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Abstract This paper presents a model for the evaluation of
the variation of the water temperature along the direction
of flow in an evaporating pad. The model has been used
to evaluate the mean air exit temperature and the transient
temperature of the water in the tank. The analytical results
are in agreement with the observations in our experiments.
The time variation of the temperature of water in the tank
has been investigated and the new concept of using the tank
water for cooling have been investigated theoretically and
experimentally; the theory is in good agreement with exper-
iment. It is seen that the penalty on the mean exit air tem-
perature is negligible for thermal loads Q (for cooling) of
the order of 1 kW; it is seen that it is 0.6 °C for Q) = 2kW.
Further it is concluded that for typical coolers the steady
state temperature of water in the tank is reached in a time of
the order of one hour or less.

Keywords evaporation; cooling; energy balance; mass
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1 Introduction

The use of direct evaporative coolers (commonly known
as desert coolers) is very widespread in the third world
countries, during hot and dry weather. The cooling of air
is accomplished by the flow of air in a direction, normal to
a vertical porous pad, through which water flows from top
to bottom; the water collects in a tray at the bottom of the
pad and is pumped up to the top of the pad. The flow of
air is induced by a fan, which draws in the outside air. It
is suggested that in addition to cooling air, one can utilize
the coolness stored in the bottom tray (or tank) for medium
temperature cooling; as an example one can place a box in
the tank to keep food cool or exchange heat with the help
of a coil placed in the tank. The present paper explores
this option and in the process makes further progress in
modelling of such coolers, in particular by inclusion of
the variation of the temperature of flowing water along the
direction of flow; the expressions for the corresponding
parameters also become different.

The classic books of Berman [1] and Watt [16] are early
landmarks in the understanding of evaporative cooling. The
two papers by Mathur and Jain [7,8] are typical of publica-
tions in the seventies and early eighties in this area. Sawhney
et al. [9], Singh et al. [10] and Sodha et al. [11,12] ana-
lyzed the efficacy of evaporative cooling for thermal comfort
in buildings. The present knowledge of evaporative cool-
ing is based on theoretical and experimental work on heat
and mass transfer in wet porous pads with cross flow of
air and water and performance of devices based on evapo-
rative cooling by Dowdy and Karabash [5], Zalewski and
Gryglaszewski [19], Halasz [6], Stabat et al. [14], Camargo
and Ebinuma [2], Dai and Sumanthy [4], Camargo et al. [3],
and Wu et al. [17,18], amongst others. Mention may also
be made of an interesting paper by Sodha et al. [13], which
represents an attempt for getting rules of thumb, correspond-
ing to design and applications of evaporative coolers. All
these analyses correspond to the steady state and neglect the
variation of the temperature of water along the direction of
flow; the temperature of water has been assumed to be the
wet bulb temperature, throughout the pad. In this paper the
variation of the temperature of water along the direction of
flow has been taken into account. The time variation of the
temperature of water in the tank has also been investigated.
The effect of addition of heat to the water in the bottom tank
(for purpose of cooling) has also been studied. An expres-
sion for the average temperature of cool air, flowing out of
the pad has also been derived. The theoretical results have
been compared with the results of experiments conducted
by the authors. Using the validated model, the steady state
exit water temperature have been plotted as a function of
parameter & = hoF},/paaCpa-

2 Analysis

2.1 Air & water temperature

Consider a vertical evaporating pad (Figure 1), with water
flowing from the top to a bottom tray; the air flow is
normal to the pad. The z and = axes may be taken along
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Figure 1: Pad profile and elemental volume.

the vertical and the direction of the air flow respectively.
In common with the earlier analyses (mentioned in the
introduction) the variation of the temperature of water along
the x axis (direction of flow of air) has been neglected in
this paper on account of the much larger heat capacity of
water as compared to that of air. However, in contrast to
earlier analyses the dependence of the temperature of water
on z (the direction of flow of water viz the vertical) has
been taken into account; the consequent dependence of
the temperature of the exiting air on z and its mean value
have also been evaluated. Dependence of the temperature
of the tank water on time has also been investigated for
transient conditions. A novel feature of the analysis is the
incorporation of addition of heat, transferred to water in the
tank by a body (to be cooled).

