CHAPTER 3

DIFFERENT REGENERATIVE EVAPORATIVE COOLING
TOPOLOGIES

3.1. Introduction

The fluid flow directions have a significant impact on the heat and mass
exchanger's performance. In general, the heat and mass exchanger (HMX) of regenerative
evaporative coolers may be parallel/counter flow or cross flow type. Several
configurations are possible for both parallel/counter and cross-flow regenerative
evaporative coolers. So there is a need to do a comparative analysis of all the possible
configurations of a regenerative evaporative cooler. Furthermore, the energy, exergy,
economic and environmental analyses are very important tools for this comparison. In
the present investigation, a total of eight possible configurations (four each for
counter/parallel and cross flows) of the regenerative evaporative cooler are evaluated by
taking water flow in gravitational direction, and the effect of important operating and
design parameters on the performance is studied. Fig. 3.1 contains all configurations of
counter/parallel flow, while Fig. 3.2 contains all configurations of the cross-flow
regenerative evaporative cooler. In configurations A and C, primary and secondary air is
in the counter flow direction, while in configurations B and D, they are in the parallel
flow direction. Secondary airflow direction is aligned with the water flow direction in
configuration A, and D. The primary air and secondary air is in cross flow for the
configuration E, F, G, and H. Secondary air flow parallel to the water flow direction, for

configuration E while in counter flow direction for configuration F. Primary air flows
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(a) Configuration-A (b) Configuration-B

(c) Configuration-C (d) Configuration —-D

Fig. 3.1 Four configurations of regenerative parallel/counter flow evaporative cooler
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(c) Configuration-G

(b) Configuration -F

(d) Configuration-H

Fig. 3.2 Four configurations of the regenerative cross-flow evaporative cooler
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counter to the water flow direction, for configuration G while in parallel flow direction

for configuration F.

3.2 Numerical model and simulation

The differential element of configuration A and configuration E of regenerative

evaporative heat and mass exchanger (HMX) is shown in Fig. 3.3. The governing

equations are the energy and mass conservation equations in the channels of the

regenerative evaporative cooler. Some assumptions are made to simplify the

mathematical modeling for all configurations, which are mentioned below.

(@)

(i)

(iii)

(iv)

)

(vi)

The whole evaporative heat and mass exchanger is assumed well insulated (there is
no exchange of heat in between surrounding and air inside). (These assumptions
neglect the little amount of heat exchange with the outer plate and side casing of the
HMX, hence little over predict the performance.)

The heat and mass exchange processes inside the exchanger are assumed to be
steady and fully developed. (The flow developing length is very small as compared
to the fully developed length; hence it have a negligible effect on the result.)

The gap between the channels is very small in comparison to the width of the device;
hence, the numerical model is treated as one-dimensional.

The air-flow inside the evaporative cooler is laminar. (The very narrow airflow gap
results in a small characteristic dimension of fluid flow. That’s why there is low
Reynold number flow inside the channels.)

The coefficients of mass transfer and heat transfer are assumed to be constant for
the whole channel length. (Since this is a low-temperature difference application
hence there are no significant variations in the values.)

The air just above the water film surface is considered to be fully saturated at water

temperature in that discrete element. (The mass transfer takes place due to a
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concentration gradient, and it helps to obtain water vapour concentration at the
surface.)

(vii) The whole surface is assumed to be uniformly wet and covered by a water film.
(The Kraft paper has been assumed as a wetting material on the wet surface of the
regenerative evaporative cooler, which has good surface wetting characteristics.The
whole surface is assumed to be uniformly wet and covered by a water film. Hence,

the surface wettability factor has been assumed closer to 1.)
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(a) Control volume of configuration A (b) Control volume of configuration E

Fig. 3.3. Control volume of evaporative heat and mass exchanger
The kraft paper is conventionally used as a wetting material on the wet surface of
the heat exchanger, which shows good surface wetting characteristics. Xu et al. (2016)
compared different fabrics and found some fabrics show 171 to182% higher wicking
ability, which makes the surface wettability factor of the fabric closer to 1 depending
upon the good distribution system of the water. The fabric should be glued on the surface,

as recommended by Duan. (2011). Water should be supplied at more than one height,
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depending upon the wicking height of the fabric. As recommended by Gao et al. (2015),
the water flow rate needs to be five times greater than the water evaporation rate. Lee et
al. (2013) experimentally showed that the higher effectiveness of the device is obtained
if supplied to the water evaporated ratio is around five and lesser. Hence, based on the
recommendations of the above experimental studies, good surface wetting behavior and
good water distribution are assumed, and the water flow rate is always taken greater than
five times of evaporation rate to justify the last assumption.
3.2.1 Mathematical model

Based on the above assumptions, the governing equations are written in general
form, applicable to all configurations. The primary air in the dry channel transfers heat to
the flowing water film on the wet side through convective heat transfer in the primary air,
thermal conduction through the plate and convective heat transfer in the water film.

