coolers is discussed and three calculation models are 
described. Sample calculations show that the optimum shape of the cooler unit would result in a primary 
to secondary air velocity ratio of about I .4, assuming that the primary and the secondary air mass flow 
rates are the same and that the same plate spacings are used on the primary and secondary sides. In 
conclusion it is found that the simplified model gives good results and is recommended for the evaluation 
of smaller systems and for initial design purposes while the more sophisticated methods should be used for 

more accurate performance prediction. 

1. INTRODUCTION 

THE USE of evaporative cooling for air conditioning 
has been considered as a cost saving alternative for 
decades. The simplest evaporative air conditioning 
system consists of an air supply duct incorporating a 
water spray system (or a wetted evaporative cooler 
pad). In such a system (see Fig. l(a)) the air stream 
would evaporate a part of the water and this would 
lower the air dry bulb temperature and increase the 
air humidity ratio (absolute). 

o) Direct evoporative cooler 

lie IEC Room 

c) Indirect evaporative cooler with 
combined heat exchanger 
adiabatic saturator 

In many applications the increase in the supply air 
humidity ratio is not desirable and in this case an 
indirect evaporative cooling system can be employed. 
Direct evaporative cooling systems employing a recir- 
culating water spray system could also pose a health 
threat. Figure l(b) shows a typical indirect evap- 
orative cooling system where the air stream which has 
been cooled by the evaporating water spray is used to 
cool the primary (dry) room supply air. The primary 
air humidity ratio does not increase since it is never 
in direct contact with the water (or wetted air stream). 

b) Indirect evaporative cooler with 
separate heat exchanger and 
adiabatic saturator 

-+a RIEC Room 

d) Regenerative indirect evaporative 
cooler 

-e!Al IEC Room 

e) Indirect evaporative cooler with 
regenerative room outlet 

FIG. 1. Evaporative air conditioning system configurations. 
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NOMENCLATURE 

A area [m’] q,, q2 efficiency, defined by equations (22) and 
Cl effective surface area per unit volume (23) 

[m’ m-‘1 P dynamic viscosity [kg rn- ’ s- ‘1 

‘; specific heat at constant pressure V kinematic viscosity [ml s- ‘1 
[J kg-’ K-‘1 P density [kg m- ‘I. 

9 gravitational acceleration [m s- ‘1 
11 heat transfer coefficient [W m- ’ K- ‘1 Subscripts 

h mass transfer coefficient [kg m- ’ s- ‘1 a air (wet side) 

k film heat transfer coefficient as saturated air 
[w mm2 Km ‘1 asw air saturated at bulk recirculating water 

I 
enthalpy [J kg- ‘1 temperature 
thermal conductivity w m- ’ K- ‘1 C convective or convection 

LIZ Lewis number db dry bulb 

Ler Lewis factor f  film or fouling 
m mass flow rate [kg s- ‘1 i inlet or inside 
NTU number of transfer units m moist 
Re Reynolds number 0 outlet or outside 
RC?, film Reynolds number, 4F/p P process fluid (dry side air) or plate 
I thickness [m] V vapour 
T temperature [“Cl W water (recirculating) 
u overall heat transfer coefficient wb wet bulb. 

w m-’ K-‘1 
V velocity [m s- ‘1 Abbreviations 
II’ humidity ratio [kg water (kg dry air)- ‘I. AS adiabatic saturator (spray chamber) 

DEC direct evaporative cooler 
Greek symbols IEC indirect evaporative cooler 

I- water mass flow rate per unit length RIEC regenerative indirect evaporative 

[kg m -‘s-Y cooler. 

It is possible to combine the spray chamber and the 
heat exchanger into one unit as shown in Fig. 1 (c) to 
form an indirect evaporative air cooler. This paper 
deals with the modelling of such a cooler. 