Following earlier work (e.g. Wu et al. [18]), the temper-
ature of the air inside the pad is given by

To(z,2) = Tyw(z)
T,(0,2) —Tyw(z)

where o = h.F),/ paVaCpq. The term T, (0, 2) is just the tem-
perature of the inlet atmospheric air, which may be denoted
by T4, since it is independent of z. The parameter F), is
known as packing fraction or wettable surface area per unit
volume.

From (1) the exit and the mean temperature of air is
given by

To(z0,2) = T (2){1 —exp(—axo) } + Taoexp(—axp), (2)

To(w,2) =Ty (2)+{Tao — T (2) H{1 —exp(—azo) } /axo,
3

=exp(—ax), (H

where the bar indicates average over x.
Considering an element of pad of thickness dz. Figure 1,
the energy balance of water may be expressed as

T ) )
mwcwdd—;dz—i—QLdz—i—Qsdz =0; @)

here Q1 dz and Qg dz are the latent and the sensible heat
transfer due to convection from water to air in the element
of volume xgyodz.

For unit Lewis number the heat transfer per unit area,
associated with the mass transfer is given by (e.g. Tiwari

[15])
G =13 x 10 3h (P, —yP,). (5)

It is to note that the evaporating surface in the volume ele-
ment xoyo dz is Fpxoyo dz

Qr = qrFpzoyo = 13 x 10 he(Py, — v Pa) Fyzoyo.  (6)
Further,
QS = hc(Tw - Ta)proyO- (7)

In the range of temperature of interest the saturation vapour
pressure of water (tabulated by Tiwari [15]) can be repre-
sented to a very good approximation by

P=R\T?>+RT+R;j, (®)

where R = 6.42Nm?°C~2, R, = —135.4Nm?°C~!, and
R3; =2516Nm 2.
From (3), (4), (5), (6), (7), and (8) one obtains,
dT,,
o AT,*+ BT, +C, 9)

where

¢ = [(heFpzoyo) /mwcw) 2,

Ky = {1 —exp(—axo)}/axo,

A =0.083,

B=(176-K,),

C = 0.0837T 0> + Tuo (K1 —71.76) +32.7(y — 1).

Integrating (9) one obtains

T,(¢) - (B/24) ~C

1
Tw(O) = (BRA T C, ~ Pexp(24Ch0), (10)
where
g Tw=(B2A-C] B

[Two— (B/2A) +Cy]

and T, is the temperature at the top of the evaporative pad
(¢ =0), say Tp.

From (10) the exit and the mean (over z) temperature of
water flowing through the cooler pad are

(1+56XP(—2A01C0))} an
(1—Bexp(—2AC1¢)) )’

A —
(Tw(Q) = thfll@ln{‘”‘p(zlclg())ﬁ} ~C. (12)

From (2) and (12) the average exit temperature of air is given
by

(Ta(Q)) = exp(—awo){Tao — (Tw(¢)} +(Tw(¢)).  (13)

To(Co) = (B/24) +Cy {
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2.2 Temperature of the tank water

If the heat transfer during the flow of water from the tank
to the top of the pad is negligible, the temperature of the
water in the tank and at the top of the evaporating pad may
be taken as the same, viz Tj.

If Q is the rate of heat rejected to the tank water on
account of cooling an extraneous object (by circulation of
water or otherwise), the energy balance equation for the
water in the tank is

dTi . .
Mtcwd—fo = Q — 1w {Th— Tw(G)}- (14)
From (11) and (14)
ahy _ Q1w

dt o Mth Mt

{(T0 — B/2A)

_c {1+56Xp(—2A01<0)}:|
1= Bexp(—24C1G) [

s)

Equation (15) can be solved using the boundary condition at
t =0, Ty = Too, where Ty is the initial (¢ = 0) temperature
of the water in the tank.

2.3 Average air exit temperature coming out when heat is
added to the tank water

The time variation of the average water temperature 7', ()
can be evaluated from (12) by substituting T°,0 = Ty from
(15). Similarly the time variation of average air temperature
can be determined by using (15) and (13). It may be remem-
bered that Ty occurs in the expression for 5.

