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Abstract

Digital holographic interferometry is a full field optical
technique, used in the measurement of dynamic and
non-contact events, this technique works with arrays
where the initial acquisition of interference fringes is
not necessary, but rather involves the superposition of
two wave fronts. Where from the holograms and by
means of a Fourier window-based processing it is
feasible to recover the information of both intensity and
phase. However, the interference fringes resulting from
the demodulation of the holograms may have low
intensity, affecting their subsequent analysis. In this
work, the combination of the holographic techniques,
filters and the superposition principle is proposed to
increase the intensity of the fringes, the results show
that using the Fourier method in combination with the
superposition theorem is possible to obtain greater
intensity between the minimum and maximum of the
fringes.

Digital holographic interferometry, Fourier, Filters

Resumen

La interferometria holografica digital es una técnica
Optica de campo completo, utilizada en la medicion de
eventos dinamicos y de no contacto, esta técnica trabaja
con arreglos donde no es necesario la adquisicion inicial
de franjas de interferencia, si no que implica la
superposicion de dos frentes de onda, donde a partir de
los hologramas y mediante un procesamiento a base de
ventanas de Fourier es factible recuperar la informacion
tanto de intensidad como de la fase. Sin embargo, las
franjas de interferencia resultantes de la demodulacion
de los hologramas pueden tener poca intensidad
viéndose afectado su posterior analisis. En este trabajo
se propone la combinacion de técnicas hologréficas,
filtros y el principio de superposicion para aumentar la
intensidad de las franjas, los resultados muestran que
utilizado el método de Fourier cotidiano en
combinacién con el teorema de superposicion es
posible obtener mayor intensidad entre los minimos y
maximos de las franjas.

Interferometria holografica digital, Fourier, Filtro
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Introduction

The development of systems for the
measurement of physical variables has
applications in different industrial areas such as
automotive, naval, aerospace, biochemistry, and
even medicine (Huggins, 1992), (Aguado,
2017), (X.J., 2003).Technological advances
require that these devices present design and
operation advantages over every day industrial
instrumentation (Giallorenzi, 1982), so the
incorporation of devices with micro-scale
technology would meet the size and accessibility
requirements, however, these imply a
complicated construction and design process
(Chikovani, 2017).

The use of optical metrology for the
monitoring of different variables has had a great
boom in recent decades, among the optical
techniques highlighting the phase recovery of
two wave fronts through cross-correlation
techniques (Percival, 2009), (Yamaguchi, 1989
), diffraction and polarization (Marciel, 1995).
The first devices that make use of fiber optics as
a transducer system are based on the Sagnac
effect (Kurzych, 2016), Fabry-Perot and Mach-
Zehnder  (Lutang, 2017), among other
configurations, however, their construction
requires great stability in the system.

Digital  holographic  interferometry
(DHI), is a non-destructive, full-field optical
technique that is used in the measurement of
dynamic and static events, it is based on the
superposition of two wave fronts, but unlike an
interferometer it requires a correlation of two
holograms to determine the phase.

In addition to the accessibility of the
technique, another advantage that digital
holography presents over interferometry is that it
can work on rough surfaces, its design is
relatively simple and applicable to longitudinal
measurements (Saito, 1971). However, in the
process of demodulation of holograms, the
information contained in them can be affected by
noise originated by the same measuring
instruments, lenses, mirrors and sensor of the
CCD camera (Charge Coupled Device). In this
work, a technique to increase the intensity of the
interference fringes caused by the correlation of
two holograms is presented by superimposing
the same signals.
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In section 2, the optical system to obtain
holograms, in section 3, the numerical
principles, the phase estimation, the relationship
between a phase difference between two
holograms, the interference fringes and the
superposition method are shown for greater
intensity. In section 4, an experimental example
is developed, and the results are shown, and
finally in section 5 the conclusions of the work.

Experimental setup

Figure 1 shows the standard optical system, used
to obtain holograms in the measurement of
different variables, it is applied to measure
concentration of liquid substances, temperature
changes, among many others.

(b)
(¢)

(a) e Ly

(d)

(e)

Figure 1 Diagram of the optical system used in DHI, (a)
He-Ne 633nm laser, (b) Beam splitter cube 1, (c) Optical
fiber, (d) Mirror, () Beam splitter cube 2 and (f) CCD
camera

Source: Own Elaboration

Methods and development

Digital Holographic Interferometry is a widely
studied non-contact optical technique that works
with arrangements where the initial acquisition
of interference fringes is not necessary, it only
involves the superposition of two wave fronts,
where from the holograms obtained and by
means of in a Fourier window-based processing,
it is feasible to recover the information of both
the intensity and the phase of the wave fronts
from the same source (Kreis, 2005). The
intensity detected by the CCD sensor of each
image is Iy (x,y), according to equation (1).

In(xy) = [URYI* + [Up(x,y)1? +
Ur(x, ) Up(x,y) + Ur(x,y)Us(%,y) (1)

Ur(xy) = u(x,y) eXpicp(X.y)
UO (X; Y) = Ug (x, y) eXp—IZTI(chx+ Poyy) —
Uy (x,y) eXp_i‘Pl(XIY) @

LOPEZ-ALVAREZ, Yadira Fabiola, PENA-LECONA, Francisco
Gerardo, JARA-RUIZ, Ricardo and HERRERA-SERRANO, Jorge
Eduardo. Increased intensity of interference fringes in Digital
Holography. Journal of Technological Development. 2020
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Ur(x,y) and Uy(x,y) are the reference
beam and the one passing through the object,
(x,y) denote the coordinates in the plane of the
hologram, (¢@xx, @y,y) describe the spatial
frequencies and * denotes the complex
conjugate,

Which results in:

IH(%y) = a(x,y) + c(x,y)e?™(@xx+eyy) 4
C*(X, y)e—iZTI((pXX-l- (PyY) (3)

Where:

xy) =u(xy)? +upxy)? Y
c(x,y) = u(xy) + up(x y)expl‘P(X»Y) (4)

Applying the Fourier Transform:

F{ly(x,y)} =1(u,v) = A(u,v) + C(u —f,v—
f,) +C(u+fev—1) (5)

A band-based filter is applied separating
one of the last two terms of equation (5), finally
obtaining the phase distribution.

Im[C(u—fy,v—fy)] (6)

@(x,y) + 2n(fx + fyy) = arctan Relo(ariv )]
1.1 Determination of phase with DHI.