Referring to Fig. I(c) and the schematic psy- 
chrometric chart in Fig. 2 it will be noted that the air 
leaving the dry side of the cooler has a lower wet bulb 
temperature than the ambient. Consequently, it would 

Dry bulb temperature 

FIG. 2. Psychrometric chart showing the condition of the 
ambient air (I), the air leaving the dry side (2) and the air 

leaving the wet side (3) of the evaporative cooler. 

be advantageous to pass a fraction of this cooled dry 
side air through the wet side of the heat exchanger 
instead of using ambient air (Fig. l(d)). This type of 
cooler is referred to as a regenerative indirect evap- 
orative cooler. I f  the room outlet temperature has a 
lower wet bulb than ambient it could be used on the 
wet side instead of using a fraction of the cooled dry 
side air or ambient air (Fig. l(e)). 

I f  regenerative evaporative cooler units (as shown 
in Fig. l(d)) were placed in series, the cooled air 
leaving the last unit would approach the prevailing 
ambient dew point temperature, but each additional 
stage would lower the dry side air mass flow rate. 

Various investigations studied the relative merits 
of indirect’evaporative and regenerative evaporative 
cooling including Brace [I], Anonymous [2], Watt and 
Bacon [3], Eskra [4], Supple [5], Uys [6], Claassen [7] 
and Datta ef al. [8]. 

Pescod [9] proposed a simple design method for an 
indirect evaporative cooler using parallel plastic plates 
with small protrusions. Although the thermal con- 
ductivity of plastic is very low, the heat transfer resist- 
ance across a thin plastic plate would be less than the 
dry side air/plate thermal resistance. 

Maclaine-Cross and Banks [IO] presented an 
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approximate model for the analysis of indirect evap- 
orative coolers. They assumed that (i) the water film 
is stationary and continuously replenished with water 
at the same temperature and (ii) the saturation line 
can be expressed as a linear function of temperature 
in the operating range. These assumptions enabled 
the decoupling of the equations describing the wet 
side and the dry side of the cooler. The governing 
equations were solved by defining a new independent 
variable: the difference between dry bulb and wet 
bulb temperatures. This model could then be used 
to predict the cooler performance by analogy to dry 
surface heat exchangers. 

Kettleborough and Hsieh [1 1, 121 described a 
counterflow indirect evaporative cooler unit where 
the secondary (wet side) air and the water flow in 
parallel downwards and the primary (dry side) air 
flows upwards through the cooler. By using a simple 
wettability factor the effect of incomplete wetting 
could be estimated. 

Singh and Narayankhedkar [I31 report on exper- 
imental work carried out on a cross-flow plastic plate 
indirect evaporative cooler with co-current (down- 
wards) water and air flow on the wet side. For a unit 
with a plate spacing of between 3 and 4 mm it was 
found that a water spray density of 2800 kg me2 h- ’ 
and a free stream air velocity of about 1.4 m s- ’ 
approaching the wet side of the cooler represent the 
optimum trade-off between cooling effect and cost. 

Hsu and Lavan [14] used an iterative, column-row, 
successive, over-relaxation technique to solve the 
governing equations in a cross-flow parallel plate 
regenerative indirect evaporative cooler. They 
assumed the water to be locally replenished and that 
the water layer is negligibly thin (no heat transfer 
resistance). The local water temperature was cal- 
culated from the mass and energy balance equations, 
i.e. the water was not circulating. The given definition 
of effectivity results in efficiencies of larger than unity 
when analysing a cooler employing regeneration 

(extraction). The definition of efficiency as given by 
Pescod [9] is preferred. 

An indirect evaporative air cooler is the same as a 
closed circuit evaporative process fluid cooler with 
dry side air as the process fluid. Closed circuit coolers 
and condensers have been analysed by various 
researchers with varying degrees of accuracy. Theor- 
etical models were presented by Parker and Treybal 
[I 51, Mizushina et al. [l6], Leidenfrost and Korenic 
[ 17, 181, Erens and Dreyer [ 19, 201. 