Energy conservation for the primary air gives,

' dT,, =U(T, ~T,,)dA 3.1)

M pCp.pa
The inverse of overall heat transfer coefficient includes all resistance between the primary
air and flowing water. This includes primary air side and water side convection

tplate 1

+ —

plate aw

1
—+
a, k

coefficients, and conduction in the plate. Where U is obtained by, %

The convection and evaporation (latent) heat transfer takes place between the secondary

air and water film. The energy conservation of the secondary air yields,

i dh, =lo, (T, —T,) +h, K, (@, —o,)]dA (32)
Where water vapor specific enthalpy at a temperature of water film is given by,

h, =h,+c,T, (3.3)

And specific enthalpy of secondary air is given by,
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h. =c, T +w.h (3.4)

sa p.sa’t sa sa" " fg
The mass conservations in the secondary air channel for a differential control volume is
mydo,, =K, (0, —a, )dA (3.5)
Where ows 1s saturated air humidity at water film temperature, and ®s, is the humidity of
secondary air.
The overall energy balance for the control volume includes the primary air, secondary air
and water film energy conservation and for the differential element is expressed as,

i dr,, +m,dh, +mc, dT, +c, T,di, =0 (3.6)

pacp, pa pa
Where dm,, =m dw,. The air-stream flow inside the evaporative HMX is laminar due

to the lower flow velocity and small hydraulic diameter. The correlation used to calculate
the Nusselt number for flow inside the primary and secondary air channels is given by

(Zhan et al., 2011),

Nu =2+0.6Re™ Pr®> (3.7

a u a . . . d
Where, Re = Ppeillpa (for primary air) and Re = Puabitlry

pa /’l sa

(for secondary air).

To consider the relative effect, of air velocity and water velocity, relative air velocity (Ura)
has been used in the wet channel. The relative air velocity in the wet channel for different
configurations is mentioned in Table 3.1. The Nu correlation is applied for both cross-
flow (Moshari et al., 2015) as well as parallel/counter-flow (Liu et al., 2019, Cui et al.,
2014) configurations. The heat transfer coefficient in primary and secondary air channels

has been calculated by respectively,

a,, =Nu(k,/d,,,) (3.8)
a,, =Nu(k,/d,.,,) (3.9)

For air flowing in both dry and wet channels, dn= 2g.
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The Nusselt number correlation used for downward flowing water film is Nu = 1.88 (Liu

et al., 2019), and hence the heat transfer coefficient of the water film is determined as,

a, =Nu,(k,/5,) (3.10)
Where, 5, = Yl and T = —

P& (n+ DWW
The mass transfer coefficient is calculated as «,, = ., / (¢, ,,Le) (3.11)

Where Le is the Lewis factor. The Lewis factor of the air-water mixture is (0.87)% at
standard atmospheric conditions.

The boundary conditions for all eight configurations are listed in Table 3.1. The y = 0
represents the bottom surface, and y = L represents the top surface of the heat and mass
exchanger. In the cross-flow configurations, x = 0 represents the left surface while x =W
represents the rightmost surface of the heat and mass exchanger.

Table 3.1: Boundary condition for all eight configurations of HMX

Configuration A Configuration B
Tpa (y = 0) = Tin Tpa (y=0)=Tin
Ta(y=D)=Tn(y=0) Ta(y=0)=Tpa (y=1L)
®sa (Y =L) = 0in ®sa (Y =0) = oin
Tw(y=L)=Twin Tw(y=L)=Tw,in
Ura = Usa— Uw Ura = Usa + Uw
Configuration C Configuration D
Tpa (y=L) = Tin Tpa (y=L) =T
Toa (y=0)=Tpa (y=0) Ta(y=L)=Tn(y=0)
®sa (Y =0) = 0in ®sa (y=L) = 0in
Tw(y=L)=Twin Tw(y=L)=Tw,in
Ura= Usa + Uw Ura = Usa — Uw
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Configuration E Configuration F
Tpa (x=0)=Tin Tpa (x =0) = Tin
Tsa(y=L)=Tpa (x=W) Tsa (y=0)=Tpa (x=W)
®sa (y = L) = @in ®sa (y = 0) = 0in
Tw(y=L)=Twin Tw(y=L)=Twin
Ura = Usa— Uw Ura= Usa t Uw
Configuration G Configuration H
Tpa (y=L) =Tin Tpa (y=0) =T
Tsa (x=0)=Tpa (y =0) Taa(x=0)=Tpa (y=L)
®sa (X =0) = oin ®sa (x =0) = O
Tw(y=L)=Tw,n Tw(y=L)=Tw,n
Ura = Usa Ura = Usa

3.2.2 Numerical method and performance parameters

The Coupled differential equations are discretized with the finite difference
method. Discretised differential equations are solved in Engineering Equation Solver
(EES) (Klein, 2017). Inbuilt functions of EES are used to calculate the properties of
humid air, water, and water vapor. EES solves the system of equations by an iteration
using Newtons method. The performances of the evaporative cooler are evaluated by
cooling capacity, effectiveness, and coefficient of performance (COP).

