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Highlights

e Nanoparticles of Aluminum Oxide are added in feed water of Maisotsenko HMX.
e A mathematical model is developed for the HMX incorporating nanoparticles.

e The performance of HMX is enhanced by using nanoparticles.
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Abstract

The use of Maisotsenko Cycle (M-Cycle) has enhanced-the domain of evaporative cooling
technologies to sub-wet bulb temperature cooling while ensuring moisture control. Several
studies have demonstrated the use of cross-flow heat & mass exchanger (HMX) offers higher
cooling capacity; however, it has lower cooling effectiveness and Energy Efficiency Ratio
(EER). In contrast, a counter-flow (HMX). offers high cooling effectiveness with lower cooling
capacity. In this paper, the performance ofycounter-flow HMX is enhanced by addition of
alumina nanoparticles in feed water due to enhanced heat and mass transfer characteristics of
nanofluids compared to original, base fluid. Here, a mathematical model is formulated by
incorporating the nanofluids. infa selected control volume. The developed model is solved
numerically on a discretized'HMX length. Initially, the model is benchmarked against previously
published results using water as base fluid. A comparison between HMX performance using
water and alumina-nanofluid is performed in terms of Performance Enhancement Ratio (PER).
PER indicates 1-18% increase in cooling effectiveness, 18-43% increase in cooling capacity and
9-19% increase in EER by using alumina in water when working air temperature is increased
from 20°C*t0:45°C. Similarly, an increase in PER is also observed by changing air velocity.
Increase of 41% is observed in cooling capacity and 18% increase in EER is observed by
changing particle volume fraction from 0 to 2 percent. This research identifies ways to reduce the
carbon”emissions of a building by increasing the energy efficiency of existing evaporative
cooling technology using nanofluids.
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Nomenclature

Symbols
A Heat Transfer Surface Area, m?
a Height, m
b Width, m
C, Specific Heat of Fluid, J/kg. K
D, Hydraulic Diameter, m
d Molecule’s Diameter, m
EER Energy Efficiency Ratio
f Fluid Friction Factor
h Convective Heat Transfer Coefficient, W/m?. K
h, Convective Mass Transfer Coefficient, kg.m?/s
iv Latent Heat of Evaporation, kJ/kg
k, Thermal Conductivity, W/m. K
L. Characteristics Length, m
L Length of Fluid Channel, m
m Mass Flow Rate of Fluid, kg/sec
Nu Nusselt Number
Pl Performance Index Parameter
Pe Peclet Number
AP Differential Pressure, Pa
Q Flow Rate, m%/s
Re Reynolds Number
RE Relative Error
Sh Sherwood Number
Sc Schmidt Number
T Temperature, °C
v Velocity of the Fluid, m/s
Wfan Blowing Power, W
X Distance, m
y4 Non-Dimensional Variable
Vs Particle Brownian Velocity, m/sec
Greek Letters
a Thermal Diffusivity, m*/sec
Effectiveness
£ Enthalpy, ki/kg
D Mass Diffusivity, m%/sec
® Absolute Humidity, g/kg
u Dynamic Viscosity, N.s/m?
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C Water Evaporation Rate, liter/hr
P Density, kg/m?
1% Kinematic Viscosity, m*/sec
r Cooling Capacity, W
1) Volume Fraction of Nanofluid
Ay Mean Free Path of Fluid Molecules, nm
Subscript
a Air
dry Dry Channel
DB Dry Bulb
DP Dew Point
Exp Experimental
in Inlet
m Mass Transfer
NO Nanoparticle
out Outlet
p Product Air
S Saturated
Sim Numerically Simulated
wet Wet Channel
WB Wet Bulb
w Water
wa Working Air
Superscript
* Dimensionless Variable
1 Introduction

Building cooling requirements " contribute extensively towards the world total energy
consumption [1], [2]~The perspective of environmentalists for the use of green/renewable energy
to overcome building coeling requirement has led the researchers and industrialist to shift
towards evaporative.cooling owing to its lower carbon foot print. However, evaporative cooling
has few technical ; barriers especailly while handling large cooling loads [3]. Wet bulb
temperature can=be achieved, at max, by utilization of only latent energy through evaporation.
Moreover, direct evaporative cooling techniques increase absolute humidity and can cause
discomfort for the occupants. While indirect evaporative cooling does offer solution for this but
at the'cost of lower cooling capacity.

The recent structural modification [4] in an indirect evaporative cooler adopting the benefits of
the Maisotsenko Cycle (M-Cycle) has enabled to achieve a sub-wet bulb temperature of the air
while ensuring humidity control benefits. Several other modifications [5]-[9] are presented in the
structural design and flow directions to improve the effectiveness, coefficient of performance
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and cooling capacity of heat and mass exchanger incorporating M-Cycle. Typically, there are
two types of configuration namely; counter-flow and cross-flow HMX.

Several studies have shown numerical as well as experimental working of counter-flow [6], [8],
[10], [11], cross-flow [12]-[16] and mixed flow HMX[17], [18]. Zhao et al. [8] numerically
studied a counter-flow HMX and reported on the performance of HMX by varying channel air
velocity, channel height, and feed water temperature. Anisimov [13] investigated the
performance of cross-flow HMX by changing the parameters including inlet air conditions, and
volume flow rates. Few researches focused on operational and geometric aspects [19];" while
some showed the performance of M Cycle for different air conditioning applications [20], [21].