2. MATHEMATICAL MODELLING 

It is assumed that the evaporative cooler unit con- 
sists of a series of parallel plates with every second 
slot open for the dry side air flow (in the horizontal 
plane) and every other slot open for the secondary 
side air and the recirculating water flows (in the vertical 
plane). Two modelling approaches can be followed in 
the analysis of evaporative coolers. When using the 
first approach, the cooler which is to be evaluated is 
divided into small elements (see Fig. 3). In this study 
these elements are chosen as an imaginary volume 
containing a section of plate, surface area dA,, 
covered by a water layer on one side. The air flowing 
on the dry side and the wet sides are referred to as the 
primary side and secondary air flows, respectively. Three 
energy streams influence each element, i.e. (i) the 
warm primary side air; (ii) gravity-driven water flow- 
ing over one side of the plate ; and (iii) the secondary 
air stream flowing across the wetted surface. The 
governing differential equations for a typical element 
can then be integrated numerically in order to find 
the outlet conditions of a given element if the inlet 
conditions are known. Through a method of suc- 
cessive calculations, each element in the cooler is 
evaluated and the outlet conditions for the two air 
streams are found. In the second approach, the whole 
cooler is considered as a single element (see Fig. 4) 
and after making the necessary assumptions, the con- 

i0 t I T,+dT, 

a) Element for down-flowing 
secondary oir 

b) Element for up-flawing 
secondary oir 

FIG. 3. Elements for the mathematical modelling of an evaporative cooler. 
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Tpi -L 
iai t ha 

FIG. 4. Cooler layout for the simplified model. 

trolling differential equations can be integrated ana- 
lytically, resulting in a fairly simple-to-use model. 

The main assumptions are that : (i) the recirculating 
water is evenly distributed over the plate surface; 
(ii) the cooler is in a steady state ; and (iii) the air/ 
water interface area is approximately equal to the 
plate area. 

2. I. Poppe model Lel = (Lx*‘~) 
This model is based on the models proposed by 

Bourillot [2l] and Poppe and Rijgener [22] for the 
analysis of direct contact wet cooling towers, but the 
equations presented here contain additional terms 
relating to the heat transfer between the primary air 
stream and the water film on the outside of the plate. 

2.2. Merkel model 

Consider the typical elements of a typical evap- 
orative cooler shown in Fig. 3. The sign convention 
used results in the same set of governing equations if 
the water and secondary air flows are in the same 
direction (downwards) and when they are in opposite 
directions. From the mass and energy balances of a 
typical element if follows that 

The Merkel-type governing equations can be 
derived from the Poppe model by assuming a Lewis 
factor of unity and negligible water evaporation rate. 
The Merkel model does not involve different equa- 
tions if the air is saturated, implying that the air never 
becomes over-saturated. This model is fully described 
by the following equations 

drc,, = -dm,/m, 

dT, = t-m, di,-m,c,,, dTpMm,cpw) (10) 

dT, = - WT,, - Td d4Am,c,,) (11) 

di,, = hD dA,(iasw -Q/m,. (12) dT, = (-ma di,-c,,,T, dm,-m,c,,, dT,)/m,c,,,. 

(2) 

If the air entering an element is not saturated, the 
mass flow rate of water evaporating into the air is 
given by 

dm, = -hn(w,,, -w,) dA, (3) 

and the change in air enthalpy due to simultaneous 
heat and mass transfer can be expressed as 

ho dA, di, = ~ nz, NL -i.)+G%- I)KL -4) 

- (was, - wdivll. (4) 

If the air entering the element is saturated or over- 
saturated, equations (3) and (4) can be rewritten as 

da = -Mw,,, -was) d& (5) 

and 

di,, = F[(i,,,-Q+(Le,-I)[(&,,-iJ 

The primary air temperature change in an element can 
be expressed by 

dT, = - *O dAo yy CT,- Tw) P PP 
(7) 

with 

(8) 

