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Abstract

This paper presents an efficient methodology to design modified evaporative air-cooler for winter air-conditioning
in Baghdad city as well as using it for summer air-conditioning by adding a heating process after the humidification
process. Laboratory tests were performed on a direct evaporative cooler (DEC) followed by passing the air on hot water
through heat exchanger placed in the coolers air duct exit. The tests were conducted on the 2nd of December /2011
when the ambient temperature was 8.1°C and the relative humidity was (68%). The air flow rate is assumed to vary
between 0.069 to 0.209 kg/s with constant water flow rate of 0.03 kg/s in the heat exchanger. The performance is
reported in terms of effectiveness of DEC, saturation efficiency of DEC, outlet temperature of air and cooling capacity.
Heat transfer rate in heat exchanger mode is also estimated. The paper presents the mathematical development of the
equations of thermal exchanges through DEC and HE. Prediction of air condition that exits o this system show that the

present system could bring the air stream to a comfortable winter zone .
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1. Introduction

Refrigerated air conditioners can be used for
both  winter and summer air-conditioning, but
their energy consumption is high. Sometimes,
partialy effective systems yield the best results in
teems of comfort and cost. Evaporative air
conditioning systems are inexpensive and offer an
attractive alternative to the conventional summer
air conditioning systems in places, which are hot
and dry. Since the conventional evaporative air
cooler (EAC) is not suitable for winter air-
conditioning because it would lower the
temperature to an inconvenient level, the present
work aims to investigate the possibility of
modifying the system by equipping it with a
heating element. The average temperature for Irag
varies from higher than 48 °C (120 Fahrenheit) in
July and August to below freezing in January. The
long-term averages of monthly climatic conditions
in lrag are summarized in Figure 1.The required
winter air-conditioning process in this work
consists of: an evaporative cooling process

which preformed through the using the EAC and a
sensible heating process can be achieved by
passing hot water through a heat exchanger
inserted into the EAC's outlet air duct. The
literatures regarding the use of evaporative
cooling and conventional (EAC) for summer air
conditioning are many [1-4], but the literatures
that deal with using EAC for winter air —
conditions are few [5-6]. The present work
presents the results of a laboratory tests that
assessed the effectiveness of the modified
evaporative air cooler EAC for cold winter in
Baghdad. The test was conducted in the morning
of 2 "™ of December when the ambient
temperature was 8.1°C and humidity ratio was
about 68%. The laboratory tests were performed
by passing hot water through a heat exchanger
placed in the delivery duct of air cooler. The flow
rate of the hot water was constant while different
air mass flow rate were taken. These tests showed
that the system could bring the air stream to a
comfortable condition. This paper develops a
mathematical model for both a direct evaporative
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cooling (DEC) system and heat exchanger (HE)
process. A test rig was designed and fabricated to
collect experimental data in the Air Conditioning
Laboratory at the University of Technology,
Mechanical Engineering Department, in Bagdad.

2. Experimental work
2.1. Direct Evaporative Cooling

The principle underlying direct evaporative
cooling is the conversion of sensible heat to latent
heat. Non-saturated air is cooled by heat and mass
transfer increases by forcing the movement of air
through an enlarged liquid water surface area for
evaporation by utilizing blowers or fans. Some of
the sensible heat of the air is transferred to the
water by evaporating some of it. The latent heat
follows the water vapor and diffuses into the air

(8].
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Fig. 1. Climate Conditionsin Iraq [ 7].

Figure 2 shows a schematic direct evaporative
cooling system, where water is running in a loop
and the makeup water entering the sump to
replace evaporated water must be at the same
adiabatic saturation temperature of the incoming
air. In a DEC, the heat and mass transferred
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between air and water decreases the air-dry bulb
temperature (DBT) and increases its humidity,
keeping the enthalpy constant (adiabatic cooling)
in an ideal process. The minimum temperature
that can be reached is the thermodynamic wet
bulb temperature of the incoming air. The
effectiveness of this system is defined as the rate
between the real decrease of the DBT and the
maximum theoretical decrease that the DBT could
have if the cooling were 100% efficient and the
outlet air were saturated. Practically, wet porous
materials or pads provide a large water surface in
which the air moisture contact is achieved and the
pad is wetted by dripping water onto the upper
edge of vertically mounted pads.
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Fig. 2. Direct Evapor ative Cooling (DEC).