As the primary air humidity remains the same in the regenerative evaporative
cooler, the effectiveness represents the ratio of actual temperature drop to the maximum
possible temperature drop, which is up to the dew point. Hence, this effectiveness, which

is called dew-point effectiveness (DPE), is determined by,

49



Different regenerative evaporative cooling topologies Chapter 3

T -
o= pa,in pa,out 312
- (3.12)

pa,in - Tpa,dew—poim

The cooling capacity of cooler (heat removal rate from cooling space) is given as,

ststem = mourcp,pa (T;)a,in - T;m,out ) (3 . 13)

The total pressure drop in HMX channels consists of pressure loss in the primary air (dry
air) channel and pressure loss in the secondary air (wet air) channel. Again the pressure
drop of air in the channels consists of both frictional losses (major losses) and local
(minor) losses. The pressure drop of primary air consists of contraction, frictional,

straight-line flow, and outlet air filter losses, and hence given by (Duan et al., 2017),

2 2
Apa:f#L_FZQ’# (3.14)
i 2d, 2

The average friction factor (Duan et al., 2017),

1.25 fuRe 3.44

+
oA 344 ar 4 N/E (3.15)
 Re| J1+ |, 0-00021

()

s
Re

96

where 7+ = and s, = o (Incropera et al., 2017), which is friction factor
(S

h
for fully developed flow . The resistance coefficient { sums up the coefficient for sudden
inlet contraction, flow in the tee straight (loss coefficient 0.1), and resistance of air
flowing through the air filter.

The pressure drop of the secondary air channel consists of frictional loss, tee branch flow
loss, sudden contraction, sudden expansion, bend loss, and exit loss in the secondary air
channel (relative velocity is considered for this frictional loss) and sudden outlet

expansion-
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2

2
Yo 27, oo
Ap sa — f 25"1d = L + (C.;/tee,brunched + gcnntracti()n + é’eXpansi()n + gbend + g@xil) S112' =
h

(3.16)
The value of the loss coefficient is 0.9, 0.5, 1, 1.5, and 1 for tee branching, contraction,

expansion, bend, and exit of the channel, respectively. The actual fan power is given by,

2

pPU g,
Appa Vpa + (gexil + g_ﬁlter ) 7pply (Vpa - I/;a) + Apsa V;a

Pran = 2 (3.17)
77 fan

Where nfan 1s taken as 0.65 (Duan et al., 2017), and air filter pressure drop coefficients
are calculated by ventilation Components pressure drop data (Engineering ToolBox,

2003). The resistance coefficient value for exit air and air filer, respectively.

Theoretical pump power = m, gH, ,, ; where g is the acceleration due to gravity and Hiotal

otal °

= Huvaive + Hgravity + Hirictional T Hnozzte. Hvatve = 1.5 m, Hgravity= 3 m, Hnozz1e= 1.5 m and

L ) 2
H rionar = 64 Lpipe Vs, . Where Lpipe 1s the length of pipe and dpipe is the
Re, d,, . 2g

diameter of the pipe used to circulate water.
Actual pump power (Ppump) = theoretical pump power/Mpump. Pump efficiency (Mpump) is
around 60% in this study.

Coefticient of performance is given by,

COP = stslem / (P_/im + Ppump) (318)
3.2.3 Exergy analysis

Total flow exergy of the humid air per kg of dry air is expressed as (Chengqin et al., 2002)

\IjTotal :\Vchemical +\|jmechanical _'_\II thermal (3 . 19)

T T
\Ilthennal :(Cp +(’OCp,v )TO ( ? -1 _ln ? ) (3 20)

(0] (0]
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\llmcchanical :(1 +1 '6()8(’0)1{;-[‘011’1 £ (321)
Po
1+1.608w Q)
=R T, {(1+1.608®w)In ——— 2 +1.608wIln — 3.22
Wchcmlcal a O{( ) 1+1.608(D (,00 } ( )

Where To, po, wo are the temperature, pressure, and humidity at the reference state. R, is
the dry air-specific gas constant. This total exergy is separated into thermal exergy,
mechanical exergy, and chemical exergy. Exergy balance is given by (Farmahini-
Farahani et al., 2012),

Ex ., TAEx  -Ex -Ex _, -I=0 (3.23)

supply-air

Where, Expa :Iilpa\llpa , AEXW =Am_ vy, Ex

supply-air :msupply-air Wsupply—air
Ex_=m_y_ and Iis exergy destruction.

Here’ AIrlw :msa ((Dsa-in _(’Osa-out ) and \Vw :-RVTO 11’1¢0

Ry is the water vapor-specific gas constant, and o is the relative humidity at the reference

state. The atmospheric saturation state is considered the reference state.

Ex supplyair-out -Ex supplyair-in

Ex_ . +Ex_-Ex

MNex = (3.24)

sa-in sa-out
3.2.4 Economic analysis

The total cost is the sum of the operating cost and the capital cost (initial cost) of
the device. The main components of the device are a fan, pump, and heat, and mass
exchanger (HMX). The total capital cost of the device is:
Cecapital cost =CAxial fan™ CTangential fan T Cwater pumpt CMxT C casing™ C tank™ Cwater piping  (3.25)
Where C denotes the cost. The Capital cost of the components is calculated by expressions

(Sohani et al., 2018) listed in Table 3.2. The total cost is:

CTotal cost:CCapita] costT™ COperating cost +CMaintenance cost (326)
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The maintenance cost varied from 1% to 5% of the initial capital cost of the evaporative
cooler. In this analysis, it is considered to be 5% (Sohani et al., 2018).