In the case of under-saturated inlet air, the element is 
fully modelled by equations (l)-(4) and (7) while 
equations (I), (2) and (5)-(7) describe the element 
completely if the inlet air is saturated or over- 
saturated. The dimensionless group, (A,/&,,), is 
known as the Lewis factor or Lewis ratio, Le,. Accord- 
ing to Bosnjakovic [23], the Lewis ratio can be ex- 
pressed as 

(0.622 + was,\ 

2.3. Simplified model 
Since the water flowing through the cooler is nor- 

mally recirculated, the inlet temperature and the outlet 
temperature of the water must be the same (assuming 
that the make-up water is supplied at the sump tem- 
perature). .By assuming that the recirculating water 
temperature is constant, at T,,, throughout the 
cooler, the cooler performance can be obtained by 
integrating equations (1 I) and (12) to give 

and 

A, = - TCPP In 

UC. 
(14) 
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By finding the value of T,, (note that ia,* = i,,(T,,)) 
which satisfies these relations simultaneously, the 
required cooler area, for a specified load, can be deter- 
mined. This procedure could be used iteratively for 
rating calculations as well but the rating procedure is 
greatly simplified as follows : from equations (13) and 
(14) it can be shown that 

T,, = T,, + (Tpi - T,,) eeNT”p (1% 

and 

ho = Lsw - (iasw -iai) emNTUa (16) 

with NTU,, = A,U,/m,c,,, and NTU, = A,h,/m,. 
Substituting equations (15) and (16) into the energy 

balance equation, m,(i,,-iai) = mpc,,,,(Tpi- T,,), it 
follows that 

T,, = Tpi - m, (ias, -iai)(l -e-NTua) 
m,c,,(l -emNTun) . (17) 

The rating of an evaporative cooler can now be done 
as follows : a value of T,, is chosen and by employing 
equation (17) this value is corrected iteratively until 
the value of T,, satisfies it. This value of T,,,,,, can 
now be used to determine the outlet conditions of the 
cooler from equations (15) and (16). 

3. GOVERNING HEAT AND MASS TRANSFER 
COEFFICIENTS 

Plastic (PVC) would be the ideal material for the 
plates as far as cost, weight and corrosion resistance 
are concerned. Although plastics have very low 
thermal conductivities, the thermal resistance of thin 
plastic plates becomes relatively small in comparison 
with the thermal resistance of the dry side and the air/ 
water interface. The air/water interface represents the 
governing resistance to heat transfer. The thermal 
resistance of the water film is negligibly small in 
comparison with the air/water interface thermal 
resistance. 

The mass transfer coefficient can be approximated 
using the analogy between heat and mass transfer so 
that 

h 
ho = --L- 

cpm Lef 

where h, is defined as the dry heat transfer coefficient 
calculated with any relevant correlation for flow 
between parallel plates. For parallel plates with pro- 
trusions, the heat transfer coefficient can be calculated 
using the results presented by Pescod [24]. 

If the water mass flow rates become larger, the 
water velocity at the interface increases and the Reyn- 
olds number for air flow should be based on the rela- 
tive velocity of the air stream and the water film sur- 
face velocity and the actual dimensions of the air flow 
passage between the wetted plates. 

For steady, fully developed, two-dimensional flow 
of a laminar film along a vertical surface, in the 

absence of gas shear, it follows that 

uf = l.5(vg/48)“‘(Rer)2’3 

and 

(19) 

tr = (3v2/4g) “3(Rer) “3. (20) 

The water side film heat transfer coefficient can be 
expressed as 

h, =2 

4. NUMERICAL INTEGRATION PROCEDURE 

The Poppe and Merkel models both consist of sets 
of coupled ordinary differential equations which can 
be solved simultaneously, using a 4th-order Runge- 
Kutta integration procedure. Erens and Dreyer [19, 
201 found that the extra effort and computer time 
required in using the Poppe model for the simulation 
of evaporative fluid coolers and condensers is not 
justified by the small improvement in accuracy over 
the Merkel model. The governing mass transfer 
coefficient calculated from the analogy between heat 
and mass transfer represents an uncertainty which 
largely outweighs the improved accuracy of the Poppe 
model. 