2.2. Heat Exchanger

A space radiator of which a water-to-air
compact heat exchanger was used as a compact
heat exchanger in this work.. In a space radiator,
heat is transferred from the hot water flowing
through the radiator tubes to the air flowing
through the closely spaced thin plates outside
attached to the tubes. In compact heat exchangers,
the two fluids usually move perpendicular to each
other, and such flow configuration is called cross-
flow. Both fluids are unmixed in a space radiator.
The radiator has 20 tubes of internal diameter 1.02
cm and awall thickness 0.9 mm. Thelength of the
heat exchanger in the direction of the air flow is
65 cm. the tubes are in a closealy spaced plate-
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finned matrix of (0.25x0.25) m, as shown in
Figure 3.

The radiator was placed at the front opening of
the air-cooler duct. Two valves were placed
before and after the heat exchanger. The hot water
is coming from a storage tank. These systems heat
and store water in a tank so that hot water is
available at any time. Hot water enters the tubes at
90°C at arate of 0.03 kg/s. As hot water is drawn
from the top of the tank, cold water enters the
bottom of the tank and is heated. The heating
source in this work is electricity. Radiator is
designed to heat the air stream coming from the
DEC. it do this by drawing cold air in at the
bottom, warming the air as it passes over the
radiator, and discharging the heated air at the top
as shown in Figure 4. This sets up convective
loops of air movement within a space.

Fig. 3. A Space Radiator.
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Fig. 4. Convective Loops of Air Flow from
Radiator.

3. The Experimental Setup

An experimental study was performed during
the winter at the laboratory of air conditioning and
refrigeration of the Mechanical Engineering
Department in the University of Technology in
Baghdad on the second of December/2011.

The test rig shown in Figure 5 consists of a
variable speed fan blows air through a 254 mm
square duct of a direct evaporative air cooler. The
air-cooler was run for an adequate time to reach
steady state. The cold outdoor air is first filtered
and then is brought in contact with the wetted
surface. The equipment utilizes an evaporative
pad with 230x230 x150 mm, and provides about
370 m* of evaporative surface area per cubic
metre of media [9],providing a wetted area equal
to 2.93 m’ in the pad. The air gets cooled due to
simultaneous transfer of sensible and latent heats
between air and water. The cooled and humidified
air is then heated by using the heat exchanger
(radiator), which increase the sensible heat. The
hot water is coming from™ an insulated storage
tank. The top valve was then opened fully,
allowing the hot water to run through the hest
exchanger. The flow of water was controlled by
adjusting the bottom valve's opening.

The heat exchanger was placed at the front
opening of the air-cooler duct supplying to the
conditioned space. The measuring instruments
included a normal thermometer to measure the
inlet and outlet of hot water temperature and an
electronic  humidity-and-temperature meter to
measure the properties of: ambient air which
represents the evaporative cooler inlet,
evaporative cooler outlet and a heat exchanger
outlet which represent the conditioned space.



Zainab Hasson Hassan

Al-Khwarizmi Engineering Journal, Vol. 8, No.4, PP 62- 73(2012)

Filter of air

Fig. 5. Thetest rig.

Table 1 shows the results of the test conducted

d
on the 2" of December when the ambient
temperature (T,) was 8.1C and the relative

humidity (RH,) was 68%, the hot-water

temperature was 90°C for different mass flow
rates of air.

Tablel,

The Experimental Data for Inlet Conditionsand Propertiesfor DEC and HE.

Inlet T,=81°C , RH=68% , T=5°C

Conditions

ma(kg/s)  T(°C) R.H(%) Tw2(°C) T5(°C) R.H3(%) Tws(°C)
0.069 5.2 95.2 4.8 21.2 425 13
0.095 5.7 94.8 5.1 21.0 42.1 12.8
0.139 5.9 94.4 5.3 20.8 41.7 12.4
0.177 6.3 93.7 55 20.3 41.3 12.1
0.209 6.6 93.1 5.7 19.8 41.0 12.0

4. Mathematical M odel

4.1. Direct Evaporative Cooling Analysis

In this work the humid air is considered as a
mixture of two gases: the dry air and water
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vapour. Considering the humid air flow close to a
wet surface, according to Figure 6, the heat
transfer will occur if the surface temperature Tsis
different from the draft temperature T. If the
absolute humidity (concentration) of the air close
the surface ws is different from the humidity of
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the draft w a mass transfer will also occur. The
elementary sensible heat is[8] :

5Q; =h, dA(T,T) e

The h. coefficient is determined from the Nusselt
number (Nu) expressed as a function of the
Reynolds number (Re) and Prandtl number (Pr).
In a similar way the rate of water vapour transfer
dmy between the draft and the
air closeto the surface will be:

dm, =hi, dA (Wew) (2

By analysis of the interface air-liquid, the latent
heat 6Q, is determined by the energy conservation
law.