To determine the phase changes, it is necessary
to capture a second hologram determined by:

L y) = [UrGxYI? + U (x, y)1? +

Ur(xy)Uo(x,y) + Ur(x,y)Ug (%,¥) (7
() (e {d)
(bJ) (c]) (d.)

Figure 2 Interference phase recovery process using DHI,
Source: Own Elaboration
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The Figure 2 describes the process of
recovery of the phase of two holograms with
different states, the deformation was induced in
the fiber optic arm shown in Figure 1, (a)
lxy) (@l Iy&xy) ., () Flaxy)}
(bl) F{II,-I(X' Y)} ’ (C) C(u - fX'V - fy) )
1) C'(u—f,v— fy), (d) e(xy) + 2n(fex +
fyy) y (d.1) @1 (xy) + 2m(fex + fyy), to obtain
a phase difference between the two states, the
reference state and the one that undergoes an
optical path change, it is considered that the
reference remains constant in the experiment,
Ur(%,y) = up(x,y)exp'®®¥) while the beam
passing through the optical fiber will exhibit a
phase shift, Uy (x,y) = u}(x, y)exp®1(¥),

Diferencia de fase entre dos hologramas

The pattern of interference fringes that is
characteristic between two states can be
calculated as a subtraction of two phases.

Ad, =@ xY) — @(x,y) (8)

For the study of dynamic events using
DHI, the process involves determining the phase
changes at each point of the induced
deformation, o;(x,y).

oi(x.y)

Figure 3 Phase difference between Iy (x,y) and I;(x,y)
Source: Own Elaboration

Method of enhancing fringes by superposition

In the region where the waves are superimposed,
the intensity varies between one point and
another of each of the signals, obtaining
minimums and maximums, giving rise to
constructive or destructive interferences and
given that the principle of superposition suggests
in general that when two or more waves coincide
in time and space, the resulting in a function is
the vector sum of the individual wave functions
(Buerbano, 2003).

LOPEZ-ALVAREZ, Yadira Fabiola, PENA-LECONA, Francisco
Gerardo, JARA-RUIZ, Ricardo and HERRERA-SERRANO, Jorge
Eduardo. Increased intensity of interference fringes in Digital
Holography. Journal of Technological Development. 2020
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From the wave superposition theorem at
a point and considering that the resulting
equation must also comply with the wave
equation, an approximation can be made in the
behavior of the interference fringes with this
principle.

Given the:
@1(x,1) = fi(x + ct) )
P2(x, ) = f(x — ct) (10)
Pr(x,1) = @1(x, 1) + @2 (%, 1) (11)

a)

h)

Figure 4 Principle of superposition of two functions, (a)
with different amplitude ¢, (x,t) # @,(x,t), (b) with
equal amplitude @, (x,t) = @,(x,1)

Source: Own Elaboration

Figure 4 shows two examples of the
behavior of the superposition principle used in
this work, in (a) the increase in the amplitude of
the signal is shown with the algebraic sum of two
signals with different amplitude, while in (b) the
F1 and F2 signals have the same amplitude.

Fringes pattern demodulation

To determine the phase distribution, PSI phase
shift interferometry is a phase map unfolding
technique, where it records a series of
interferograms with phase differences, as shown
by equation (12). To carry out the phase
reconstruction process, in general, algorithms
with a combination of interferograms are
applied; the analysis can be done with n =
1,2,.. M interferograms (Schwider, 1983).

M
tang = Zn=1bnln (12)

M
Yn=1anln

With a, and by, as real coefficients.
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Results

For the analysis of the fringes resulting from the
phase difference between each hologram, its
profile is considered, see Figure 5.

Figure 5 Interference fringes originating from the phase
difference of two holograms
Source: Own Elaboration

Figure 6 shows the maximums and
minimums of the interference signal, a
polynomial approximation is carried out to
eliminate noise in the signal. The approximation
is used to implement the superposition theorem
and show that the amplitude in the intensity of
the fringes also increases.

Tntensidad (u.a.)

Perlll Eje s

Figure 6 Profile of interference fringes originating from
the phase difference of two holograms, with polynomial
approximation

Source: Own Elaboration

Perfl Fje s

Figure 7 Profile of interference fringes originating from
the phase difference of two holograms, with polynomial
approximation

Source: Own Elaboration

LOPEZ-ALVAREZ, Yadira Fabiola, PENA-LECONA, Francisco
Gerardo, JARA-RUIZ, Ricardo and HERRERA-SERRANO, Jorge
Eduardo. Increased intensity of interference fringes in Digital
Holography. Journal of Technological Development. 2020
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Figure 7 shows the profile of the
interference fringes that were used to increase
the intensity in the interference fringes when

(pl(X! t) = @2 (X, t)

Figure 8 Interference fringes originating from the phase
difference of two holograms with twice their intensity
Source: Own Elaboration

Equation (12) is used to determine the
characteristic phase map of the interference
fringes. In Figure 9 the phase maps for the
original interference patterns are shown and
when their intensity is increased, the properties
are still preserved, which suggests that it is
feasible to increase the sharpness of the
interference patterns without altering their
behavior.

Fase (Rad)

Ejex
Figure 9 Phase maps of the interference fringes
Source: Own Elaboration

Conclusion

A simple method is presented for increasing the
intensity of interference fringes obtained
Holographic Interferometry by Digital, the
process shows the geometric distribution of the
interference fringes is not lost and it continues to
retain its same phase map. The proposed
intensity increase method is implemented in the
difference of holograms with high frequency,
where the quality of the fringes is affected, both
by the instruments and by the characteristics of
the same technique.
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Abstract

This paper presents the study of a simple effect absorption
refrigeration system (SRA) using the ammonia-water
working couple, with the incorporation of three economizers
and their analysis of the first and second law of
thermodynamics, emphasizing the effect of the operating
temperatures and the efficiency of the exchangers on the
refrigerant circulation ratio (RC), the coefficient of
performance (COP) of the system and the destruction of
exergy. In order to determine the thermodynamic properties
at each point of the system and evaluate the performance of
the SRA, was programmed a tool in MATLAB with the
governing equations. The results show that: the exergy
efficiency increases when the temperature in the evaporator
decreases; and RC decreases with increasing temperature in
the generator. As conclusion, an increase in the effectiveness
of heat exchangers cannot only decrease the refrigerant
circulation rate, but also increase the inlet temperature of the
solution to the generator, so that the temperature difference
between the solution and the heat source decreases, causing a
decrease in the rate of exergy destruction in the generator and
the increase in COP.