3 Experiment

To have a controlled experiment, the cooler was fitted with
an exit air duct going out of the room. The inlet air for the
cooler was drawn from air in a (6 x 6 x 3.6) m® room with
an open window; Figure 2 is the schematic diagram of the
arrangement. The temperature and humidity of the air in the
room (i.e. the inlet air of the cooler) and that of washed
air were determined by temperature and humidity sensors;
the mean values were used for comparison of the data with
theory. The velocity of the air incident on the pad was mea-
sured at four points by an anemometer and the average value
used for computing h.. Figure 3 is the schematic diagram
of the cooler. The single evaporating pad with dimensions
(0.76 x 0.60 x 0.10) m* had the (0.76 x 0.60) m? faces bare
for inlet and exit air, the (0.76 x 0.10) m? faces were covered
by plywood; the top (0.60 x 0.10) m? face was covered by
the perforated bottom of a tray with an inlet for pumped
water. The water from the bottom (0.60 x 0.10) m? face is
allowed to fall on a perforated tray (with sensors) placed
over the tank. The pad was made of GLASdek (Munters Co.,
Switzerland) with evaporating surface of 440 m*>m~> (curt-
sey manufacturer) and convective heat transfer coefficient
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Figure 2: Climate room: (o) thermocouples and Hygrome-
ters.
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Figure 3: Test cooler: 1. cooler pad, 2. fan, 3. pump, 4. tank
(with thermocouples and hygrometer), 5. heater element,
6. perforated tray (with thermocouples), 7. rotameter,
8. outside duct (with thermocouples and hygrometers), and
9. water tube (with thermocouple).

h. for this material has been experimentally determined by
Wu et al. [18], as

he = 252009 Wm=2°C~1,

The water falling down the pad is collected in a tank and
pumped back to the top of the pad through an insulated pipe
and rotameter (to measure the flow rate) outside the cooler
assembly. One could use the circulation of water in the
tank for medium cooling of extraneous objects. To simulate
the heat transfer, electric heating coils (500 W, 750 W, and
1000 W) were placed in the tank (one at a time). The water
inlet and outlet temperature for the pad were also recorded.
The temperature of water in the tank was also periodically
monitored; it was seen that the temperature variation at
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Table 1: Experimental and theoretical exit water and average air exit temperatures in steady state; pad is described in Section
3; EXP, Th., and D. represent experimental, theoretical, and percentage difference between the observed and theoretical
values of the change in temperature of water and air (mean) after passage through the pad, respectively.

S.N. Vg (ms™ 1) Moy (kgsfl) v Water temperature (°C) Average air temperature (°C)
Inlet Exit Exit % Inlet Exit Exit %
Two Exp. Th. D. Tuo Exp. Th. D.
1. 1.66 0.116 0.335 33.0 24.9 25.0 1.3 39.3 30.8 31.6 10.4
2. 1.54 0.116 0.365 29.0 23.1 22.6 7.8 35.1 27.8 28.3 7.4
3. 1.26 0.116 0.252 30.0 24.1 234 10.6 40.9 29.8 30.9 11.0
4., 0.94 0.116 0.450 32.0 26.5 26.2 52 37.0 30.7 304 4.5

Table 2: Sets of conditions for which the time variation of
tank water temperature was observed. (1, = 0.116 kgs’l);
pad is described in Section 3.

SNo QW)  w(msh v Tao (°C)
la 0 1.26 0.22 422
1b 0 1.55 0.24 43.6
1c 0 1.75 0.22 43.4
2 500 1.55 0.22 39.5
3 750 1.55 0.38 38.6
4 1000 1.55 0.22 39.5

different points in the tank was not more than 0.1 °C; this
may be due to the shallow depth and turbulent mixing due
to pumping and falling water.

4 Results and discussion

4.1 Comparison of theory with experiment (validation of
model)

Table 1 presents a comparison of the steady state theoretical
and experimental values of water outlet and average exit
air temperatures for four sets of parameters viz velocity of
air incident on the pad, mass flow rate of water, relative
humidity and atmospheric air temperature. It is seen that
the percentage difference between the theoretical ((11) and
(13)) and experimental values of the drop in temperature of
(i) water and (ii) mean air temperature, after flow through
the pad is between 1.3% and 11.0%, respectively. The dis-
crepancy may be ascribed to the assumption of unit Lewis
number, the approximations inherent in the correlation for
the convective heat transfer coefficient; further the depen-
dence of latent and specific heat of air on humidity and tem-
perature has been ignored in favor of a mean value (because
the variation in range of interest is negligible).