Several studies have performed a comparative study of different configurations of HMX. In this
regard, Zhan et al. [22] presented a detailed comparative study between a counter and a cross-
flow HMX. The performance study is conducted based on product air/temperature, cooling
effectiveness, COP, and cooling capacity of both HMX under different operation and geometric
conditions. Anisimov [23] also conducted a comparative study for-different configurations of
HMX. They concluded that a counter-flow HMX offers higher cooling effectiveness but lower
cooling capacity compared to cross flow HMX. Thismerits a possible area for further
investigation to improve the HMX design or properties of working fluid to improve the
effectiveness as well as cooling capacity of HMX. Fer.the crossflow configuration, Pendelidis
[5] recently proposed an improved design oftHMX for better cooling effectiveness. Here, an
attempt is conducted to increase the performance parameters of a typical counter-flow HMX by
using the nanofluid in the feed water.

Convection is a dominant mode, of heat transfer in the wet channel of the HMX; therefore, the
thermal conductivity of water.plays a significant role in heat transfer as it directly influences the
Nusselt number. It is a_.Commen/observation that the thermal conductivity of liquids is
comparatively less than solids [24], [25] because of the high molecular gap in liquids as
compared to solids. Nanoparticles can be used to modify the thermal properties of the base fluid
[26]-[28] (water) nside the HMX to enhance heat transfer properties. Several experimental and
numerical researches [29]-[36] are conducted which shows that the fluid containing suspended
nanoparticles manifest enhanced heat transfer properties relative to the pure working fluid. There
are many combinations of nanoparticles available in the literature [37] including Alumina
(Al,03),"TiO,,/SIC, Fe, Cu, CuO, and Ag particles. Water and Alumina are the most common
base “fluid/nanoparticle combination owing to their availability, cost-effectiveness and
preparation method [38]-[41]. The heat transfer properties of the water-alumina fluid-solid
composite exhibit strong dependence on thermal conductivity [31], [42]-[44], particle size [45]—
[47], particle volume fraction [48], [49], viscosity [50]-[53], and particle Brownian motion [54]-
[60]. Several applications have demonstrated their practical usefulness such as Colangelo et al.
[61] presented the contribution of the nanofluids in electronic cooling devices. Jaafar et al. [62]
analyzed the heat transfer using alumina in base fluid water at different concentrations of
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nanoparticles. They reported that increasing the concentration of nanoparticles is beneficial for
heat transfer coefficient. Mojarrad et al. [63] experimentally investigated the heat transfer
characteristics of alumina-water nanofluid for laminar flow conditions. They concluded that
Nusselt number is a function of particle volume fraction and Reynolds number for a nanofluid.

In this work, the numerical performance of the HMX employing nanoparticles of alumina in the
wet channel is investigated. A mathematical model is developed by applying mass and energy
balances on the HMX incorporating nanofluids. The modified thermal conductivity, thermal
diffusivity, mass diffusivity, and viscosity are used for the calculations of heat transfer
coefficient in the wet channel considering nanoparticle size, volume fraction,and particles
Brownian motion. The governing equations are simulated using Matlab [64] after the
accomplishment of a convergence study for grid/mesh independence:test.»=The results are
validated initially and subsequently a parametric study is conducted based on the performance
parameters of the HMX including cooling effectiveness, EER,-and\cooling capacity. For the
parametric study, variations in ambient temperature, air velocity, and nanoparticle volume
fraction are made.

2 System Description

A M-cycle based HMX using aluminum oxide (Al2Q3) nanofluid in feed water is shown in
Figure 1. It is actually a modified counter-flow regenerative HMX [65] and has alternative dry
and wet channels, as shown. Such a type of HMX'is also analyzed by many other researchers [8],
[22], [23], [65]-[67], however, in this paper,;.nanoparticles are added in the base fluid (water) for
the purpose of heat transfer enhancement:

The product air is directly utilized.for cooling purposes. While, ambient working air enters the
dry channel of the HMX and is drawn to the wet channel through a porous media in the entire
length of the HMX. The working air in the wet channel absorbs heat from both of its neighboring
channels.

A three-dimensional’selective part of Figure 1 is shown in Figure 2 to present the clear picture of
its working along with its schematic psychometric chart representation in Figure 3. Working air
at ambient-conditions at state 1 undergoes sensible cooling to state 2 as shown in the
psychrometric Jchart (Figure 3) as process 1-2. Through water evaporation, temperature of
working air~decreases while its humidity increases as depicted in process 2-3. Furthermore,
owing-to ‘lower temperature through evaporation the working air in wet channel also absorbs
energy from surrounding dry and product air channels. Resultantly its temperature as well as
humidity increases. In this process, the working air tends to attain saturation conditions and
leaves the HMX. This is depicted as process 3-4 in the psychrometric chart (Figure 3).
Nanoparticles of alumina are added in the wet channel (water) to increase the heat transfer from
the surrounding channels.
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Figure 1: Counter Flow M=Cycle HMX showing two different possibilities of a control volume (a) Control Volume

Alternative 1 (Half of a dry channel, a full wet channel, a full dry channel, a full wet channel, half of a dry channel)
(b) Control Volume Alternative 2 (Option 2: Half of a dry channel, a full wet channel, a full dry product air channel, a

full wet channel, half of a dry channel)
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Figure 2: Three-Dimension@f Selected Control VVolume 1 for Analysis Purposes.