Second law analysis, Economizers, NHz-H20

Resumen

Este articulo presenta el estudio de un sistema de
refrigeracion por absorcion (SRA) de simple efecto utilizando
el par de trabajo amoniaco-agua, con la incorporacion de tres
economizadores y su andlisis de primera y segunda ley de la
termodinamica, enfatizando el efecto de las temperaturas de
operacion y la eficiencia de los intercambiadores en la
relacion de circulacion (RC) de refrigerante, el coeficiente de
operacion energético (COP) del sistema y la destruccion de
exergia. Con el prop6sito de determinar las propiedades
termodindmicas en cada punto del sistema y evaluar el
rendimiento del SRA, se program6 una herramienta en
MATLAB con las ecuaciones gobernantes. Los resultados
muestran que: la eficiencia exergética aumenta cuando
disminuye la temperatura en el evaporador; y la RC decrece
con el aumento de temperatura en el generador. Se concluyd
que un aumento de la efectividad de los intercambiadores de
calor no solo puede disminuir la tasa de circulacion de
refrigerante, sino que también aumentar la temperatura de
entrada de la solucién al generador, por lo que la diferencia
de temperatura entre la solucién y la fuente de calor
disminuye, provocando una disminucion de la tasa de
destruccion de exergia en el generador y un aumento en el
COP.

Analisis de segunda ley, Economizadores, NHs-H20
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Introduction

An absorption refrigeration system (SRA) is a
means of cold production that is characterized by
operating with a low temperature heat source
(Kaynakli and Kilic), so that they can be
powered by low-cost alternative energy such as
biomass, solar energy, geothermal energy or
waste heat. The application of the first law of
thermodynamics is very convenient to make a
study of the conservation of energy within the
system. However, a first law analysis cannot
show how or where irreversibilities occur
(Aphornratana and Eames). A second law
analysis  determines the magnitude of
irreversible processes in a system, and thus
points the direction in which engineers should
focus their efforts to improve cycle performance.

The main drawback of an SRA is that
energy efficiency is usually very low. The
application of technology for the reuse of
thermal energy within the system turns out to be
a very effective alternative to raise the cycle's
operating coefficient.

In this research, the set of equations that
model the thermodynamic properties of the
system is developed, relying on the MATLAB
programming tool for its resolution. In addition
to graphically illustrating the results obtained
and discussing the importance of using
economizers in the cycle to maximize the use of
the available energy resource.

System description

Figure 1 shows a schematic diagram of a single-
acting SRA. It illustrates the essential
components of any absorption refrigeration
cycle: absorber, pump, condenser, evaporator,
generator, refrigerant expansion valve (VER),
and solution expansion valve (VES). SRAs are
characterized by the fact that the refrigerant is
absorbed by an element on the low pressure side
of the system, and released on the high pressure
side (Faires and Simmang), referring to the
absorber and generator, which replace the
compressor of a conventional mechanical
refrigeration system. When it comes to the
operation of an SRA, a low ammonia, high water
content mixture (dilute solution) flows from the
generator to the absorber, decreasing its pressure
as it passes through the VES in an isentropic
manner.
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In the absorber, its affinity to ammonia
is used to capture refrigerant from the
evaporator. The absorption process between the
ammonia-water  mixture  (NH3-H20) is
exothermic, so it is necessary to remove heat to
preserve its temperature. To keep the cycle
running, the new high-content refrigerant
solution (concentrated solution) is pumped to the
high-pressure side, where it is heated to the
boiling point of the refrigerant, causing
ammonia vapor to escape into the condenser, at
which is condensed.

Next, the zero quality refrigerant
continues its journey through the isentropic VER
until it reaches the evaporator with a low
temperature. The latent heat necessary for the
vaporization of the refrigerant is taken from the
space to be cooled, thus creating the desired
cooling effect. Finally, the refrigerant vapor
flows from the evaporator to the absorber, where
it is dissolved in the dilute solution, completing
the cycle.

In the studied system, it is proposed to
add a solution heat exchanger (ICS) between the
concentrated solution that goes to the generator
and dilute solution with high temperature that
returns from the generator to the absorber. As the
temperature of the concentrated solution is
increased and the temperature of the dilute
solution is reduced, this modification provides a
reduction both in the heat supplied in the
generator, and in the cooling required by the
absorber (Herrera and Colorado).

In the same way, with the intention of
reusing the thermal energy that the ammonia
vapor has at the generator outlet and that will
necessarily have to be dissipated in the
condenser, it was proposed to place a solution-
refrigerant heat exchanger (ICSR) with what
which would increase the temperature of the
NH3-H20 mixture coming from the absorber.
Similarly, by installing a refrigerant heat
exchanger (ICR) in the refrigerant line that
leaves the condenser to the evaporator and that
goes from the evaporator to the absorber, the
cooling effect is increased, subcooling the liquid
entering the evaporator.

VALENCIA-ALEJANDRO, Eric A., HERRERA-ROMERO, José V.,
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<:,___J I ¢ <‘,_] msxs = m6x6 (15)
- é AWV e % Absorber
l ] t uI —L‘ Qq = mzh; —mghg + My4hy (16)
Aegspwe: 2 -ff D X
e g | —ﬁ-‘ LI“ . mg = Tfl7 + Tfl14 (17)
L> Evaporate Mscrr e W D
MgXg = My4X14 + M7X7 (18)
Figure 1 Schematic diagram of the absorption
refrigeration cycle with economizers ICSR
First law analysis myhy +mghg = My h, + 1Mghy (19)
For each component shown in Figure 1, the ™y + Mg =1, + 1y (20)
balance of energy, mass and matter can be . . . .
calculated as follows MiXy + MgXg = MaXp + MoXg (21)
Generator Pumb
Qg = myhy + Miyzhe — i1 hyy 1) Wigo = 1i9(hyg — ho) (22)
my =My — My, (2) Mg = My (23)
MyXy = My1Xyq — MypXq 3) MoXg = Mq9X1o (24)
Condenser ICS
Q. = my(hy — h3) (4) Myohio + Mazhiz = My1hyy + Myshys (29)
Thz = Tflg (5) m1o + mlz = mll + m13 (26)
myxy = MyX; (6) M10X10 + My2X1p = My Xyq +My3x13  (27)
ICR VES
Th3h3 + Tfl6h6 == Tfl4h4 + Tfl7h7 (7) m13h13 = ’rh14h14 (28)
m3 + Th6 = m4- + m7 (8) Tfl13 = ﬁl14 (29)
Th6x6 + Th3X3 == Th4X4 + Th7x7 (9) m13x13 = m14x14 (30)
The circulation ratio (RC) can be defined
VER as the solution mass flow ratio going from the
N 10 absorber to the ger}erator (m_ll) and the mass
Mafly = fisfa (10) flow rate of the refrigerant fluid (1,).
m 1—x
RC=—2= — (31)
MyXy = MsX5 (12) my X117~ X12
Complementary equations
Evaporator
Qe = TflG(hG - hs) (13) . — Qe 32
th = 3 (32)
ne =1 14 1—x
ms = Mg (14) mll _ ( 12 >Th1 (33)
X11 — X12
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1 —
my, = (4) 1My (34) Q
*11 T X12 COP = —=— (43)
Qg + Wme