Table 2 lists the sets of conditions under which the time
variation of the tank water (mass 85kg) temperature was
observed. Table 3 presents comparison of the experimental
and the theoretical (equation (15)) time variation of the tank
water temperature for the corresponding conditions. The
variation for set-2 condition. (Heating load of 500 W) is
shown in Figure 4; the agreement between the theory and
experiment is good. It is seen that for typical coolers the
steady state is reached in a time of about one hour.
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Figure 4: Time variation of tank water temperature with
thermal load (set-2 conditions, Table 2): continuous curve
is theoretical and dot (e) indicates experimental points.
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Figure 5: Computed dependence of exit water temperature
[T (¢o)] on the height of the pad for T,9 = 40°C, T\yo =
30°C, v =0.22, and m,, = 0.116 kgs’l; pad is described
in Section 3. The letters a, b, c, d, e, f refers to o =
11,10,9,8,7,6, respectively.

4.2 Further computations

Figures 5 and 6 display the computed dependence of the exit
water temperature and average air exit temperature on the
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Table 3: Comparison of computed and observed time variation of tank water temperature (°C); subscripts “C” and “O”

represents computed and observed values (M; = 85 kg).

Set —
(Table 2) la 1b lc 2 3 4
Time (min) | C O C O C O C O C O C @]
0 31.9 31.9 325 325 33.0 33.0 33.0 33.0 34.0 34.0 33.1 33.1
4 29.3 30.0 304 29.8 30.5 30.7 30.1 31.0 32.1 323 30.5 31.9
8 27.5 27.9 28.9 27.8 28.7 28.6 28.0 29.3 30.8 31.0 28.6 30.7
12 26.1 26.3 27.8 26.6 27.4 26.6 26.5 274 29.9 29.6 27.2 29.4
16 252 25.3 27.0 25.4 26.5 25.3 254 26.3 29.2 28.3 26.2 27.5
20 24.5 24.5 26.4 24.8 25.8 24.6 24.6 254 28.7 27.6 25.5 26.4
24 24.0 23.8 26.0 24.1 25.4 23.8 24.1 24.5 28.3 26.9 25.0 253
28 23.6 23.2 25.7 24.0 25.0 23.5 23.7 23.7 28.0 26.7 24.6 24.7
32 234 22.8 25.5 23.8 24.8 23.5 234 232 27.9 26.5 24.3 24.0
36 23.2 22.6 253 23.8 24.6 234 23.2 229 27.7 26.4 24.2 23.6
40 23.0 22.5 25.2 23.7 24.4 23.3 23.0 22.7 27.6 26.3 24.0 23.3
44 22.9 224 25.1 23.7 244 23.3 22.9 22.7 27.5 26.2 23.9 23.3
48 22.8 22.3 25.1 23.7 24.3 23.3 22.8 22.7 27.5 26.2 23.8 232
52 22.8 22.3 25.0 23.6 24.2 23.3 22.8 22.6 27.4 26.2 23.8 23.2

28—
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Figure 6: Computed dependence of exit average air (over
z) temperature [(T,(¢))] on the height of the pad for T}, =
40°C, Tyy0 = 30°C, v = 0.22, and rin,, = 0.116kgs~'; pad
is described in Section 3. The letters a, b, c, d, e, f refers to

a=11,10,9,8,7,6, respectively.

parameter o = (hcF},/pavacpa) for typical summer condi-
tions at Raipur, India viz T,9 = 40°C, T\,0 = 30°C, v =
0.22, and 7i,, = 0.116 kgs~!. Tt is seen that these tempera-
tures are very near the saturating value for { > 1.6.