6QL =3Q-6Qs =hLvsdmy ...(3)

Rearranging Egs. (1)—(3), the total differential
hest flow is:

0Q =[h(TsT) + pwhryshm(wsw)]dA ..(4

Eqg. (4) indicates that the total heat transfer is a
result of heat transfer due to temperature
difference and due to the difference of the
absolute humidities. These two 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 air free
current. Using the specific enthalpy of the mixture
asthe sum of the individual enthalpies[10] gives:

heh = (hechy)+(Wehys-wh,) ..(5)

With the hypothesis that air and vapour are
perfect gasesit follows that:

hS-h = Cpu(Ts'T) +hvs(Ws'W) . (6)
Where the humid specific heet is:
Cou = Cpat WC,y ..(7)
In the standard environmental conditions
C=1006 J kg K and C,,=1805 Jkg K.
Therefore[12]:
TsT = [(hsh)-hys(Wsw)]/Cpyy ...(8)
Combining Egs. (4) and (8) gives:

h.dA (w - W)
dQ =—=—{(h, - h)+———(h,s - Lens)}

ou Le
.9

Where Le is the Lewis rdationship, a
dimensionless number expressed as:
Le=h. /hnCpuup ...(10)

In the above deduction the density of the humid
air was approximated by the density of the dry air.
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Taking the Lewis relationship as being unitary,
gives (hys-hys)=h.s. It is aso verified that the
term (w-wghs is usualy negligible in the
presence of difference of the specific enthalpies
(hs-h),so that only the first term inside brackets is
significant. In the same way, the total heat flow is
caused by the difference of specific enthalpies of
the air and of the saturated air close to the wet
surface and is given by:

0Q=h.dA (hs-h)/Cy, ...(11)
The sensible heat transferred is:
0Qs =m,C,, dT . (12

Therefore, by combining Eq. (12) with Eqg. (1)
gives:

hdA(TsT)=m,CpdT ..(13)
This can beintegrated, resulting in:
T,-T & hAO
) u:expé_ h, 2 (14
Tl - Ts manu g

The effectiveness of direct evaporative cooling
equipment is defined as:

_ T1' T2
—Tl T ...(15)
& hA 9
e=1 eXpé N ...(16)
mC " g

Analyzing Eq. (15) it is verified that an
effectiveness of 100% corresponds to air leaving
the equipment at the wet bulb temperature of
entrance. This requires a combination of large
area of heat transfer and a high heat transfer
coefficient and low mass flow. It is also observed
that the effectiveness is constant if the mass flow
is constant since, it controls directly and indirectly
the value of the parameters on the Eq. (16).

The flow rate of supply air should be such that
when released in to the conditioned space, it
should be able to maintain the space at
satisfactorily condition, and offset the sensible
and latent heat losses. The amount of supply air
required (m,) can be obtained by using the
following equation:

My = paUAy ..(17)
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Fig. 6. Schematic Direct Evapor ative Cooler.

Heat transfer coefficient estimation

Dowdy and Karabash [11] presents a
correlation to determinate the convective heat
transfer  coefficients in a rigid cedlulose
evaporative media:

.0
Nu=0.16<%+ Re*pr ...(18)
el g
In DEC state, rectangular, pad of rigid cellulose

material are considered as cooling media. Wetted
surface area of cellulose material is assumed to as

370 m?/m*[12].
Total wetted surface area of each pad is given by:
Aw =V, Ag ...(19)
The characteristic dimension of the pad is:
T

c A\N ...(20)

This parameter is called characteristic length and

is used to calculate the Reynolds (Re) and Nusselt

(Nu) numbers.
ul,

Re=—
n

..(21)

So the convective heat transfer coefficient can be
calculated from:

Nu :%
k

The following air properties: k= 0.0263 W/m °C;
Pr=0.708; C,,=1033 Jkg °C and v=15.8x10°m"s
at theinlet air temperature are used.

Table 2 shows the resulting convective hegt
transfer coefficient for several air velocities
calculated from Eq. (22).