For the energy balance in the ICR and
ICS, the equations contained in Kilic and
Kaynakli were used as a reference, which were
adapted to the numbering contained in Figure 1,
as shown below

hy = hs —Nicr(h7-r3 — he) (35)
h; = he + Nicr(h7-r3 — he) (36)
Ti3 =Mics " Tio + (1 = ycs) “ Taz (37)
Ug
hio = ho + (P11 — Pg) (38)
bomba

RC —1 (39)

hyy = hyo + (hyz — hy3) (T)

The balance for the exchange of energy
between the concentrated solution and the
refrigerant in the ICSR was carried out
according to what was proposed by Karamangil,
Coskun, Kaynakli and Yamankaradeniz, as
follows

hy = hy — nyicsr(hy — hy_rg) (40)

RC
hg = hg + (hy — hy_1g) ( ) (41)

Nicsr

In the analysis carried out, the
concentration and enthalpy properties in the
ammonia and water solution were obtained from
the relationships provided by Sun. The equation
used to determine the entropy of the NH3-H20
mixture was elaborated by Soleymani Alamdari,
who used the least squares method to determine
the best adjusted equation that would relate the
values of previous research and those obtained
from simulations carried out by the same. In this
way | construct a two-variable equation to
calculate the entropy of NH3-H20 under
saturated liquid conditions.

The mechanical work done by the pump
is defined by

Wine = mg(Py; — Pg) ( - ) (42)

bomba

The performance of the system is
measured through the operating coefficient
(COP).
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In general balance, for the first law
analysis it must be fulfilled that

Qg + Qe + Wme = Qc + Qa (44)

Second law analysis

Exergy is defined as the maximum reversible
work that can be obtained from a fluid (Sézen),
and it is determined by

Ei = 1y [(h; — ho) — To(s; — So)] (45)

The terms ho and sO represent the
enthalpy and entropy values of the fluid involved
at ambient temperature To.

The variation of exergy within a constant
flow system is equal to the exergy transfer minus
the exergy destroyed (Panahi and Bozorgan).
The exergetic balance for a constant flow system
could be expressed as follows

AE = Y Ei — You Ei + Xin Q (1 -

. e (46)
F)_Zoth( _F)_W

For each individual component shown in
Figure 1, the equation for the rate of variation of
exergy is written as follows

L . . T
A%ﬁzﬂi—Er—ﬂ2+Qg<1—%§ (47)

g
AEC = Ez - E3 (48)
AEICR = E3 + E6 - E4 + E7 (49)
AEVER = E4 - E3 (50)
L Ty
AEe = E5 - E6 + Qe (1 - _> (51)
Te
AEa = E7 + E14 - ES (52)
AEjcsg = Eg + E; — Eq — E, (53)
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. . . . t x (’;(yq’;,:;) m,(ks‘q) h, ('i’) s (kﬂk{ K) E, (kW)

1| 110000 | 1554533 1000 | 004512 | 1736382 5739 |  -50004

AE bomba — Eg —E 10 — Wme (54) 2 | 80978 | 1554533 1000 | 004512 | 1614601 5530 | 52682

3 | 40000 | 1554533 1000 | 004512 | _ 390446 T.644 0.122

4 | 20629 | 1554533 1000 | 004512 | 296687 1338 0.000

5 5000 | 515560 1000 | 004512 | 296687 5555 | 567123

. . . . . 6 5000 | 515560 1000 | 004512 | 1466957 5555 3.923

AE =FE.+E.,—E., +FE (55) 7 | 41583 | 515560 1000 | 00%512 | 1560716 5.139 5904

ICS 10 12 11 13 8 | 40000 | 515560 0503 | 0.18768 75263 1147 | 138659

9 | 40001 | 515560 0503 | _0.18768 ~46.008 1148 | 144153

10 | 46.688 | 1554533 0503 | 0.18768 24,954 1245 | 138895

. . . 11 | 84446 | 1554533 0503 | 0.18768 | 138.003 1770 | 143829

12 | 110000 | 1554533 0.346 | _0.14257 | 270012 1868 | -238.035

AE VES — E 13 — E 14 (56) 13 | 59351 | 1554533 0346 | 0.14257 29.155 1200 | -244.006

The heat discarded to the cooling
medium both in the condenser and absorber is
neglected because it is energy with a very low
exergetic potential due to its proximity to the
reference temperature (Gonzales C.). In other
words, the energy potential to carry out work that
these residues have is minimal and therefore
disposable.

The exergetic efficiency of the system is
calculated with

. T
_ Qe _ -0

ECOP =
Qg (1=72) + We

Discussion of results

To simplify the analysis of the system, the
following considerations were made: (1) due to
its low boiling point, it was considered that the
concentration and quality of the refrigerant at the
generator outlet is pure ammonia in the state of
saturated steam; (2) the refrigeration load
remains constant at 52.8 kW, which represents
approximately 15 tons of refrigeration; (3) the
pressure losses, as well as the heat losses / gains
along the pipes that connect the equipment are
negligible; (4) the system is simulated under
steady state conditions; (5) the condenser and
absorber temperatures are the same in all cases,
that iS, Ta = Tc.