Table 3.2: The component capital cost of the HMX

Components unit Cost (USD)
Axial fan 1 Power. "
68.51 (—f
Tangential fan | Power. "
90.29 (
Water pump | m 0.6
5 1 airflow
1500
Heat and mass exchanger 1 A 0.6
1 12 ( plate )
(HMX) 100.24
Casing 1 4 0.6
1 5 6 casing
4.26
Upper tank 1 (Vo lume, . ]
Lower tank 1 ( Volume j
tank
Water piping 1 , Volume Volume,,,,
0.50

The operating cost (running cost) of the cooler is obtained by the power
consumption of the fan and water pump. It is assumed that HMX is operating eight
working hours in a day and 180 working days over a period of one year. The specific total

cost is defined as the cost per unit cooling capacity of the device.
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C
Specific total cost (STC) = % (3.27)
system

The net present value (NPV) represents the present worth of the all-cash flows in the

M
future and is calculated as (Bellos et al.,2017) NPVZ-CCapnalcosﬁZ% (3.28)
+r

J=1

The net cash flow ( Cfyet ) is the summation of the cooling production cost, operation and

maintenance cost, and electrical consumption cost. It is calculated as

Cf,_=C,..Y.-C.,.C

ref e o&m capitalcost _CelYel (329)
The Y. is the yearly cooling production, and Y is the yearly electrical consumption,

which is calculated for the six months/year and 8 hours/day of device running duration.

el

COP

eq

The cost of refrigeration is calculated as C ;= , where Cg is the electrical

consumption cost. The COPq is the coefficient of performance of the equivalent (same
cooling capacity) vapor compression system. The internal rate of return (IRR) is a very

important economic parameter of any investment. IRR can be calculated as

IRR=—Shne | ! - (3.30)
capitalcost ( 1 +IRR)

Where M is the total operating year of the evaporative cooling device. The simple

payback period is calculated as SPP=°(“‘:L‘”“’5t (3.31)

net

The payback period (PP) is calculated by taking into account of discount factor as:

Cft,

1n net
PP_ |:Cfnct _rccapitalcost } (3 32)
N In(1+r) |

The parameters used in the economic analysis:, Discount factor (r) = 3% (Bellos et
al.,2017), Device operating life (M) = 15 year, COP¢q =3 (4 star rated air-conditioning
EER), Koam = 5% of the capital cost (Sohani et al.,2018).
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3.2.5 Environmental analysis

The production of energy from conventional resources causes harmful effects on
the environment, such as ozone depletion, acid rain, and carbon emission. Electrical
energy has used the device to operate a fan and pump. The electricity is produced from
electric substations by consuming coal. The carbon emission for the production of
electricity can be estimated by considering the carbon emission factor. The CO; release

is calculated by (Caliskan et al., 2012),

f, W,

5 Consumption t Operation

P
10°

(3.33)

Where P2 is the ton of carbon produced in a year, the feo2 is the carbon emission factor.
This carbon emission factor depends upon the methods of electricity production and
varies from country to country. The carbon emission factor for India 0.820 kgCO2/kWh.
The Wconsumptionn 18 the power consumption during operating hours in kilowatt, and
toperation 18 the device running hour in h/year.
3.2.6 Sustainability analysis

Sustainable development helps in the efficient utilization of the resources with
taking care of the future also. Rosen et al. (2008) introduced a sustainability index for

the efficient utilization of resources.

Ex 1
Exergy ratio (®) = I il | Sustainability index (SI) = E (3.34)
X -

in

Where Ex out =Ex supplyair-out +Ex sa-out and EXin :Expa +EXW
3.2.7 Validation of simulation code

The simulation code based on the equations mentioned above has been validated
with the published experimental results of Riangvilaikul and Kumar (2010), as shown in

Fig. 3.4. The configuration used is a counter flow regenerative mode similar to
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configuration C in this paper. The specifications of the evaporative HMX used for
validation are the gap of channels = 5 mm, length of channels = 1.2 m, the width of
channels = 80 mm, and wall thickness = 0.5 mm. The operating conditions used are: inlet
air velocity = 2.4 m/s, extraction ratio = 0.33, mass flow rate of water = 60 g/h and inlet
temperature variation from 25 to 45 °C. The maximum percentage of deviation between
the simulated result and the published experimental result is 2.16 %, which is acceptable.
The physical model behind all the configurations is the same, and the only configuration
effect needs to be investigated. Hence, this paper uses the above-validated model to

investigate and compare the performance of all studied configurations.

35
0=26.4g/kg - u
30
S ®=20.0 g/kg
]
E 25
<
o
£20 m=11.ig/kg/'/./o/‘
9] |
- ]
=
15
S =6.9 g/kg
210
g ) .
£ —o— Simulation result
5 B Riangvilaikul and Kumar result
0
20 25 30 35 40 45 50

Inlet temperature (°C)
Fig. 3.4 Validation of numerical simulation with the experimental result (Riangvilaikul
and Kumar, 2010)
3.3 Results and discussion
The geometrical specification of the evaporative heat and mass exchanger is listed

in Table 3.3. Unless otherwise specified, the mean operating conditions of the
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regenerative evaporative cooler are assumed. Mean primary air inlet conditions are: dry-
bulb temperature = 35 °C, wet bulb temperature = 21.98 °C, specific humidity = 11.2 g/kg
of dry air and velocity = 2 m/s.