The integration procedure starts at the secondary 
(wet side) air inlet side and proceeds through the 
whole cooler evaluating every element, with the outlet 
conditions for one element being the inlet conditions 
for the next element. In the operation of indirect evap- 
orative coolers the water is normally recirculated, 
which means that the inlet and outlet recirculating 
water temperature must be equal at the operating 
point of the cooler. This temperature has to be found 
iteratively. 

For the parallel flow case both the water and the 
secondary (wet side) air flow vertically downwards. 
The integration procedure starts at the top where the 
inlet air conditions are known (if no regeneration 
is used) and the assumed water inlet temperature is 
known. The integration proceeds downwards to the 
secondary air outlet side. The average water outlet 
temperature must be equal to the water inlet tem- 
perature. If this is not the case, another inlet water 
temperature is assumed until the solution converges. 

In the case of a counterflow layout, the water flows 
vertically downwards and the secondary (wet side) air 
flows from the bottom upwards. The counterflow case 
is slightly more complicated since the water outlet 
temperature at the secondary (wet side) air inlet side 
is not constant along the bottom length of the cooler. 
The water outlet temperature is assumed and the inte- 
gration process proceeds upwards until the inlet water 
temperatures are found for each element along the 
length of the cooler. The differences between the inlet 
and outlet water temperatures in each vertical column 
of elements is used to update the assumed water outlet 
temperature (at the secondary air inlet side). The iter- 
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ative process stops when the average inlet and outlet 
recirculating water temperatures are the same and 
when the calculated inlet water temperature (at the 
secondary air outlet side) is constant along the length 
of the cooler. 

5. DISCUSSION 

Table 1 shows the predictions of the successive cal- 
culation model and the simplified models for various 
indirect evaporative cooler sizes. For the larger evap- 
orative cooler units, the simplified model is less accur- 
ate due to the assumption of a constant recirculating 
water temperature. 

Typical computer execution times on an 80386- 
based IBM compatible computer with a math co- 
processor were : 

Simplified model <O.Ol s 
Merkel model (wet side parallel flow) 14.0 St 
Merkel model (wet side counterflow) 66.4 st. 

Figures 5 and 6 show typical temperature and 
enthalpy profiles through a non-regenerative cross- 
flow evaporative cooler with up-flowing and down- 
flowing secondary air, respectively. The recirculating 
water temperature increases at the primary air inlet 
side and decreases at the primary air outlet side. From 
both Figs. 5 and 6 it can be noted that the recirculating 
water temperature varies very little and consequently 
the simplified model assumption of a constant recir- 
culating water temperature is justified. 

The efficiency of an evaporative cooler unit was 
defined by Pescod [9] as 

(22) 

If a series of regenerative evaporative coolers were 
used, the theoretical lowest obtainable air temperature 
would be the dewpoint temperature corresponding to 
the ambient air conditions. With this in mind, the 
efficiency can also be defined as 

(23) 

Figure 7 shows the efficiencies of a regenerative 
(RIEC) (with 50% of primary air passing through 
the wet side) and a non-regenerative (IEC) indirect 
evaporative cooler as a function of primary side free 
stream velocity. From Fig. 7 it can be seen that the 
regenerative evaporative cooler has a lower efficiency 
than the non-regenerative unit when the efficiency as 
defined by equation (22) is used. When using equation 
(23) to define the efficiency, the regenerative unit has 
a slightly higher efficiency than the non-regenerative 
unit. 

Figure 8 shows the variation of the efficiencies with 

t Cooler divided into 400 elements. 