Table 1 shows the thermodynamic data
for the single effect absorption refrigeration
system, operating under the following
conditions: Tg=110°C; Te=5°C; Tc=Ta =
40° C; To=25° C; gpump = 1; Mics = Micr = NIcSR
= 0.8; and 52.8 kW of cooling charge. To solve
the equations raised in the previous section, a
code was developed in the MATLAB
programming environment that uses the
database of thermodynamic properties contained
in Coolprop. The reference state used for the
refrigerant properties was IIR.
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14 59.351 515.560 0.346 0.14257 29.155 1.200 -244.006

Table 1 SRA thermodynamic data using working torque
NHs-H.0

Table 2 shows a comparison between the
energy and work loads of the SRA components
operating under the same working conditions,
but at different levels of efficiency in the
exchangers, which operate simultaneously. The
sum of heat added to the cycle in the generator
and the evaporator, is equal to the sum of heat
rejected in the condenser and absorber plus the
work done towards the system by the pump.

r)IC = 06 r)IC = 08

Qg (kW) 101.99 | 90.935 | 80.827
Q. (kW) 57.762 | 55.231 | 52.800
Q, (kW) 52.800 | 52.800 | 52.800
Q. (kW) 97.230 | 88.702 | 81.021
W0 (kW) 0.2018 | 0.1977 | 0.1939
COP 05167 | 0.5794 | 0.6517
ECOP 0.1663 | 0.1864 | 0.2095

Table 2 Results of the first law and second law analysis
for an SRA using NH3-H,0

For the construction of the graph shown
in Figure 2, it was considered that the
temperature of the condenser and absorber
would remain constant at a value of 40 ° C and
multiple temperatures were proposed in the
evaporator to compare the thermal load required
in the generator. It can be seen how the increase
in the generation temperature has a significant
impact with a very long slope with the increase
in temperature Tg until it reaches an optimal
operating temperature and then decreases for a
long time. The different values of Te illustrate
that the energy need increases as it is required to
reach lower refrigeration temperatures.

From Figure 2, we can conclude that a
relatively high temperature heat source produces
a lower temperature cooling capacity with a
relatively high energy efficiency and a relatively
low temperature heat source produces a high
temperature cooling capacity with a relatively
low energy efficiency.
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Thus, for example, if the need for cooling
was -10 ° C, the best option would be a thermal
source of approximately 115 ° C, and if instead
of that, a space will need to be conditioned at 5 °
C, the best alternative in this case it would be a
thermal source of 90 ° C. Therefore, it is not
economical to use a high temperature heat
source to obtain high temperature cooling
capacity (Cai, He, Tian, & Tang)..

Figure 2 Variation of the coefficient of operation with
generator temperature

Figure 3 shows a comparison of the
energy efficiency against the generator
temperature, in this case at different levels of
efficiency in the ICR, ICS and ICSR exchangers,
the evaporation temperature considered was 10 °
C. The energy efficiency of the system increases
dramatically in the initial stage and then slows
down. According to the information presented in
Figures 2 and 3, the system increases its
performance with the increase in the generation
temperature, therefore, the determination of an
optimal generation temperature will be a key
method to improve the performance of the
system. As might be expected, the improvement
in the efficiency of the exchangers also has
positive consequences in the COP.

Figure 3 Variation of COP with generation temperature
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The effects on the energy operating
coefficient that increase the temperature in the
absorber, is illustrated in Figure 4, raising the
operating temperature of the absorber leads to
adverse results in the COP.

Figure 4 Variation of COP with absorber temperature

The variation of exergy efficiency with
generation temperature is shown in Figure 5.
Initially, the efficiency increases dramatically
and then decreases as Tg increases. Taking into
account that the temperature in the evaporator
remains constant in this graph, it follows that
there is no single optimal generation temperature
for maximum exergetic use, but rather that it
varies around the efficiency of the economizers.
On the other hand, the graph indicates that the
lowest irreversibilities are achieved with the
highest efficiency levels of the exchangers.

Figure 5 Variation of the exergetic operating coefficient
with the generator temperature

The graph shown in Figure 6 was
developed at different generation temperatures
to analyze the behavior of the ECOP against the
evaporator temperature. In view of the fact that,
under the same temperature conditions of the
generator and condenser, the exergetic
efficiency increases with the increase in the
evaporator temperature and then decreases, it is
concluded that, for each ECOP curve against Te
there is a maximum value of exergetic efficiency
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That is, when Tg, Tc and Ta are specified,
there must be an optimal value of evaporator
temperature Te, below which the maximum
energy of the system is used. In practice, the
evaporator temperature is usually a known data
that is determined by the requirements of the
process, and the generation temperature is
usually not difficult to adjust to achieve an
optimal operating state of the system..

Figure 6 Variation of the exergy operating coefficient
with evaporator temperature

As can be seen in Figure 7, the exergy
destroyed in both the evaporator and the
condenser tiny in relation to the exergy produced
in the generator or that destroyed in the absorber.
The exergy trend in the generator indicates that
the energy needed to complete the refrigeration
cycle decreases as the efficiency in the
exchangers improves, likewise, the exergy
destroyed in the absorber decreases.

What has been said so far supposes that
the energy reused at the generator output, both in
the ICSR and in the ICS, increases the
temperature of the mixture at its inlet, reducing
the thermal load required for the boiling of the
refrigerant. Likewise, the energy transferred in
the ICR and ICS, reduce the amount of heat to
disperse in the absorber.

The latter represents an advantage,
because it increases the absorption capacity,
since by itself, the mixture between refringent
and absorbent represents an exothermic process
that reduces its dissolution capacity as its
temperature increases. As both the diluted
solution and the refrigerant enter the absorber at
lower temperatures than they would have
without the existence of the exchangers, the
resulting mixture has a higher concentration of
ammonia.

ISSN 2531-2960
ECORFANP® All rights reserved

December, 2020 VVol.4 No.14 7-14

Figure 7 Exergy in the generator, absorber, evaporator and
condenser, against the heat exchangers efficiency

Conclusion

In this work, the first and second laws of
thermodynamics were applied to a SRA with
economizers. The operation of the cycle and the
effects of the addition of exchangers were
described, as well as the equations that model the
cycle from an energetic and exergetic aspect. In
addition, a numerical example was made in
which the thermodynamic properties of each
state indicated in Figure 1 were defined.

It is concluded then that the decrease in
the thermal load on the generator increases the
COP. As demonstrated in this research, better
thermodynamic performances can be achieved
by supplying low-grade residual heat than by
operating with excess temperatures in the
generator. From the exergy study, it can be
inferred that the best way to increase cycle
efficiency is by optimizing the economizers. It is
clear that, by increasing the energy transfer rate
that is recovered at the generator output, the
energy destroyed in both the absorber and the
condenser is reduced, causing an improvement
in the ECOP. In addition to this, the recirculation
of heat towards the generator reduces the energy
load required for generation, making the cycle
more economically attractive.

