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ABSTRACT 

It has long been recognized that 
evaporative cooling is an effective and 
logical substitute for mechanical cooling 
in hot-arid climates. This paper explores 
the application of evaporative coolers to 
the hot-humid climates using a controlled 
temperature of the incoming water. With 
exploitation of the effect of the thermal 
conduction between cool underground water 
and entering air, the performance of an 
evaporative cooler can be enhanced and its 
use in hot and moderately humid climates 
should also be considered. Usually the 
dry-bulb depression performed by an 
evaporative cooler depends solely on the 
ambient wet-bulb temperature. The cool 
underground water in an evaporative cooler 
can cause not only adiabatic evaporation 
but also sensible heat transfer between 
water and entering air for thermal comfort. 
This hybrid system outperforms the 
two-stage evaporative cooler without 
employing a complicated heat exchanger 
(indirect system), if the temperature of 
underground water is lower than the ambient 
wet-bulb temperature. Several areas in the 
southern hot-humid parts of the U.S. meet 
this condition. 

INTRODUCTION 

Evaporative cooling is an adiabatic 
process that cools air by evaporating water 
into an air stream. The latent heat of 
evaporation lowers the dry-bulb temperature 
of the air to produce the cooling sensation 
(1). The simplicity of the mechanism, low 
cost of operation, and the low initial cost 
helped the evaporative cooler gain 
popularity for comfort conditioning during 
hot and dry seasons. Whenever the wet-bulb 
temperature is low (say less than 72"F), 
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the performance of the conventional 
evaporative cooler is relatively good (2). 
For installations where precision 
temperature control is not critical, this 
system often replaces mechanical 
refrigeration. The evaporative cooler can 
be also be effective during hot and 
moderately humid seasons by means of 
indirect method or utilizing cold 
underground water. 

Since the thermal process within a 
direct evaporative cooler is considered 
adiabatic, the limitations of the system's 
effectiveness are related to the ambient 
outdoor dry-bulb and wet-bulb temperatures. 
Thus, the two-stage evaporative cooler is 
usually considered for energy-efficient 
cooling if the climate is hot and 
moderately humid. 

When the temperatures of the water and 
entering air differ, the temperature of the 
air is influenced by sensible heat transfer 
from the water in addition to evaporation 
(3). A system utilizing cool underground 
water that is cooler than the ambient wet- 
bulb temperature (e.g., 71.5'F annually in 
San Marcos, Texas) can potentially 
outperform a two-stage evaporative cooler. 
In a design situation in San Marcos, Texas, 
there is a 6.5"F temperature difference 
between ambient wet-bulb and underground 
water (77'F and 71.5'F respectively). 
Actually, summer wet-bulb temperatures in 
this region (the Austin, TX area) are 
frequently in the 77°F to 79'F region, as 
has been revealed by a weather summary 
model (4). In other words, the leaving air 
from the evaporative cooler would often be 
more than 6.5'F lower than that of a 
conventional evaporative cooling system due 
to thermal conduction between water and 
entering air. 
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Figure 1 Pad type evaporative cooler. 

DIRECT EVAPORATIVE COOLER 

There are several types of direct 
evaporative cooler configurations 
available. Two popular system types are 
pad type unit and rotary type unit. A 
number of window mounted units are pad type 
evaporative coolers (Figure 1). In a pad 
type cooler, water is supplied continuously 
to the water rail at the top of the system, 
and water dripped from the top water rail 
drenches fiber pads. A fan draws outdoor 
ambient air through wet fiber pads, cooling 
the air by evaporation before blowing it 
into the building. 

The second type, a rotary type cooler 
(Figure 2) is frequently employed as the 
direct unit in a two-stage evaporative 
cooler ( 5 ) .  The rotary cooler wets and 
washes the evaporative pad by rotating it 
through a water bath. The evaporative pad 
and other parts in contact with the water 
are usually fabricated from corrosion 
resistant copper alloy materials. The 
rotary disc pad is wetted by the immersion 
of the lower portion in a water tank. The 
exposed portion of a disc is blown by a fan 
to generate evaporation (6) . 

Figure 2 Rotary type evaporative cooler. 

If cool underground water is applied 
to a direct evaporative cooler, the leaving 
air is not located on the same enthalpy 
line on the psychrometric chart as the 
entering air (Figure 3). The cooling 
effect is enhanced since sensible heat of 
the entering air is removed by contact with 
the cool water. A parallelogram can be 
formed on the psychrometric chart by using 
the entering- air/leaving-air vector as the 
diagonal, the sides of which are then made 
up of .the horizontal (conduction transfer) 
line and the adiabatic vector which is 
parallel to the constant enthalpy line. In 
an experimental situation, the end points 
of the diagonal vector are determined first 
by measurement: the magnitudes of the side 
vectors are then determined by the diagonal 
vector (Figures 3 & 4). The vertical 
movements thus indicate humidification or 
dehumidification. The thermal conduction 
vector, which is the horizontal side of the 
parallelogram in the psychrometric chart, 
indicates cooling or heating depending on 
whether movement is to the left or to the 
right. With this method, cooling can be 
enhanced as much as the temperature 
difference of ambient wet-bulb and the 
source water (6.5"F in San Marcos, TX at 
design conditions) . 
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Entering DB - Leaving DB 
E,, = CEC 

Leaving W - Entering W 

where 
E : Conductive I n t e r a c t i o n  E f f i c i e n c y  
C ~ C  : Constant Enthalpy C o e f f i c i e n t  