Table 3.3: Specification of HMX and mean operating parameters

Length of the evaporative HMX 0.5m
Width of the HMX 0.5m
The total height of the HMX 0.7m
The gap between the primary air channel 0.005 m
The gap between the secondary air channel 0.005 m
The thickness of the plate separating two channels 0.5 mm
The volumetric flow rate of water per channel 5L/Mh
The inlet temperature of the water 17°C

Air extraction ratio 0.3

Total primary air flow rate (V) 0.35m’/s
Total secondary air flow rate (Vsa) 0.245m>/s
Total supply air flow rate (Vour) 0.105m%/s
Pump efficiency 60 %
Fan efficiency 65%

3.3.1 Energetic comparison

The configurations of the regenerative evaporative cooler are compared on the
basis of the dew point effectiveness, cooling capacity, and COP as listed in Table 3.4.
The lowest supply air temperature is obtained for configuration A (20.63 °C) and followed

by configuration H (20.93 °C). The lowest cooling capacity is obtained for configuration
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C. The configurations A and H perform better in terms of effectiveness, cooling potential,
and energy efficiency than the other ones.

Table 3.4: The energetic comparison of the different configurations

Configurations | A B C D E F G H
Dew point | 61.24 | 49.66 |43.65 |50.21 |58.17 |47.49 |49.49 | 59.94
effectiveness

(%)

Cooling 3922 | 3180 | 2796 |3215 |3725 |3042 |3170 | 3839
capacity (W)

Ccop 32.17 |26.08 | 2293 |[2637 |30.55 |24.95 |2599 |31.48

3.3.2 Exergetic comparison

Fig. 3.5 shows the exergy distribution graph of configuration A when it is
simulated at the mean operating conditions. The simulation is performed by taking
ambient air (at ambient temperature) in the saturated conditions as the dead state. The
primary air exergy is divided into two parts, mentioned in Fig. 3.5, as supply air inlet
exergy and working air inlet exergy. The exergy destruction is 135.9 W, which accounts
for 15.68% of the total input exergy. The supply air exergy contributes a maximum part
of around 77.5% of the total input exergy. The rational selection of dead states makes the
exergy of water input very small, while output exergy holds only 6.75% of the total input
exergy. Table 3.5 shows the breakdown of the total flow exergy at the different
thermodynamic states of the air in HMX. The chemical exergy of the inlet air remains
constant from state 1 to 2 (Fig. 3.9) because heat exchange takes place at constant
humidity conditions. The thermal exergy increases from point 1 to 2, while mechanical

energy decreases due to flow resistance. The cooling effect is obtained due to the
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conversion of chemical exergy in the wet channel (points 2 to 3). The thermal as well as

chemical exergy both decreases in the wet channel of heat and mass exchange Table 3.6

shows the exergetic comparison of the different configurations at the mean operating

conditions. The chemical exergy contains a major portion of the total flow exergy. The

change of the chemical exergy is more significant, and mechanical exergy has the least

contribution (due to low-pressure drop). The exergetics performance of configurations A

and H is better than other configurations.

Table 3.5: The specific exergy of the air at a different point in regenerative HMX

Air state Primer air inlet Supply air Secondary air exit
Chemical exergy (J/kg) | Wchemicai=2.146 | Wchemicaz =2.146 | ¥chemicaz =0.343
Thel‘mal eXergy (J/kg) lIl"['herrnall :0.0 \PThermalZ :0.358 lI’Ther{nal?, :O. l 00

(J/kg)

Mechanical exergy

WMechanical1 =0.025

\PMechanical2

=0.010

YMechanicai3 =0.0

Table 3.6: The exergetic comparison of the different configurations

Configurations A B C E F G H
Exergy 1359 | 1449 | 1804 | 167.8 | 148.7 | 1629 | 167.2 | 119.0
destruction(W)
Exergy 40.34 | 28.81 | 19.69 | 26.35 | 35.63 | 34.32 | 25.82 | 42.45
efficiency (%)
Exergy ratio | 84.32 | 83.28 | 79.18 | 80.63 | 82.83 | 81.20 | 80.70 | 86.27
(%)
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& Supply air

Wet channel

Supply air exergy
(X supplyair out) = 6722 W

Drv channel

._‘-'-"'"'H

Water exergy = 0.40W

| Exergy efficiency (n.) = 40.60%
Exergy ratio (0) = 84 31%

3 1
Secondary air ! I Primary air

Input exergy (Ex,,) = 866.1 W

Output air exergy
(Exy ) = 5849 W
EXouplyair = 9802 W Ex,, ;= 2858 W
Fig. 3.5 Exergy distribution graph of the configuration A (at the mean operating
condition)

3.3.3 Economic comparison
The capital cost of all the configurations remains the same, and it is around 457.7
USD by considering 30% of the manufacturer's profit. The running cost depends upon
the pressure drop and water circuiting rate of the pump. Both parameters remain invariant
for different configurations. The running cost of the HMX is calculated by taking the
electricity price of 0.08 USD/kWh. The air filter pressure drop is added in the HMX and
gives COP of the device around 35, which is further utilized in the economic and
environmental analysis. The running cost of the HMX is around 12.99 USD, which holds
true for low electricity tariff countries. The specific cost of the HMX at the mean
operating condition for all HMX is specified in Table 3.7. The variation of parameters

affects the running cost and specific cost significantly. The increase in the extraction ratio

decreases the running cost of 13.35 USD to 10.99 USD, while increases in the channel
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gap 0.3 mm to 0.7 mm decreases the running cost 13.56 USD to 12.43 USD. The increase
in the volume flow rate of the primary air, increase running cost but decrease the total
specific cost of the HMX. The net cash flow varied in the range of 71.48-114.7 USD,
while the lowest for configuration C and highest for configuration A at the mean operating
conditions. The NPV, IRR, SPP, and PP of all configurations are listed in Table 3.7. The
NPV of all the configurations is positive and achieved the highest figure for configuration
A. The highest IRR is 24%, which makes it a good and economically viable device. The
average life of a cooler is 15- 20 years, while its SPP is in the range of 3.9 to 6.4 years.
The PP of the best configuration is 4.3 years, so it's a good economic decision to have
these eco-friendly devices.