The main priority to improve the
efficiency of the cycle should be to improve the
efficiency of the exchangers and secondly, to
modify the evaporator temperature. However, as
the Te value is usually a set value, subject to the
needs of a process, it is recommended to delegate
that responsibility to the generator.

VALENCIA-ALEJANDRO, Eric A., HERRERA-ROMERO, José V.,
COLORADO-GARRIDO, Dario and SILVA-AGUILAR, Oscar F.
Exergy analysis of the absorption refrigeration cycle using economizers.
Journal of Technological Development. 2020



Article

14
Journal of Technological Development

Nomenclature

Mass flow [kg / s]
Concentration [Kg of refrigerant / kg of
solution]
Pressure [Pa]
Temperature [° C]
Enthalpy [J / kg]
Entropy [J / Kg-K]
Specific volume [m ” 3/ kg]
Exergy flow [kW]
Heat flow [kW]
Work [kW]
Efficiency
Effectiveness
Subscripts
g Generator
a Absorber
e Evaporator
c Condenser
ICS  Solution heat exchanger
ICR  Refrigerant heat exchanger
ICSR Solution-refrigerant heat exchanger

= 3

m 3 %Qﬂjd w3

iso Isoentropic

me Mechanical

i Status points

0 Dead state
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Abstract

The objective of this study is to analyze the
behavior of liquid molecules during an
evaporation process, a mathematical model is
proposed through mass a balance that describes
said behavior under steady-state conditions and
the variation in composition is analyzed in detail,
through a finite space. In order to know the
concentration profile, it is necessary to
characterize the behavior of the moisture present
in the medium as part of the parameters that
affect the system, which will at the same time
allow knowing the molar composition of the
water present in the medium or system of study.
Temperature is another of the variables of great
importance in the evaporation process, which is
why a variation of the concentration profile will
occur at different temperatures.

Evaporation, Profile, Concentration

Resumen

El objetivo de este estudio es analizar el
comportamiento de las moléculas del liquido
durante un proceso de evaporacion, se plantea a
través de balances de materia un modelo
matematico que describe dicho comportamiento
bajo condiciones de estado estable y se analiza a
detalle la variacion de la composicidn a través de
un espacio finito determinado. Con el fin de
conocer el perfil de concentracién es necesario
caracterizar el comportamiento de la humedad
presente en el medio como parte de los
parametros que afectan el sistema, lo que
permitird a la vez saber la composicion molar del
agua presente en el medio o sistema de estudio.
La temperatura es otra de las variables de gran
importancia en el proceso de evaporacion por lo
que se presentard una variacion del perfil de
concentracion a diferentes temperaturas.

Evaporacion, Perfil, Concentracion.
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Introduction

Evaporation is an essential part of the water
cycle, solar energy accelerates the evaporation
process. For the molecules of a liquid to
evaporate, they must be located near the
surface, move in the proper direction, and have
enough energy to overcome the intermolecular
forces of the liquid phase. Not all molecules
meet these criteria, this is the cause of the
limited evaporation of these molecules. The
kinetic energy of a molecule is proportional to
its temperature, evaporation takes place more
rapidly as the temperature is higher, because
the faster-moving molecules escape, the
remaining molecules have a lower average
kinetic energy, and therefore the temperature of
the liquid decreases. Three key factors affect
evaporation: heat, humidity, and air movement.

A more detailed analysis of the factors
that influence the evaporation rate allows us to
recognize that: a) if the air has a high
concentration of the evaporating substance,
then the substance will evaporate more slowly,
b) if the liquid contains other substances , it will
have a lower capacity for evaporation, ¢) The
temperature  allows to accelerate the
evaporation process, so if the temperature rises
the evaporation will be faster, d) the greater the
forces that hold the molecules together in the
liquid, more energy will be needed to evaporate
them, and e) a substance that has a larger
surface area will evaporate faster, since there
are more surface molecules that are able to
escape.

In general, considering the evaporation
of a free water surface (lake, river, lagoon, etc.)
as the simplest form of the process, this is
carried out as follows: The water molecules are
in continuous movement, When they reach the
surface of the liquid, they are heated by the
effect of solar radiation, they increase their
temperature and consequently their speed, thus
increasing their kinetic energy, until some
manage to free themselves from the attraction
of adjacent molecules and cross the interface.
liquid-gas, turning into vapor. However, the
layer of air immediately on the surface
becomes saturated soon and the reverse process
occurs simultaneously with evaporation, so the
molecules condense and return to the liquid
state.
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The difference between the number of
molecules that leave the liquid and the number
of molecules that return to it, marks the global
nature of the phenomenon. If it is positive,
evaporation occurs. If negative, condensation.

Methodology

According to the Conagua records through the
National Meteorological Service prevailing in
the state of Tabasco, it is possible to obtain
information that allows establishing the
mechanisms for analyzing the current situation
regarding the behavior of temperature and
relative humidity. The percentage of relative
humidity will allow knowing the partial
pressure of the air, in order to subsequently
evaluate the molar composition of the air at the
conditions prevailing in the state.

It is also necessary to know the molar
composition of the liquid on the surface, that is
to say at the liquid-gas interface, for this the
vapor pressure of the water at the temperature
at which said mass of liquid must be found is
evaluated. With this information and knowing
the total pressure that governs the state, which
is at sea level, the molar composition at the
interface is evaluated.

The proposed mathematical model that
defines the behavior of the composition
through a defined height, arises from applying
a microscopic mass balance in a small
differential element located in the liquid
transfer zone, that is, in the region it occupies
specifically air. This balance is carried out
according to the principles of mass transfer,
where it is known that there is no accumulation
of matter in the system. It is necessary to know
two specific conditions in said system, which
will allow evaluating the integration constants
that arise from the applied balance.

Finally, the mathematical equation
obtained will allow to model the variation in
the composition of the liquid from the area of
the liquid-gas interface, up to a defined height
that will be found precisely within the air.