Ve
Saturation
Line
Z
A E
1-2-3-4 = Working Air F
1-2  =Product Air E
£
3 2
=
2
Dew Point 7~ ____ .\ 1 '<Q
Top,1 T2 Tws,1 Tos,1

Dry Bulb Temperature, K
Figure 3: Psychometric Chart of Counter-Flow Heat and Mass Exchanger (The product air is cooled to a state 2
which is below the wet-bulb temperature of state 1).
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3 Mathematical Model

The mathematical model of this system is deduced by applying energy and mass balances at the
inlet and exit of each channel. The reduction of model is carried out by considering steady-state
conditions for a one-dimensional control volume having outer shells. The influence of
hydrodynamic and thermal entry length is considered negligible as compared to the fully
developed region, moreover, the properties of fluid are assumed to remain constant at-any cross-
section.

3.1 Energy Balance

The mathematical model of water and nanofluid is modeled in such a fashion that the presence of
nanoparticles only alters the thermal properties of water. Therefore,the governing equation is
derived using water-air mixture while substituting enhanced properties of water for nanoparticles
inclusion. Figure 1 shows the channels of the HMX in whi¢h_Figure 1la and 1b show two
different control volumes (control volume 1 and control volume_2) for the development of
mathematical model as both are repetitive in the HMX. Control volume 1 is selected for analysis
for the ease of computational steps. Figure 4a shows differential control volume 1 depicting the
change in mass flow rate and temperature of the fluids. While, Figure 4b shows the thermal
resistance diagram which shows the mode of heat transfer in control volume 1. Figure 4c lists the
labels of items shown in Figure 4(a). The channels\in Figure 4 are labeled as A, B, C, D and E
for ease of reference.

For the product air channel, the balaneerof heat transfer is given by:

dT hpxb

p

= T—
dx ~ 0.5%m/ ¢ [p

p-a~p-a

Tw—AIu mina } (1)

Multiply both sides -of equation 1 by the length of the channel (L), and introduce the non-

. . . \ X h,xbxL o
dimensional termsyincluding: x*=—;Z = —=*———. Now, the temperature distribution in
0.5xc, ., m__,
product air canbe.rewritten as follows:
dT .
dXE = Zp (Tp _TW—AIumina) )

Page 9 of 30



¢ dx ;
Symmetry 1 Mp-a /2
Te

w
Tuno +dTw-no

Line
e e
Channel A e _I U To+dTe
roduct Air p .
_‘| =>[2 ] 3 | T
e wall 1
M
EH Water and IHE’ 1/hw-no & Tw-no +dTu-ne
| Nanoparticles m
5 wa
| | Tu
Channel B < E’ Working Air <} IE\ - 5 6 | mu+dma
(Wet Channel) | 1/hwarver 2 E Tuawt +0 Twavet
C Mw
| | g = 7 | 1o
Water and - ®
Nanoparticles =] % 8 :\w o
\ w-NO w-NO
| Wall ! 9 Muwa+dMuws
Channel C { =§ Working Air '::>E] Tuadry +d Twary
I (Dry Channel) 10 Muwa
| Tus
s ] Wall | il
| 1 | ™
@H Water and Tu-NO
Nanoparticles | 12 m

Direction of
Heat Transfer

Channel D < - ¢ Workine Air 13 | ™
m (Wet Channel) I Tzt
| 14 Mwa+dMwa
| Twswet +d Twa-wet
Water and
\_ Hl Nanoparticles 1/hw-nO 16 ;_r:‘:o
] Wall | . | ™
-I !:’4 Product Air 17 Tw-no +dTu-no
Channel E < [(=ojm===gp = Troductir = H ho o
Tp +dTp
| Wall Twan
Symmetry 18 moea/2
Line To
(@) (b) ©

Figure 4: (a) Control VVolume Showing Each Fluid Undergoing Thermal Change. (b) Thermal Resistance Diagram
for Depiction of Mode of Heat Transfer. (c) Description of Figure 4a.

A similar approach isused to develop the equation of the temperature distribution of working air
in the dry channel. Using.Figure 4, following equation can be written:

m,.c. .dT

wa ~p-a wa—dry = hwa—dry

(dX x b)(Twa—dry - Twa—wet) + hwa—dry (dX X b) (Twa—dry - Twa—wet) (3)

It is considered that the heat flux from both directions is symmetric to the working air-dry

channel. Rearranging equation 3 using non-dimensional parameters:
P 2h xbxL .
X* = ﬁ;ZWdry = vedy , it becomes:
L .
m,,.C,_
wa ~p-a
dTwa—d *
dx *fy = Zwa—dry (Twa—dry _Twa—wet) 3)
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Using Fick’s Law, mass transfer during evaporation in wet channel can be described as:

dmw m wa—wet (2 x dX X b) ((Ds wet (Dwa—wet ) (4)
: h L ,
Using x*= 5;Zm_wa_Wet = —M-Wa-wel xbx and by rearranging produces:
L mwa
dmwa—we
T*t =2x Zm—wa—wet ((Ds—wet ~ O wet ) (5)

The temperature variation for the working air in the wet channel is dependent on-heat gain and
latent heat of evaporation from both adjacent sides having nanofluid as.shown in"equation 7.