Table 3.7: The specific total of the different configurations at mean conditions

Configurations A B C D E F G H

Specific total | 125.8 | 155.2 | 176.5 | 153.5 | 132.5 | 162.3 | 155.7 | 128.6
cost

(USD/KW)

NPV (USD) | 912.0 | 572.0 | 395.7 | 588.1 | 821.8 | 508.4 | 567.0 | 873.8

IRR (%) 24.08 | 17.07 | 13.00 | 17.42 | 22.27 | 15.70 | 16.97 | 23.32

SPP (Years) 3.9 53 6.4 52 4.2 5.6 53 4.1

PP (Years) 4.3 5.8 7.2 5.6 4.6 6.2 5.8 4.4

3.3.4 Environmental and Sustainability comparison

The CO> emission is not fluctuating much with the use of the different
configurations. The carbon emission factor for India is 0.82 kgCO2/kWh. The CO2
emission quantity depends significantly on the operating and geometrical parameters.

This single heat and mass exchanger will produce 133.1 kgCO»/year if operated for 180
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days/year and eight working hours/day. The utilization of these evaporative HMX saves
us from the production of large amounts of toxic carbon dioxide gases. If these devices
are used instead of conventional mechanical vapor compression, a large amount of saving
in CO2 emission will be achieved.

Sustainability represents ecologically balanced resource utilization. The
sustainability index can be used as an instrument to measure the efficient conversion of
natural resources to fulfill our needs by taking care of social responsibility. The
sustainability index of all the configurations is at mean operating conditions are described
in Table 3.8. The configuration H is the most sustainable configuration among all. All the
configurations are closely sustainable enough. Since this evaporative HMX are
energetically and energetically efficient, it obvious that it will save our resources.

Table 3.8: The sustainability index of the different configurations at mean conditions

Configurations A B C D E F G H

Sustainability | 6.377 | 5981 | 4.800 | 5.164 | 5.826 | 5319 | 5.182 | 7.282

index

3.3.5 Effect of water inlet conditions

The flow rate of water is a very significant operating parameter in the analysis of
the regenerative evaporative cooling exchangers. Only a few studies have been done on
the effect of the water flow rate. In the literature, the very low water flow rate is taken for
counter/parallel flow configurations while high mass flow rates for cross-flow
configurations (Moshari et al., 2015). The dew point effectiveness of the device may
increase or decrease with an increase in water mass flow rate depending upon the water
inlet temperature. Figs. 3.5 and 3.6 show the variation of dew point effectiveness with the

increase in water flow rate. The volumetric flow rate of water varies from 5 L/h to 50 L/h
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in this study. The water evaporated to water supplied is approximately 1% for all the
configurations at the volumetric water flow rate of 5 L/h. Hence, the fraction of
evaporated water is very low, and the inlet temperature of the water is also an important
parameter of the performance. Variation of cooling capacity and dew point effectiveness
with water flow rate at different water inlet temperatures is shown in Figs. 3.6 and 3.7,
respectively. The cooling capacity and dew point effectiveness both increase for water
inlet temperature of 17 °C and 19 °C. The capacity directly related with the temperature
drop. That’s why cooling capacity increases with the increase in the flow rate. The
performance of configuration A is higher than configuration H. The COP of the
regenerative evaporative cooler decreases with the increase of the water flow rate for all
the inlet temperature conditions, as shown in Fig. 3.8. The higher water flow rate
improves energy performance marginally (for 17 and 19 °C), while pump work increases,
which results in the decrease in the coefficient of performance. The exergy efficiency of
the regenerative evaporative cooler decreases for the 23 °C water inlet temperature
conditions for both A and H configurations, as shown in Fig. 3.9. Variation of dew point
effectiveness with water inlet temperature is shown in Figs. 3.10 for parallel/counter-flow
(configuration A) and cross-flow (configuration H), The temperature at which different
lines cross each other depends upon the configuration. These temperature values are 24°C,
25.5°C, 21 °C, and 26°C for configurations A, B, C, and D, respectively. Approximately
the same range of values is obtained for the cross-flow configurations. These crossing
temperatures for configurations E, F, G, and H are 25 °C, 23.2°C, 26°C, and 23.8°C,
respectively. If water inlet temperature is less than this crossing temperature, dew point
effectiveness initially increases with the increase of the water flow rate and later becomes
almost constant. In a practical situation, water inlet temperature lies in between the wet

bulb and dew point temperatures of the atmospheric conditions. A higher (more than
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water evaporated) water flow rate is required to maintain the whole surface uniformly wet

and justify the unity wettability factor.
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3.3.6 Effect of extraction ratio

An increase in extraction ratio (secondary air to primary air mass flow rate ratio)
improves the effectiveness of the exchanger for all configurations (Fig. 3.11). An increase
in the secondary air mass flow rate for the same primary air works as an increased heat
sink mass. This increased heat sink mass decreases outlet temperature, but the mass flow
rate of supply air is reduced. The cooling capacity of the exchanger depends upon both
the outlet temperature as well as the mass flow rate of the supply air. Fig. 3.12 shows
exergy destruction and COP variation with the extraction ratio. The cooling capacity and
COP of the regenerative evaporative cooler decrease with an increase in the extracted air.