When graphing the equation, it will be
observed how said variation is affected by
temperature, air speed, air humidity and the
extended surface of said mass of liquid.
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Analysis of previous data

The results obtained from the relative humidity
in the state of Tabasco during 25 days of the
month of April of the year 2019, are
concentrated in the following table:

Day Temperature  Relative

[°C] Humidity
(RH) [%]
01 21.9 86.9
02 22.9 89.3
03 25.8 76.5
04 26.4 78.2
05 28.8 62.4
06 28.9 64.1
07 28.8 66.6
08 29.0 67.7
09 25.9 77.8
10 26.1 68.0
11 27.7 59.0
12 29.1 61.5
13 31.1 50.3
14 24.7 59.9
15 254 69.7
16 28.0 70.3
17 28.2 73.7
18 30.0 61.6
19 26.7 66.5
20 25.1 61.0
21 26.3 53.5
22 29.9 59.8
23 28.0 67.2
24 29.3 60.9
25 29.9 60.5

Table 1 Temperature and Relative Humidity of the
municipality of Centro in the state of Tabasco from April
01 to 25, 2019

Source: History of the climate in Villahermosa
(https://fwww.meteored.mx/villahermosa/historico)

The secondary information source that
was used allowed to evaluate the daily averages
of temperature and relative humidity that were
stored and processed in a database, to later be
useful for the calculation and processing bases of
all the information generated until the
elaboration of the graphs of the final results.

Results

The data collected and concentrated in Table 1,
allowed to evaluate the partial pressure of the
water vapor in the prevailing region on the
surface of the water, considering for these
calculations only two temperature values (200C
and 250C), both the partial pressure values Since
the molar fraction (yA) present very little
variation, therefore, for the purposes of this
calculation procedure.
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An average of the total of the 25 values
that were evaluated will be taken, it should be
noted that the molar fraction reported in said
Table was evaluated considering a total pressure
of 101,325 kPa.

T=20°C

T =25°C
Partial Pressure, Partial Pressure,

Pa [kPa] yn2 Pa [kPa] yn2

2.0433|0.0202 2.7701]0.0273
2.0997 | 0.0207 2.8466 | 0.0281
1.7987]0.0178 2.4386 | 0.0241
1.8387]0.0181 2.4928 | 0.0246
1.4672]0.0145 1.9891 | 0.0196
1.5072 ] 0.0149 2.0433|0.0202
1.5660 | 0.0155 2.1230(0.0210
1.5918 | 0.0157 2.1581|0.0213
1.8293]0.0181 2.4800 | 0.0245
1.5989 | 0.0158 2.1676 | 0.0214
1.3873]0.0137 1.8807 | 0.0186
1.4460 | 0.0143 1.9604 | 0.0193
1.1827]0.0117 1.6034 | 0.0158
1.4084 | 0.0139 1.9094 | 0.0188
1.6389 | 0.0162 2.221810.0219
1.6530 | 0.0163 2.2410]0.0221
1.7329]0.0171 2.349310.0232
1.448410.0143 1.9636 | 0.0194
1.5636 | 0.0154 2.1198|0.0209
1.4343]0.0142 1.944510.0192
1.257910.0124 1.7054 1 0.0168
1.4061 | 0.0139 1.9062 | 0.0188
1.5801 | 0.0156 2.1421|0.0211
1.4319]0.0141 1.9413]0.0192
1.4225]0.0140 1.9286 | 0.0190

Table 2 Partial pressures evaluated from the temperature
and relative humidity data in the municipality of Centro in
the state of Tabasco from April 01 to 25, 2019

Source: Author's contribution (April 2019)

Calculating the average of the reported
values we have:

T =20°C \ T =25°C
Average Partial Average Partial
Pressure,  Pa | Yao(average) | Pressure,  Pa | Yaz(average)
[kPa] [kPa]
1.5734 0.0155 2.1331 0.0211

Table 3 Partial pressure and average molar fraction for the
calculation of the concentration profile
Source: Author's contribution (April 2019)

Vapor pressure is evaluated at the
temperature at which the evaporating liquid is, in
this case, for this study the average temperatures
reported for rivers in the state are taken.
Fluctuating the values between a range of 20 to
35 ° C, for which four different temperatures
were analyzed, presented below:
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CASTRO-DE LA CRUZ, Jucelly and TEJERO-RIVAS, Maria
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Temperature Vapor
C] pressure (Pav) ya1
[kPa]
20 2.3513 0.0232
25 3.1877 0.0315
30 4.2715 0.0422
35 5.6609 0.0559

Table 4 Vapor pressures evaluated at four different
temperatures and corresponding mole fraction
Source: Author's contribution (April 2019)

The matter balance applied to a
differential element of finite thickness in the air
zone is established without accumulation of
matter, and the equations that govern this
behavior are presented below:

&

General balance of matter:
E-S=0 (1)
Nal|z — Nalz+az =0 (2)

This balance generates the following
differential equation, (dividing equation 2 by AZ
and applying limits):

dN 4

— =0 3
By introducing the corresponding

general equation of molecular diffusion flow for

the case that corresponds to this diffusion

phenomenon, which is: Diffusion of “A”

through “B” at rest, we have:

N, = — cDgp dﬂ 4
4 (1-ya) dz ()
d cDap dya\ _

(s ) =0 ©)
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This differential equation is solved by
separation of variables, considering that both the
total concentration and the diffusivity of the
system (c and Dag) are constant and it is possible
to treat them mathematically to integrate this
equation twice; and obtain the following
equation as a result:

—In(1-y) =c1z+¢, (6)

The constants of integration are
evaluated by applying the prevailing system
conditions in the environment, which are:

Para z=0 YA=YAL

Para z=0.5m YA=YA2

According to these it is possible to know
the value of the constants and obtain the
concentration profiles.

It is important to point out that once the
integration constants are known, it is possible to
obtain a general equation that outlines the
behavior of the concentration of “A”, through
the height z, and the concentration of B is
obtained by difference, as shown in graph 1.