0. 5mwacp aTwa wet — wa —wet (dXXb)( w-Alumina Twa—wet)
wa wet (dXX b)( w-Alumina Twa—wet) ©)
+h m-wa—wet (dX x b)l ( O_ et 0)wa—wet)

+h m-wa—wet (dX x b)lv ((Ds—wet = Oya_wet )

Rearranging equation 7, multiplying by the length\of the channel on both sides, and introducing

X h xbxL h xbxL .
the terms: x*= T 1 ey = 7\ Ny = —raoveL , it becomes:
mwa Cp—a mwa
AT, et . i
dw)i ,:ve = Zwa—wet (Tw—Alu mina Twa—wet) + Zm—wa—wet C . ((Ds—wet - COWa—wet ) (7)
p—a

One may observe from equations-2, 4, 6, and 8 are a strong function of the thermophysical
properties of the watertherefore, altering their properties using nanofluid can greatly influence
the results of these equations.

T

wa-—wet !

There is a total of four-unknowns (T T (Dwa—wet) described using Equations 2, 4, 6,

wa—dry !

and 8. For- these first order ordinary differential equations, four boundary conditions are
identified in Table 1.

Table 1: Suitable Boundary Conditions for Solution of Governing Equations

No. Parameter Boundary Condition
1 Product Air Inlet Temperature (x=0) Tx=0) = Tpiinlet

2 Product Air Inlet Absolute Humidity (x=0) O(x=0) = Dp,inlet

3 Working Air Dry Channel Inlet Temperature (x=0) Tx=0) = Twa-dry,intet
4 Working Air Dry Channel Inlet Absolute Humidity (x=0)  ®(x=0)= ®wa-dry,inlet
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3.2  Supplementary Parameters

Sieder and Tate correlation [68] is used to find out the convective heat transfer coefficient (h) of
the air in the dry channel.

Rex P % 0.14
Nu:1.86( ex rj (ﬂ] =h'% (®)
L/D [T f

The correlation used to find Sherwood number is given by [69]:

Sh=0.023Re®®ScY? = Mmwawer % o
f

The properties of the nanoparticles in the wet channel are accounted in the mathematical model
by using the appropriate correlation of Nusselt number, thermal diffusivity, thermal conductivity,
specific heat, density and mass diffusivity. For this purpose; the mass diffusivity term

(D ) appearing in the Schmidt Number (Sc = v /D, ) is calculated which is a

wa—-w—Alumina wa—-w—Alumina
mixture of three substances now; water, alumina, and air. The mass diffusivity of water-alumina
fluid is given by [70]: D, aumina = @—9)D, . The modified mass diffusivity of water is

calculated using [71]: D, :21.2><10’6[1+(0.0071><Twa)] to find the combined

a-w—Alumina

diffusivity of combined mixture.

The convective heat transfer coefficient of water-alumina nanofluid is given by the following
correlation [72] of Nusselt number:

=0.006x Rey 2~ Pro?

0.001 ;06886 \ — Nyy_aumina X L
Nuw—AIumina w£Alumina W—Alumina(:I'—|_7'6Pe ¢ )_ woAlumine % . (10)
f-w—Alumina

Peclet number is calculated using [73]: Pe#=uxD, /a The thermal diffusivity of

kW—Alu mina
(l_ (I))(pwcp—w )W + (I)(pAlu min an—AIu mina)

Chon [75] propoesed a correlation (equation 12) which suggest that the thermal conductivity of a
nanofluid depends on nanoparticle volume fraction, nanoparticle size, shape, thermo-physical
properties of both substances, and the nanoparticle Brownian motion in the base fluid. Several
other'researches [76]-[79] also stressed on all of these aforementioned parameters.

0.37 0.75
kw—i,:lu mina _ 1+ 64.74)0.75 ( dw j ( kAlu mina j PrO.l Re1.2321 (11)

k w-Alumina w-Alumina
w

w-Alumina *

nanofluid is caleulated using [72], [74]: o

w-Alumina —

Alumina

w Alumina
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The Reynolds number appearing in this equation is calculated using flow considered over one

. _ | | >
nanoparticle using the Brownian velocity [75] [VBR: Kg T, j o rolloms
37-c!"LW(:jAlumina7\‘\,\,
Re#, . = PuVerdauming
My,

The specific heat (cp‘W_A,umina) and density of nanofluid are calculated by employing the
nanoparticle ~ volume  fraction  using: €, aumina = 9Cp Aumina + @ —0)Cs%,  [80]  and

P auming = PPawmina T @—d)p,, [80] respectively. All the equations presented, insection 3.2

exhibit that the heat and mass transfer properties of a nanofluid are strongly-dependent on size,
shape, concentration, and material of nanoparticle.