..(22)
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Table 2,
Convective Heat Transfer Coefficient for Several
Air Speeds.

ma(kg/s) um’s) Re h(W/m?.C°)
0.069 1.1 191 35.47
0.095 15 261 45.46
0.139 2.4 417 66.26
0.177 2.9 504 77.11
0.209 33 573 85.44

4.2. Heat Exchanger Analysis

The characteristics of fluids contribute to a
fundamental property of heat exchangers is the
heat transfer rate (Q). The heat transferred to the
colder fluid(air) must equal that transferred from
the hotter fluid(water), according to the following
equation [13]:

Q = [ma = Cp = (Tout - Tin)]cold =
- [rnw = pr = (Tout - Tin)]hot
(23
The rate of heat transfer in this radiator from the
hot water to the air is determined from an energy
balance on air flow,

Q=[m, Cp (Tin - Tow)]ar ...(29)

Thetube-side heat transfer areais thetotal surface
area of the tubes, and is determined:

As= nmD, L ...(25)

Knowing the rate of heet transfer and the surface
area, the overall heat transfer coefficient on the air
side can be determined from:

Uo=Q/ Ao ATim ...(26)
Where ATy, is the log mean temperature
difference for the counter-flow arrangement:
_ D1, - DT,

DTIm - DTl . (27)

In—=

DT,

Where,
AT1= Th,in' TC’ out (28)
ATZ = Th, out = Tc, in . (29)

The overall heat transfer coefficient of the out-
sideair is calculated from Eq.(26).
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5. Reaults and Discussion

Two modes of test were conducted namely:
evaporative cooling process through DEC and
heating process through H.E.

5.1. Saturation Effectiveness for DEC

Mode

The effectiveness of DEC for different air
mass flow rate is shown in Figure 7. In direct
cooling mode, saturation efficiency ranges from
80.1 % to 68.6 % for air mass flow rate of 0.069
to 0.209 kg/s for rectangular pad shape It
decreases for increase in air mass flow rate
because at higher velocities, air has lesser contact
time with water causing less evaporation.

o0
L+ ] . .
== izffectivencss from £.16

&0 == Hoctivneds from E5.15
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effectivenass ¥

] a0 Al ald o 02 0ES
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Fig. 7. Variation of Saturation Effectiveness.

5.2. Cooling Capacity for DEC Mode

Cooling capacity in direct cooling mode can be
estimated in the following manner [14].

Qe =My Cpy(T2-T1) ...(30)

Cooling capacity for different air mass flow rateis
shown in Figure 8 . It depends on mass flow rate
of air and temperature drop. DEC cooling
capacity ranges from 221 to 370 W for mass flow
rate. The general trend is that cooling capacity
increases with air mass flow rate. The values are
compared well with those obtained in the
literature [12].
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Fig. 8. Variation of Cooling Capacity.

5.3. Heat Transfer Rate and the Overall
Heat Transfer Coefficient for HE
Mode

Both the heat transfer rate of HE mode
calculated from EQ.(24) using the air side and the
overall heat transfer coefficient calculated from
Eq.(26) are shown in Table 3 for different air
mass flow rate. The values of heat transfer rate
(Figure 9) and the overall heat transfer coefficient
of the air side are increased with increasing the
mass flow rate of air for constant water flow rate
in theradiator.

Table 3,
Heat Transfer Rate and Overall Heat Transfer
Coefficient for Several air Mass Flow Rate.

my(kg/s) QW) Ug(W/m™C*?)
0.069 1140.4 40.4

0.095 151.3 57.3

0.139 2139.4 75.8

0.177 2559.7 90.7

0.209 2849.8 101.1

54. Outlet Air Dry Temperature from
HE Mode

The outlet dry temperature from the radiator is
decreased with increasing the air mass flow rate
as shown in FigurelO because air has lesser
contact time with hot water in the radiator for the
same inlet temperature of water. The values of
these temperatures showed that the present system
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succeed to achieve comfortable condition for air
flow for winter air-conditioning in Baghdad.
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Fig. 9. Variation of Heat Transfer Rate.
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5.5. Thermal Comfort: Pyschometry and
Thermodynamics

The psychometric analysis provides more
details on the actual process of changing the DBT
and RH values, during the winter air conditioning
process. This analysis not only provides the
thermal comfort range but also, describes the
actual implementation associated efficiencies.
Changing the inlet air condition from state 1 to
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state 3 can be done through an evaporative
cooling system, followed by sensible heating
process shown schematically in Figure 11, for
m=0.095 kg/s along with its psychometric trace.
Following the psychometric trace; the ambient air
enters through DEC (state 1) (T,=8.1°C
&RH=68%) under adiabatic cooling and
humidification process (1—2) and air leaves the
DEC at state (2) (T,=5.2°C & RH=97%).