Table 1. Cooler capacity predictions 

Cooler Simplified 
volume model 

(m’) (kW) 

0.25 0.44 
0.5 2.26 
0.75 5.43 
1.0 9.81 

Merkel model 
(parallel flow) 

WV 

0.44 
2.33 
5.68 

10.48 

Merkel model 
(counterflow) 

(k’W 

0.44 
2.32 
5.65 

10.33 

the fraction of cooled primary air passed through the 
wet side of the cooler unit in a regenerative evap- 
orative cooler. If a large fraction of the cooled primary 
air is passed through the wet side of the cooler, it 
would give a very high efficiency but the capacity of 
the unit would be very low since only a small fraction 
of the cooled air would be supplied to the room. 
Figure 9 shows the variation of cooling capacity with 
the fraction of cooled primary side air which is passed 
through the wet side. It can be noted that the optimum 
fraction is a function of plate spacing. 

The shape of the plastic plate evaporative cooler 
can be optimized to maximize the cooling capacity 
while minimizing the total pressure drop (dry and wet 
sides). For this comparison, an indirect evaporative 
cooler linked to a room (as shown in Fig. l(e)) was 
considered. The following conditions were assumed : 

cooler volume 1.0 m’ 
ambient dry bulb temperature 250°C 
ambient wet bulb temperature 19S”C 
required room temperature 24.O”C 
room load 8.0 kW. 

The shape of the cooler unit was varied by considering 
different primary side inlet heights (see Fig. 10) while 
keeping the volume constant. It was assumed the 
cooler width and cooler length were equal in all cases 
and that the wet and dry side plate spacings were 
identical. The effect of the water film on the pressure 
drop through the wet side was ignored. For each 
shape, the required primary air mass flow rate to give 
the required room dry bulb temperature is calculated 
iteratively. It was assumed that the secondary air mass 
flow rate is the same as the primary air mass flow rate. 
The variation of the ratio of cooling capacity and 
required fan power with the cooler height is shown in 
Fig. 11. The steps in the curves for the 4 and 5 mm 
plate spacings are due to the air flow in either the 
primary opsecondary side changing from laminar to 
turbulent. The optimum cooler height seems to be 
around 800 mm, which results in a secondary to pri- 
mary side area ratio of 1.4. It can also be noted that 
the unit with the 3 mm plate spacing shows the highest 
cooling capacity for a given required fan power. 

6. CONCLUSIONS 

In most cases, the simplified model for the evalu- 
ation of an indirect evaporative cooler as described 
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FIG. 7. Efficiencies of a regenerative (with 50% of the cooled primary side air passing through the secondary 
side) and a non-regenerative evaporative cooler. 
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FIG. 8. 
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Variation of efficiency of a regenerative evaporative cooler with the fraction of cooled 
air passing through the secondary side. 
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Fraction of primary air recirculated 

FIG. 9. Variation in cooling capacity of a regenerative evaporative cooler with the fraction of cooled 
primary side air passing through the secondary side. 

primary side 

FIG. 10. Typical evaporative air conditioning system layout. 
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FIG. I I. Coefficient of performance of an evaporative air conditioning system. 

above, would yield results which are accurate enough 
for design purposes. 

The definition of efficiency as a function of dew- 
point temperature, equation (23), should be used if 
regenerative evaporative coolers are employed. 

The optimum fraction of cooled primary air flowing 
through the wet side of a regenerative indirect evap- 
orative cooler is dependent on the plate spacing. For 
a regenerative evaporative cooler with plates spaced 
3 mm apart, the optimum cooling capacity is found if 
36% of the cooled primary air is passed through the 
wet side. 

The shape of the cooler is also an important variable 
in maximizing the cooling effect and minimizing the 
required fan power. The maximum cooling effect for 
the smallest total required fan power for an arbitrary 
indirect evaporative cooler linked to a room, was 
obtained with a plate spacing of 3 mm and a secondary 
to primary side area ratio of 1.4. 
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