Table 4 shows the steady state computed dependence
of the temperature of tank water 7j) and average exit air
temperature (7,,(¢)) on the refrigeration load @ for a typical
set of parameters viz T, = 40 °C, T\,0 = 30°C, v =0.22,
and M, = 85kg; the pad is as described in Section 3. It is
seen that the penalty on the mean exit air temperature is neg-
ligible (0.6 °C for Q =2 kW) for loads of the order of 1 kW;
this is due to the fact that regardless of inlet temperature,
water acquires a steady state temperature, near the wetbulb
temperature, after traversing a distance much smaller than

Table 4: Temperature of tank water and average air exit in
steady state (after 1 hour) for, 7,90 =40°C, v, = 1.5 ms~ !,
My = 0.116kgs ™!, v = 0.22, and M; = 85kg.
Q (kW) 0 025 05 075 10 125 15 20
Ty (°C) 22 225 230 235 240 245 250 26.0
(To(¢)) (°C) 30 30.1 302 303 303 304 305 306

the length of the pad. However the temperature of the tank
increases rather fast with increasing load, limiting the useful
of the concept.

5 Conclusions

A model for the evaluation of the performance of an evapo-
rating pad, taking into account the variation of the tempera-
ture of water, along the direction of flow in an evaporating
pad has been developed and validated experimentally. The
model has also been extended to evaluate the temperature of
the tank as a function of the rate of heat addition (to cool
extraneous objects); it has been also validated experimen-
tally. It is seen that for typical coolers the steady state is
reached in a time of the order of one hour or less.

Nomenclature

Specific heat of air at constant pressure (J.kg~'.°cC~1).
Specific heat of water (J.kg~'.°cC~1).

F,  Packing fraction of the pad (m%m3).

Convective heat transfer co-efficient between air and

water (Wm™2°C~1).

Mass transfer co-efficient between air and water (kg.mfzsfl).
Mass flow rate of water (kgs—1).

Mass of tank water (kg).

Saturated water vapour pressure in air (Nm~2).

Saturated water vapour pressure in air at the temperature of
water (Nm~2).
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Q Rate of heat added to tank water (W). [12] M. S. Sodha, R. L. Sawhney, and M. K. Deshmukh, Energy con-
Too Temperature of the inlet atmospheric air (°C). servc'ztwf? in large air car.ldzttoned bmldz.ngs: use of evaporative

o cooling in hot and dry climates, International Journal of Energy
To(zo,2) Temperature of the exit air (°C). Research, 13 (1989), 179-192.
Ta(x,z) Mean (over z) temperature of air (°C). [13] M. S. Sodha, S. P. Singh, and R. L. Sawhney, Evolution of
(To(¢))  Mean (over ) exit air temperature (°C). design pattern for direct evaporative coolers, Building and
T (T T fth h ; . Environment, 30 (1995), 287-291.
wo (7o) egmfcra‘“re of the water at the top of evaporative [14] P. Stabat, D. Marchio, and M. Orphetin, Predesign and design
pad (°C). tools for evaporative cooling, ASHRAE Transactions, 107
Tw(Co)  Temperature of water at the bottom (exit) of the (2001), 501-510.
evaporative pad (°C). [15] G.N. Tiwari, Solar Energy Fundamentals, Design Modelling and
<Tw (C)) Mean temperature (over z) of water flowing Applications, Narosa Publishing House, New Delhi, 2002.
through pad (°C). [16] J. R. Watt, Evaporative Air Conditioning, The Industrial Press,
Too Initial temperature of water in tank (°C). New York, 1986. . . L
) [17] J. M. Wu, X. Huang, and H. Zhang, Numerical investigation on
¢ Time(s). the heat and mass transfer in a direct evaporative cooler, Applied
Vg Velocity of air (ms™ ). Thermal Engineering, 29 (2009), 195-201.
zo Thickness of pad (m). [18] J. M. Wu, X. Huang, and H. Zhang, Theoretical analysis on
heat and mass transfer in a direct evaporative cooler, Applied
Yo B“?ad‘h of pad (m). Thermal Engineering, 29 (2009), 980-984.
20 Height of pad (m). [19] W. Zalewski and A. P. Gryglaszewski, Mathematical model of
o4 Relative humidity of air. heat and mass transfer process in evaporative fluid coolers,
fa Density of air (kgm ™). Chemical Engineering and Processing, 36 (1997), 271-280.
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