Then the cold air enters to the heat exchanger
(radiator), heat is added to the air through the
radiator (2—3). In this analysis the heat
exchanger will be used to achieve the temperature
and relative humidity for air at state (3)
(T3=20.2°C &RH=42%), which raises the DBT
and reduces RH, in order to achieve a more
comfortable condition. The warm air exit from
heat exchanger (state 3) is bringing the cold air to
winter comfort zone. In the same manner,
presented the states on psychometric chart for
different air mass flow rate.

The electricity consumption of this air-cooler
is considerably lower than that required by a
refrigerated system. The cost of water consumed
by the evaporative air coolers adds only a minimal
cost to their operation. A study performed at the
University of Arizona, that compared the
combined electrical and water consumption of

evaporative  coolers  with the  dectrical
consumption of central refrigerative  air
conditioners, found that that the typical

evaporative cooler consumed about 1500 kWh of
electricity per summer, costing about $150 [15].
The cooler’s water consumption added an average
of $54 to a municipal water bill over the course of
the summer, giving an eectricity-and-water total
of $204. By comparison, the central air
conditioners consumed an average of 6000 kWh
of electricity per summer, or about $600. The
$400 saved annually by the evaporative cooler
makes it an attractive option not only for the
residents of Arizona but for all families across the
hot country.
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Fig. 11. Representation of the Experimental Result.

6. Conclusion

In the present work, the required winter air-
conditioning process consists of an evaporative
cooling process followed by a sensible heating
process which can be achieved through the use of
direct evaporative air cooler followed by heat
exchanger placed into the DEC outlet. The
Psychometric and thermodynamic analyses
showed that the test of the present system could
bring the air stream to the winter thermal comfort
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zone. The data acquired by experiment were
analyzed by plotting the curves between various
performance parameters. The theoretical model
can be used to predict the performance of
modified indirect evaporative cooler. The
proposed system maks a good use of DEC in
winter as wel as in summer because the
evaporative cooler makes it an attractive option
across hot weather areas. Also the present system
can be used not only in Baghdad city, but in other
cities which have the same weather.
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List of Symbols

A Area of the heat transfer surface; total
wetted surface area (m°)

Cra Constant pressure specific heat of the dry
air (J/kg.K)

C Specific heat of the humid air (J/kg. K)

Cw Constant pressure specific heat of the
vapour (J/kg. K)

h, Specific enthalpy of the air (Jkg)

h. Convective heat transfer co-efficient (W/
m?.°C)

hivs Specific enthalpy of vaporization of the
water at surface temperature (J/kg)

Bm Mass transfer co-efficient (kg/ m°. s)

hsa Specific enthalpy of the leaving air (J
/kg)

h, Specific enthalpy of the vapour (J kg)

hys Specific enthalpy of the vapour at
surface temperature (J /kg)

I Pad thickness (m)

le Characteristic length (m)

L Heat exchanger length (m)

Le Lewis relationship (dimensionless)

M, Air mass flow (kg/ 9)

my Mass flow of the water vapour (kg/ s)

Nu Nusselt number (dimensionless)

Pr Prandtl number (dimensionless)

Qc Cooling capacity of evaporative cooler
(W)

Q Heat transfer rate of heat exchanger (W)

Re Reynolds number (dimensionless)

RH Relative humidity of air (%)

T Dry bulb temperature of air (°C)

T, Surface temperature (°C)

u Air speed (nVs)

Uo Overall heat transfer  coefficient
(W/n?.C°)

Vp Vog!ume occupied by the evaporative pad
()

w Absolute humidity of the draft (kgw/KQar)

Ws Absolute humidity of the air close the
surface (kgw /KQair )

Greek symbols

€ cooling effectiveness (dimensionless)

AT\m  log mean temperature difference

P density (kg/ m°)
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Abbreviations

EAC evaporative air cooler
DEC direct evaporative cooling
DBT dry bulb temperature

HE heat exchanger
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