The reduced mass flow rate of supply air affects more as compared to the increased
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temperature drop with the increase in the extraction ratio. The difference between the
cooling capacities of all configurations is higher at the lower extraction ratio. The low
value of extraction ratio produces a higher supply air temperature, and this temperature
varies significantly for different counter and cross-flow configurations. At the higher
extraction ratio, the difference in cooling capacity and COP is less for A and H
configurations of the regenerative evaporative cooler. The Exergy destruction of all HMX
increases with the increase in the extraction ratio. An increase in the extraction ratio
increases the mass flow rate in the wet channel. The more mass for heat and mass
exchange causes more exergy destruction in the system. The exergy destruction increases
for configurations (A and H) of HMX. The increase in exergy destruction decreases the
exergy efficacy of all configurations, as shown in Fig. 3.13. The specific total cost
increases due to decreases in COP. The exergy efficiency is maximum at 0.3 extraction
ratio, which shows that at this condition, the maximum work potential of the wet channel
air is extracted. The exergy efficiency difference between the different configurations
decreases as the extractions ratio increases. The sustainability index also decreases as the
extraction ratio increases from 0.3 to 0.7, as shown in Fig. 3.14. The sustainability index
depends upon the exergy ratio (output exergy/input exergy). The higher extraction ratio
decreases the exergy ratio, which makes the HMX less sustainable. The sustainability
index gap between the different configurations decreases with the increase of the wet
channel air mass flow rate (Fig. 3.14). The carbon emission increases due to decreases in
an energetic performance. The increase in the extraction ratio from 0.3 to 0.7 increases

the CO> emission from 66.4 kgCO»/year to 113.7 kgCO»/year.
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3.3.7 Effect of channel gap

The cooling effect of the regenerative evaporative cooler improves with the
decrease in gaps of the primary and secondary air channels. As shown in Fig. 3.15, the
dew point effectiveness of all configurations improves with the decrease in the gap of the
channels. At a lower channel gap, the cooling effect of configuration A is highest. The
heat transfer coefficient of air increases with the reduction of the channel gap, which
yields more cooling capacity, as shown in. This is also due to the fact that the total number
of channels increases with a decrease in channel gap for a fixed outer dimension of the
regenerative evaporative cooler, and hence total heat transfer area increases. The pressure
drop also increases with the reduction in channel gap, and hence, more fan power is
required to blow the air in both channels. The lower gap or smaller spacing of the channel
provides more cooled air, but the required fan power to the device also increases. As
shown in Fig. 3.16, COP of the heat and mass exchanger decreases with the increase of
channel gap spacing. So there must be a compromise between the cooling temperature
and COP of the device for all the configurations. The channel gap is optimized to deliver
the supply air temperature in the thermal comfort zone and to have the maximum cooling
capacity. The effect of the channel gap is not configuration specific, but it affects the
performance of all configurations equally. The exergy destruction of all HMX increases
with increases in the channel gap. The supply air temperature and pressure drop in the
channels get affected mostly by the variation of the channel gap. The increase in the
channel gap reduces the cooling effectiveness of the device. The available energy of the
wet channel air is not completely utilized in the dry channel cooling effect. The increased
channel gap increases the exergy destruction and affects the cooling effect of the
regenerative evaporative HMX. The exergy destruction is lowest for configuration H,

while the exergy destruction gap between the different configurations reduces at a wider
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channel gap. The exergy efficiency of all the configurations decreases with the increases
of the channel gap, as shown in Fig. 3.17. The specific total cost increases at the higher
channel gap while it remains constant until 4 mm gap. Configuration H shows the highest
exergy efficiency among all configurations. The sustainability index graph also follows
the exergy efficiency trends (Fig. 3.18). The difference between the sustainability index
values for both configurations is significant at a smaller channel gap. The carbon emission
was reduced for HMX due to decreases in energy consumption (fan power) at a high
channel gap. The increase in the channel gap decreases environmental degradation. The
COz emission decreases from 133.3 kgCOz/year to 48.9 kgCO2/year when the channel

gap increases from 3 mm to 7 mm.
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3.3.8 Effect of inlet air flow rate

As shown in Figs. 3.19 and 3.20, the increased flow rate of primary air reduces
the dew point effectiveness and COP of the regenerative evaporative cooler. The change
in dew point effectiveness and COP is rapid for the flow rate up to 0.3 m?/s and then
gradually for all configurations. The cooling effect reduces because the increased flow
rate reduces the interaction time of heat and mass exchanges. The cooling capacity of
configurations increases with an increase in flow rate (or primary air velocity). The
cooling capacity of the regenerative evaporative cooler improves because the increased
mass of supply air enhances heat transfer. At a lower air inlet velocity, the difference in
the cooling capacity for the configurations is less as compared to the same at higher
velocity. The supply air temperature increases at a higher velocity, but it is dominated by
a higher mass flow rate in terms of gain in the cooling capacity of the evaporative cooler.