( 1 . 6 1  g r a i n / l b  'F) 
DB : Air dry-bulb temperature ( 'F) 
W : Air humidity r a t i o  ( g r a i n / l b )  

t h u s ,  
96 - 72 

Ecl = 1.61 * 
78 - 54 

= 1.61 > 1.0 

DKY- BULB TEMPERATURE 

Figure 3 Evaporative cooling and conductive cooling. 
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Figure 4 Evaporative cooling and conductive heating. 
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Figure 5 Indirect Evaporative cooling unit. 
[Source: Heating, Piping, A/C] 

INDIRECT EVAPORATIVE COOLER 

Indirect evaporative cooling is a 
cooling process utilizing the dry-bulb 
depression of evaporative cooling to cool 
an air stream through an air-to-air heat 
exchanger (Figures 5 & 6). When this system 
is used in conjunction with mechanical 
refrigeration cooling, the indirect 
evaporative cooling process can save 
refrigeration energy (1). Indirect systems 
can also utilize underground water to cool 
entering air (in a water-to-air heat 
exchanger) without increasing the humidity 
ratio. With this configuration, an 
evaporative cooler may provide an ideal 
economic system in hot and humid climates. 
It can be installed as a stand-alone or a 
pre-cooler of the two-stage evaporative 
cooling system and mechanical 
refrigeration. 

THERMAL CONDUCTION INTERACTION 

When thermal conduction between water 
and entering air in a direct evaporative 
cooler occurs, the resulting vector in the 
psychrometric chart behaves similar to two- 
stage evaporative cooling. In two-stage 
evaporative cooling, the adiabatic 
(evaporation) vector and thermal conduction 
(sensible heat removal) vector can be 
easily quantified by monitoring 
temperatures of first stage and second 
stage. However, when these two processes 
(evaporative and thermal conduction) become 
mixed due to differing water temperature, 
it is hard to measure the two components in 
an experiment. 

Results from several previous 
experiments (6,7) to measure the 
performance of the evaporative cooler 
indicated that the thermal performance 
vector did not always coincide with the 
lines of constant enthalpy in psychrometric 
chart. Thus, an experiment was conducted 
to quantify the magnitude of thermal 
conduction between water and entering air 
by changing the temperature of the water 
(3). In this experiment, a 1600 CFM direct 
evaporative cooler (pad type) designed as a 
window mounted unit, with the overall 
dimensions of 2 3 . 2 5  x 2 5 . 2 5  x 2 3 . 2 5  inches 
was placed in a floor-level shaded outdoor 
environment (Figure 1). Water was supplied 
continuously for each step of the 
experiment, otherwise the temperature of 
recirculated water in the reservoir would 
approach the wet-bulb temperature of the 
entering air. Three-sided air inlets were 
covered with aspen fiber pads soaked in 
water which was pumped to the top of the 
system from the reservoir (3). The results 
of this experiment confirmed the hypotheses 
established. Thus, the adiabatic vector 
and thermal conduction vector could be 
separated out of the parallelogram formed 
by the experimental results (3). 

The constant enthalpy line does not 
coincide exactly with the constant wet-bulb 
line due to moisture content of the air. 
However, the constant enthalpy line is not 
differentiated from the constant wet-bulb 
,line in this discussion, since the 
difference is almost negligible in 
evaluating the performance of an 
evaporative cooler. 

leaving heat exchanger 

heat exchanger 

Figure 6 Psychrometric plot of indirect 
evaporative cooling proaess. 
[Source: Heating, Piping, A/C] 
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Figure 7 Illustration of aonductive interaction efficiency and 
the constant enthalpy coefficient. 

CONDUCTION INTERACTION EFFICIENCY 

Since the saturation efficiency of the 
evaporative cooler is described by the 
vector element along the adiabatic constant 
enthalpy line, it is necessary for proper 
performance description that the Conductive 
Interaction Efficiency (Eci) be specified 
(Equation 1) when the temperature of the 
water is higher than the dry-bulb 
temperature or lower than the wet-bulb 
temperature of the entering air (3). The 
Constant Enthalpy Coefficient (CEC) has 
been derived by measuring the slopes of a 
sample of 2 0  constant enthalpy lines 
(Figure 7). This slope averages around 
1.61 grains/lb.'F with very little standard 
deviation. 

Entering DB - Leaving DB 
Ecr = CEC * 

Leaving W - Entering W (1) 

where : 
CEC= 1.61 grain/lbBmF 
DB = Air dry-bulb temperature (OF) 
W = Air humidity ratio (grains/lb) 

When the value of ES1 is greater than 
one, interactive conductive cooling of the 
entering air occurs during the evaporation 
process, and when the value of Eci is less 
than one conductive heating occurs. 

CONCLUSION 

In hot and humid climates, the 
application of a two-stage evaporative 
cooler is clearly feasible, but the 
practical application of such system may 
involve complex equipment and present some 
difficulties where the humidity plays an 
prominent role (7). Air-core cooling can 
be one of the alternatives, which involves 
utilization of moist cool air from an 
evaporative cooler to reduce temperature of 
external block walls of a building by 
circulating the cool air through the cavity 
of the block wall structure so that lowered 
MRT(mean radiant temperature) of the 
building external walls can provide cooling 
sensation to indoor spaces (8). 

Improvement can be also achieved by 
enhancing thermal conduction vector in a 
psychrometric chart (Figure 7). In 
conventional systems, the temperature of 
the water approaches the wet-bulb 
temperature of the entering air since the 
water is usually recirculated from the 
reservoir of an evaporative cooler. 
However, the effect of conductive heat 
transfer between water and entering air 
becomes significant when the temperature of 
the water is lower than ambient wet-bulb 
temperature. The enhanced sensible cooling 
effect by such systems can enhance the 
viability of using an evaporative cooler in 
hot and humid climates. 
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