The water evaporation rate(() is calculated by the difference of.absolute humidity at the inlet
and outlet of the working air in the wet channel as:

C = L ((Dwa—wet,out ~ Ouwa—wet,in ) Qwa *1000x 3600 (12)

pw—Alu mina
3.3 Performance Parameters

Three main performance parameters including cooling effectiveness, cooling capacity, and
energy efficiency ratio (EER) are evaluated to compare the performance of HMX with normal
water properties and with the use of,a nanofluid. The cooling capacity is calculated by taking a
difference of enthalpy at the.nlet-of working air-dry channel and the outlet of product air as
follows:

I'= mp—a (éwa—dry,inlet - ép—a,outlet) (13)

The EER of the system.is defined as a ratio of the total cooling capacity of the system and the fan
power as follows:

EER =3.142xT"/ W,

fan

(14)
In this paper, it is assumed that the pumping losses are negligible as compared to the fan power.

The input fan power is calculated for the product air flow and working air follow in terms of
their pressure difference using the following equation:
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B (AP,.Q,. +AP,Q, )xK -
1000xm, xmn,

fan

Chen et al. [81] proposed that the pressure drop in the working air channel is approximately three
times of the pressure drop at the product air side. Therefore, the pressure drop at the product air
fooL_pY,
X—X
Re#, D, 2
the cross-sectional area of the HMX calculated using [18]:

side is calculated using [82]: AP, = . The Darcy friction factor is.dependent on

b b? b? b* b°
f =96 1-1.3553— +1.9467— —1.7012— + 0.9564— — 0.2537— |.
a a a a a

The wet-bulb and dew-point effectiveness are calculated from equation.17-and 18 respectively.

T, T,

_ Bwa-dry,inlet ~ ' DBpa,outlet
Ews™ T T (16)
DBwa-dry,inlet ~ ' WBwa-dry,inlet
_ TDBwa—dry,inIet _TDBpa,outIet
Epp™ T T a7
DBwa-dry,inlet’. ' DPwa-dry,inlet

4 Validation of Results

Equations 2, 4, 6 and 8 are converted into algebraic equations by numerically discretizing them
using first-order finite difference. scheme which is programmed on MATLAB. The fluid
properties are taken from [83]. Heat transfer characteristics are evaluated using equation 9 and
10 in terms of Nusselt and“Sherwood number. The nanofluid properties are computed from
equation 11 and 12. Table 2 shows the geometric, operating and nanoparticle parameters selected
for initial simulatieh purpeses.
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Table 2: Geometric, Operating and Nanoparticle Parameters.

No Parameters Quantity  Units
1 Working Air Inlet Dry Bulb Temperature 35 °C

2 Working Air Inlet Absolute Humidity 11.2 a/kg

3 Air Velocity 0.7 m/s

4 Product Air Flow Rate (Channel A or E) 120 m*/hour
5  Working Air Dry Channel Flow Rate (Channel C) 208 m*/hour
6  Working Air Wet Channel Flow Rate (Channel B and D) 104 m?*/hour
7 Working Air Outlet to Working Air Inlet Ratio 0.46 -

8 Channel Length 0.9 m

9  Channel Width 314 mm
10 Channel Height 6 mm
11  Density of Alumina [56] 3880 kgim®
12 Specific Heat of Alumina [56] 773 J/kg. K
13 Particle Volume Fraction 1.6 %
14 Diameter of Alumina Particles 46 nm
15 Density of Alumina [56] 3880 kg/m®
16  Thermal Conductivity of Alumina [56] 36 W/m. K

A total of ‘n’ number of control volumes are selected and iterated<from i=1, 2, 3, ...... n. Each

control volume ‘i’ is iterated j times for mesh convergence and grid independence test. The
convergence criteria are calculated by monitoring the.relative error on temperature and absolute
humidity at the outlet conditions of the working air from the wet channel which is presented in
Figure 5(a) and 5(b). The convergence criteria are'set'te-0.001 for both temperature and absolute
humidity. Equation 19 and 20 shows the formula of relative error for temperature and humidity.

T, — T
it i,j
REz=—J2 1 (18)
Ti :
1)
@ ., —
_ i+ ij
RE, = —J% 1) (19)
O)i,j
(a) (b)
—&— Outlet Temperature of Working Air —@— Relative Error —&— QOutlet Absolute Humidity of Working Air —@— Relative Error
30 1.4 30 14
12 | £ 12
] W 27 ]
g 15| 3 L5
ﬂ; (1Y) = w
:?-. 0.8 .GEJ -E 24 0.8 g
© 0.6 ,_‘3' 5 0.6 E
]
& 04 & | T2 04 &
et
1} =
& 3-2 S 18 0.2
K] 0
<
15 L : L -0.2 15 -0.2
1000 2000 3000 4000 1000 2000 3000 4000
Number of Iterations Number of Iterations
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Figure 5: Grid Independence (Mesh Convergence) Study for the (a) Outlet Temperature (b) Absolute Humidity of
Working Air.