The difference in the cooling capacity for the configurations is in the closer range at low
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velocity while it is significantly large at higher primary air velocity. It may be noted that
as the water velocity is negligible as compared to air velocity, the effect of the flow rate
of air on performance is more predominant. The increase in the volume flow rate of air
increases the exergy destruction of the HMX, as shown in Fig. 3.21. The increased
velocity of the air in the channel makes exergy destruction more profound. The faster the
process of heat and mass transfer and the larger difference makes it more irreversible.
The exergy destruction for all the configurations almost linearly increases with the
increase of the volume flow rate. The increased exergy destruction with the increase in
volume flow rate decreases the exergy efficiency of the heat and mass exchanger, as
shown in Fig. 3.21. The specific total cost also decreases with an increased volume flow
rate for both configurations. The exergy efficiency performance of the configurations H
is the highest among all configurations. The exergy efficiency of all configurations
decreases rapidly unto 0.35 m?/s. The sustainability index of all the configurations
decreases with the increase in the volume flow rate, as shown in Fig. 3.22. The
configuration H was found to be the most sustainable configuration among all. The effect
of the volume flow rate is not configuration specific, but it affects the performance of all
configurations equally. The carbon emission increases with the increases in the volume
flow rate of air. The increases in the volume flow rate increase the CO2 emission
drastically. The increased volume flow rate increases cooling capacity, but it decreases
COP, which leads to a bad environmental effect. The co2 emission increases from 25.4
kgCOx/year to 160.5 kgCO,/year when the volume flow rate increases from 0.175m>/s to
0.525 m>/s. The more volume of air in the channels requires more fan power to operate
the device. It’s must be ensured that supplying air temperature is in the thermal comfort

zone, and there may be a compromise at this cost.
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3.3.9 Effect of inlet wet-bulb temperature

The performance of various regenerative evaporative cooler topologies is
simulated for a fixed inlet temperature of 35 °C and varying the primary air inlet wet bulb
temperature (20 °C to 30 °C). The outlet temperature of all configurations increases with
the increase of the wet-bulb temperature. The increased wet-bulb temperature reduces the
scope of more water evaporation which results in a lower temperature drop. However, the
maximum possible temperature drop also decreases, and as a combined effect, the dew
point effectiveness of all configurations increases with the increase of the wet-bulb
temperature (Fig. 3.23). Here, the performance of configuration A is better than that of
other configurations. The performance of the evaporative cooler in this case, too, is not
configuration specific. The difference in the effectiveness of all configurations is not
significant at higher wet bulb temperatures. The increase in wet bulb temperature reduces
the temperature drop and hence the supply air temperature, which results in lower cooling
capacity for all configurations. The cooling capacity of configurations A is highest among
all eight configurations of evaporative cooler. The pressure drop of air inside the channels
and hence the fan power of regenerative evaporative cooler remains the same, and pump
power is very less compared to fan power. Hence, the COP of the device also yields a
similar trend with the inlet air wet-bulb temperature for all configurations (Fig. 3.24).
The exergy destruction decreases with the increase in the wet-bulb temperature. The
sustainability index increases marginally (Fig. 3.25) while specific total cost increases
significantly at higher inlet wet bulb temperature. The diminished cooling capacity

contributes significantly to this specific total cost reduction.
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3.4. Important findings

This work numerically investigates the performance of all possible configurations
of the regenerative indirect evaporative heat and mass exchanger, which includes four
configurations of parallel/counter flow while four configurations of the cross-flow. All
eight configurations are compared based on cooling capacity, dew point effectiveness,

COP, energetic, economic, and environmental parameters. The effects of various

operating and design parameters are studied. The main conclusions are as follows:

» Both the water inlet temperature and mass flow rate affect the performance of the
evaporative heat and mass exchanger significantly. Furthermore, the effect of
temperature is more significant at a higher flow rate.

» There is a crossing temperature that depends on the configurations of parallel/counter

and cross-flow heat and mass exchangers.
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If the water inlet temperature is less than the crossing temperature, dew point
effectiveness improves with an increase in the mass flow rate of water and vice versa
for all configurations.

An increase in the extraction ratio improves the dew point effectiveness but reduces
the cooling capacity of the indirect evaporative exchanger for all the configurations.
The decrease in the gap of the air-flow channels improves the cooling effect of the
evaporative exchangers for all the configurations.

Increased velocity of primary air (increased mass flow rate in channels) reduces the
dew point effectiveness of the evaporative exchanger for all the configurations.
There is the highest contribution of chemical exergy change in the evaporative cooling
process of the regenerative heat and mass exchanger.

The increase in the extraction ratio increases the exergy destruction, which leads to
the loss of exergy efficiency of regenerative HMX.

The smaller channel gap makes the regenerative HMX exegetically efficient and
environmentally sustainable.

The increased volume flow rate (increased velocity of primary air) increases the
exergy destruction and lowers the sustainability index of regenerative HMX.

The carbon dioxide emission is almost constant for all configurations, but it varies
significantly with varying operating and geometric parameters.

Within studied configurations of regenerative HMX, A and H are best in terms of

lower specific total cost and higher sustainability index
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