The methodology diagram is descriptively shown in Figure 6 which shows the step-wise
information on the developed of the code.
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4.1 Validation |

Figure 7 shows the behavior of working air without the presence of nanofluids on psychometric
chart. This analysis is performed for the validation of the mathematical model in which only
water properties are used for the water. It is observed that the working air in dry channel
undergoes no change in absolute humidity and it is sensibly cooled to its sub-wet bulb
temperature. The working air enters into the wet passage where humidification and.enthalpy
addition process takes place, as a result, the temperature and the humidity of the‘weorking air
increases. The exit conditions of the working air in the wet channel are compared with the
conditions of Boukhanouf et al. [84]. Boukhanouf et al. [84] investigated a regenerative counter-
flow HMX through experimentation and numerical simulation usingsnormal feed water
properties. A discrepancy of 1.7% is observed in the current numerical results-with the findings
of Boukhanouf et al. [84].

A Boukhanouf et. al. Results

Temperature and Humidity Distribution of Waorking Air

7 25
DBTemp =35 °C e

DP Temp =15.1 °C L 41 23 o
WB Temp =19.8 °C 27 )
N 3"-
. 1 19 5
& E
3 {117 §
, I
e 4 15 g
P Working Air Dry { 3%
P4 TN 4= - v
4 ‘< n
111 <

1 1 1 1 1 1 9

15 18 21 24 27 30 33 36
Dry Bulb Temperature, °C
Figure 7: Behavior of Warking Air in Dry Channel and Wet Channel and Point Validation with Results of
Boukhanouf et al. [76]

4.2 Validation 11

Another validation is‘accomplished by a comparison with the experimental results of Duan et al.
[11] whe did an~experimental study of a counter-flow regenerative cooler. This validation is
completed using normal water properties and calculating the performance parameters by
replicating the experimental conditions of Duan et al. [11] in the numerical code. Table 3 shows
the comparison of both studies and a maximum percent error of 5.8% is observed in parameters.
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Table 3: Validation of Numerical Results by a Comparison with Experimental Results of Duan et al. [11]

Duan et al. (2016) Current Simulation (With Percent Error

No. Parameters [11] Results Normal Water Properties) (%)
1 Wet Bulb Effectiveness 1.05 1.108 55
2 Dew Point Effectiveness 0.78 0.825 5.8
3 Cooling Capacity, W 432 454.12 5.1
4 Energy Efficiency Ratio 10.6 11.22 5.8
5 Water Evaporation Rate, kg/hr 0.88 0.921 4.7

4.3 Validation 111

Most of the numerical studies [10], [67], [85] conducted in the literature, of ‘counter-flow
regenerative HMX are compared with the experimental results of Riangvilaikul et al. [16].
Therefore, the results of the current simulation study are also compared. with the results of
Riangvilaikul et al. [16] who did an experimental analysis of counter-flow regenerative HMX.
This comparison is accomplished by two different simulation studies=“In the first simulation
study, the working air inlet temperature is varied and its.influence on product air outlet
temperature is observed for different humidity conditions<as shown in Figure 8(a). A maximum
percent error of 4.5% is observed between current simulation (with water properties) and
experimental result [16]. Figure 8(b) shows the second.simulation study in which the air velocity
is varied from 1.5 to 6 m/s and its influence on outlet temperature of product air is reported. This
study is compared with the numerical study<of Lin et al. [10] and the experimental study of
Riangvilaikul et al. [16]. The comparison conforms’the validation of mathematical model using
water properties with reported experimentalresults in literature.

(a) (b)
¢ B. Rianvilkual and S. Kumar Experimental Results
& B. Riangvilaikul and S. Kumar Experimental Results A ) Linetal. Numerical Results
—=@— Simulation Results —@— Current Simulation Results
s 29
w 34
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S 30 ./’),l/‘/‘ e ] 27 | reee
- L
] o
= 23 @ ow 26 f
< Q. > 25 b
B 26 S g
§ 2T 11.2 g/k g e M
a 22 ceke E ® 23 | Inlet Conditions:
b o
S 20 8 22 L 34°C, 11.2g/kg
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= [
2 16
g 20
5 14 1 L 1 L 1 19 ) ) , , ,
fid 25 30 35 40 45 50 1 5 3 4 5 6
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’

Figure 8: Validation of Numerical Results by Comparing with the Experimental Results of Riangvilaikul et al. [16]
Based on (a) Temperature of Working Air at Inlet, (b) Air Velocity.
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4.4 Validation 1V

Another comparative study is accomplished for the validation of the mathematical modeling of
the pressure drop calculations in the working air channel. For this purpose, the results are
compared with the findings of Lee [6] as shown in Figure 9. In this study, the volume flow rate
of working air is varied from 7 to 15 m*min for dry channel and 1.5 to 4.5 m*min for wet
channel and pressure drop is calculated for both channels. The compliance of the result shows
that the pressure drop modeling of this paper is also validated.

A Experimental Study (Lee et al.) for Wet Channel
—@— Current Numerical Simulation for Wet Channel
& Experimental Study (Lee et al.) for Dry Channel

—@— Current Numerical Simulation for Dry Channel

50
45

*

N w w -
n o n o
T T T

Pressure Drop, Pa
N
o

= =
o w
T T

0 2 4 6 8 100 12 14 16
Volume Flow Rate of Air, m3/min

&3]

Figure 9: Validation of Pressure.Drop Modelling by a Comparison with Results of Lee et al. [6]

5 Results and Discussions

The validation, ofythe jresults, shown in previous section, is only conducted using water
properties. The presented benchmarking provides confidence on the mathematical model and the
solution methodolegy. It is important to mention that up till now no data, experimental as well
numerical, can/be found in the literature for use of nanofluids in M cycle based HMX. Results
presented in~this section are first of their kind using numerous simulations to observe the
influence of the nanoparticles on the performance of the HMX.

51 Influence of Nanoparticles on Temperature and Humidity Plots

In this section, the temperature and humidity distribution equations are solved using normal
water properties and nanofluid properties. The influence on the distribution is observed for both
cases.
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Figure 10(a) shows the temperature and humidity distribution of the product air with and without
using nanoparticles. The temperature and humidity content is plotted with respect to the HMX
length ratio. The product air enters at a temperature of 35.5°C. The simulation results show that
the product air leaves the HMX at almost 20 °C which is a sub-wet bulb temperature of this air
using normal water properties. It is also observed that the supply/product air in the experimental
study of Riangvilaikul et al. [16] also leaves at almost 20.3°C for similar conditions. The
simulation is also conducted by using a nanofluid in the wet channel, and as a result, it is
observed that the product air can achieve a temperature lower than its corresponding temperature
calculated using normal water properties. This is due to the fact that the presence of
nanoparticles enhances the heat transfer characteristics [28], [63], [74], and\thus;. it has more
potential to cool the product air to be supplied to the comfort zone. The absolute humidity has no
change over the length of the HMX because no moisture content is added duringthis process.

Figure 10(b) shows the temperature and the moisture content plot.of.the working air in the dry
channel with and without using nanoparticles. The working air entersiat a temperature of 35.5°C
and leaves the HMX at 20.3°C using normal water properties. The exit conditions of working air
of studies conducted by Boukhanouf et al. [84] are also.justified in this numerical study using
water properties. It is observed that the working air=has.a. potential of achieving even lower
temperature by using nanofluid properties instead of\water [28], [63], [74]. The absolute
humidity of working air in dry channel remains unchanged because of no water addition in this
channel.

Figure 10(c) shows the temperature and humidity distribution of working air in the wet channel
in a counter-flow configuration of HMX: The temperature and humidity of the working air at a
channel length ratio of 100% is 20.3°C and 11.2 g/kg which were the exit conditions of working
air in the dry channel, since,-the working air in the dry channel is then supplied to its adjacent
wet channel. It is observed that“the slope of working air employing nanofluid is steeper as
compared to normal water properties because of the presence of nanofluid increases the heat
transfer characteristics [63]. Similarly, the slope of humidity distribution exhibiting nanofluid
properties is alse’ steeperas compared to the humidity distribution exhibiting normal water
properties because the-presence of nanofluid enhances the mass transfer properties [27], [57],
[74] because'the presence of nanoparticles enhances the mass diffusivity and Sherwood number
of the flow [70].
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Figure 10: Temperature and Humidity Distribution in (a) Product Air Channel, (b) Working Air Dry Channel and (c)
Working Air Wet Channel.

5.2 Influenceof Working Air Inlet Temperature on Performance Parameters

In this.parametric study, the inlet temperature of working air is varied from 20°C to 45°C and the
performance parameters are calculated with and without using nanoparticle properties in the
water.

Figure 11(a) shows the influence of working air inlet temperature on the cooling effectiveness of
the HMX. It is observed that increasing the working air temperature also increases the cooling
effectiveness because a high temperature has more potential to cause cooling in the wet channel,
therefore, it is also expected that the cooling effectiveness can increase. It is observed that the
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cooling effectiveness calculated with the presence of nanoparticles is higher as compared to
normal water because of enhanced heat and mass transfer properties [27], [35], [50], [53], [58],
[78]. A parameter called “Performance Enhancement Ratio” is introduced here which estimates
the net increase in a performance parameter in an HMX by the addition of nanoparticles. The
ratio is mathematically defined as,

PER =

‘PIW—PIW_NO 100 o0

w

It is observed that the PER is also increasing with increasing temperature.,This,is observed
because at high temperature the thermal and momentum diffusivity of water-nanoparticle and air
is high [31].

Figure 11(b) shows the behavior of changing working air temperature.on the cooling capacity of
the HMX. It is observed that the cooling capacity of the HMX is7also enhanced by the addition
of nanoparticles. A net increase of ~43% in the cooling capacity istobserved by the addition of
the nanoparticles in the water for a working air temperatureef 45°C. Noting the observation of
Anisimov et al. [23], the findings of this work suggest-that-the cooling capacity of counter-flow
regenerative HMX can be increased by using the nanoparticle.

In Figure 11(c), the Energy Efficiency Ratia (EER) is plotted against the temperature of the
working air. EER increases with the increase in working air temperature because for the same
pumping power, the evaporation rate can be. high, therefore, it gives high values of EER. It is
observed that the use of nanofluid‘here‘also enhances the EER, however, the PER is not very
high in this case. This is becausg‘the presence of nanoparticles increases the viscosity of the base
fluid and as a result, viscous losses increases in the water feeding system, therefore, the pumping
power increases too. Overall a total of ~16 increment in the EER is observed by the addition of
the nanofluids for a working airtemperature of 45°C.
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Figure 11: Effect of Working Airlnlet Temperature on the (a) Cooling Effectiveness, (b) Cooling Capacity, and (c)
EER.

5.3 Influence of Air Velocity on Performance Parameters

Khalid et al. [7] suggested that the dew point evaporative HMX is more efficient for low-velocity
conditions; therefore, in this section, lower set of air velocities (0.2 m/s to 1.6 m/s) is used to
observe their influence on performance parameters.

Figure 12(a) shows the influence of air velocity on the cooling effectiveness of the HMX. It is
observed that the cooling effectiveness is decreasing with the increase in air velocity because
high air velocities correspond to a high-volume flow rate of air and it will give less time for the
fluids to remain in contact with each other, and therefore, the cooling effectiveness is low for
high velocities. The use of nanofluid enhances the cooling effectiveness as compared to normal
water properties. The performance enhancement ratio is high for high air velocities because the
thermal and mass diffusivity terms are high for high turbulence. A total of ~17% and ~20%
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enhancement in the wet-bulb and dew-point effectiveness is observed respectively by the
addition of the nanoparticles in the evaporating medium of the wet channel.

Figure 12(b) shows the behavior of cooling capacity of HMX on changing air velocities. The
cooling capacity is increasing with the increase in air velocity. The presence of nanofluid further
enhances the cooling capacity by ~53%, therefore, the regenerative evaporative coolers can offer
high cooling capacity using nanofluids.

Figure 12(c) shows the EER with changing air velocities. The EER is decreasing.with increasing
air velocities because the pumping losses are dominant for high air velocities, It is.0bserved that
the presence of nanoparticles also increases the EER, however, the influence 'is not very
significant because nanoparticles increase the viscosity of the feed water. A net total of ~22%
increment is observed in the EER for an air velocity 1.6m/s.
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Figure 12: Influence of Air Velocity on (a) Cooling Effectiveness, (b) Cooling Capacity, and (c) Energy Efficiency
Ratio.
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5.4 Influence of Particle Volume Fraction on Cooling Capacity and EER

The particle volume fraction is defined as the volume percentage of nanoparticles in the base
fluid. Typical values of particle volume fraction are 0.4%, 1.2% and 2%. In this parametric
study, the nanoparticle volume fraction is varied to observe its influence on cooling capacity and
EER. Physically, the particle volume fraction corresponds to the percentage of the nanoparticles
as compared to the volume fraction of the based fluid which is considered during the.nanofluid
preparation. It is observed from Figure 13 that cooling capacity and EER are increasing with the
increase of nanoparticle volume fraction. The addition of nanoparticle enhances)the thermal
conductivity of the base fluid, as a result, the heat and mass transfer properties of:the nanofluid
are enhanced. The increase in the volume fraction of the nanoparticle enhanees the heat and mass
transfer characteristics, and therefore, the cooling capacity is increasing. The-EER is increasing
because the cooling capacity is dominant over pumping losses. Net gain of ~41% increase in
cooling capacity is achieved by using volume fraction of 2%»while a/corresponding ~20%
increase of EER is observed at the same volume fraction.
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Figure 13: Influence of Particle Volume Fraction on Cooling Capacity

Conclusion

Maisotsenko based heat and mass exchanger (HMX) provides an energy efficient way to fulfill
building coeling requirements using environment friendly technology. M cycle based cross-flow
HMX .offers high cooling capacity and a low cooling effectiveness; whereas, a counter-flow
HMX Joffers high cooling effectiveness and a low cooling capacity. In this paper, the cooling
capacity of a counter-flow HMX is enhanced through the use of nanoparticles of alumina in
based fluid water for the wet channel. Alumina is a metallic substance which has high thermal
conductivity and its presence in the water increases the heat and mass transfer characteristics of
the HMX.
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A mathematical model is developed and validated for the counter-flow regenerative HMX
incorporating the influence of the nanoparticles. Validated is primarily carried out using water as
working fluid as data for HMX using nanofluids is not available in literature. Furthermore, , the
influence of nanoparticle on performance parameters is observed in comparison to water. Results
indicate a maximum of 18% increase in cooling capacity with 19% increase in EER at ambient
temperature of 45°C. While a maximum of 54% increase in cooling capacity with 22% increase
in EER are noted when air velocity is increased to 1.6 m/s. The cooling capacity is“increased
from 430 W to 607 W and EER is increased from 12.42 to 14.74 when the nanoparticle volume
fraction is increased from 0 to 2. Finally, it is concluded that the use of nanaparticles further
enhances the heat and mass transfer properties inside the wet channel, and can, therefore, lead to
a sustainable and energy-efficient design of evaporative coolers. However, it isynoted that the
increase in concentration of nanoparticles can lead to significant viscous losses. Therefore, low
concentration nanofluid is recommended for energy efficient design of evaporative air cooling
applications.
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