0.5

0.4

H

0.3

0.2 A

Height from the liquid surface (z)

0.1 4 3

0% =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Molar fraction (y)

Graphic 1 Composition profile of water through air at
different temperatures
Source: Author's contribution (April 2019)

The plotted concentration profiles were
evaluated for four different temperatures of the
evaporating liquid, the calculations are based on
the relative humidity, the partial pressure and the
integration constants of equation (6).
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Conclusions

The study of the behavior of the molecules
during a vaporization process through a gas
phase is of utmost importance in order to know
the variation of the composition in transfer zones
that allow an acceleration of the diffusion
process. The amount of molecules that evaporate
to a liquid phase is significantly dependent on
relative humidity and temperature. The results of
this study show that there is little variation in the
composition of water through the air, observing
an area of higher concentration just on the
surface of the liquid. The model obtained from
the balance presents a good prediction of the
concentration profile. It should be noted that
even when the relative humidity was 100%, this
profile does not present much variation, results
that were obtained with great reliability in the
application of the model.
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Abstract

Electrocoagulation is an electrochemical process used to
treat wastewater and water contaminated with heavy
metals. This method destabilizes contaminants that are
suspended, emulsified or dissolved in wastewater by
applying electrical current through electrodes and then
removing them by filtration. In this work we present a
turbidity, dissolved oxygen and pH measurement system
for the influent and effluent of the gray water treatment
process by the electrocoagulation method. The treatment
process is carried out via batch and the measurement
system allows to know the initial and final levels of the
variables through a human machine interface (HMI)
designed in LabVIEW. Twelve experimental tests were
performed varying the treatment time and applied voltage
in the electrocoagulation process to analyze the rate of
change of the measured variables and its behavior
regarding time and voltage. The applied direct current
voltages were 10 V, 15 V and 20 V during 30 min, 60 min,
90 min and 120 min.

Electrocoagulation, Grey  Water
Measurement System

Treatment,

Resumen

La electrocoagulacion es un proceso electroquimico
utilizado para tratar aguas residuales y agua contaminada
con metales pesados. Este meétodo desestabiliza los
contaminantes que estdn suspendidos, emulsionados o
disueltos en las aguas residuales aplicando corriente
eléctrica a través de electrodos y luego eliminandolos por
filtracion. En este trabajo se presenta un sistema de
medicién de turbidez, oxigeno disuelto y pH para el
afluente y efluente del proceso de tratamiento de aguas
grises por el método de electrocoagulacion. El proceso de
tratamiento se realiza via batch y el sistema de medicién
permite conocer los niveles inicial y final de las variables
a través de una interfaz hombre-méaquina (HMI) disefiada
en LabVIEW. Se realizaron doce pruebas experimentales
variando el tiempo de tratamiento y la tension aplicada en
el proceso de electrocoagulacion para analizar la tasa de
cambio de las variables medidas y su comportamiento en
cuanto a tiempo y tension. Los voltajes de corriente
continua aplicados fueron 10 V, 15 V y 20 V durante 30
min, 60 min, 90 min 'y 120 min.

Electrocoagulacion, Tratamiento de aguas grises,
Sistema de medicion
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Introduction

According to United Nations (UN) information
[1], due to the water scarcity and poor water
quality by 2050 at least one in four people is
likely to live in a country affected by chronic or
recurring shortages of freshwater. A sustainable
development goal for UN is clean water and
sanitation to ensure availability and sustainable
management of water and sanitation for all and
also halving the proportion of untreated
wastewater and  substantially  increasing
recycling and safe reuse globally [1]. In this
sense, the electrocoagulation (EC) for
wastewater treatment is a choice. Different
studies and applications have demonstrated its
effectiveness [2, 3, 4, 5, 6, 7, 16]. On the other
hand, a very important part for any wastewater
treatment process is the knowledge of the degree
of pollution that water presents.

The degree of water pollution is
determined by the permissible levels of its
physical, chemical and biological characteristics
established in national and international
standards, for example [8, 9]. Some of this
characteristics are turbidity, temperature,
conductivity, pH, alkalinity and colloids,
dissolved oxygen (DO), biochemical and
chemical oxygen demand, and its knowledge
will allow to establish a quality control of the
treated water and to detect alterations in the
treatment process. Most of the studies that use
EC for water treatment show the analysis of the
following variables: current and voltage applied,
size and material used on the electrodes, distance
between electrodes, pH, temperature and
conductivity of water and operating costs [4, 16].

However, the physical, chemical and
biological characteristics of water have not been
studied enough [4]. Hence we design a turbidity,
dissolved oxygen and pH measurement system
for the influent and effluent. For the gray water
treatment process using the EC method to
analyze its behavior for different treatment times
and applied voltages through a human machine
interface (HMI) designed in LabVIEW. As far as
the authors know, this is the first time that a
measurement system of analytic variables is
applied to the gray water treatment by
electrocoagulation.
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The structure of this work is as follows:
Section 2 describes the basic equipment to carry
out the EC and the treatment process designed.
Section 3 describes the measurement system
equipment used, the HMI and its sequential
operation. Finally, section 4 shows the turbidity,
dissolved oxygen and pH measurement data
from twelve experimental test and then
concluding remarks.

Methodology of Wastewater Treatment
Process by EC

Several studies such as [2, 6, 7] define the
different reactions and mechanisms involved
during the EC but the main reaction involves a
continuously dissolving anode due to the
passage of electricity, releasing cations into the
wastewater. On the other hand, considering
several applications such as [10, 11, 12, 13, 14]
the basic equipment to carry out the EC are 1)
electrochemical reactor, 2) sacrificial electrodes
and 3) direct current electrical power supply as
shown in Figure 1.

Power supply

Influent
—_—

Electrochemical
reactor

Effiuent
—_—

Figure 1 Basic equipment for EC.
Source: Own Elaboration

The proposed gray water treatment
process using EC is carried out via batch and we
design the treatment process shown in Figure 2
which adds two storage tanks where the
turbidity,  dissolved oxygen and pH
measurements will be made.

TANK 1 TANK 2 TANK 3

Figure 2 Treatment process
Source: Own Elaboration

CANTERA-CANTERA, Luis Alberto, CALVILLO-TELLEZ, Andrés
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The process has three stages, each of
them carried out in each tank of the Figure 2 and
sequentially. In the first stage (tank 1) the pH,
dissolved oxygen and turbidity measurement is
carried out on the gray water, later the EC is
carried out in the second stage (tank 2) finally in
the third stage (tank 3) the pH, dissolved oxygen
and turbidity measurement is carried out on the
treated water. The electrochemical reactor used
in this process has a maximum treatment
capacity of 9 L, its components are shown in
Figure 3.

Figure 3  Electrocoagulation  equipment. 1)
Electrochemical reactor, 2) Sacrificial electrodes, 3)
Power terminals, 4) Strainer filter, 5) Pump.

Source: Own Elaboration

Development

The measurement stages are carried out in tanks
1 and 3, each of them with the components
shown in Figure 4. Each measurement stage has
3 turbidity sensors, 1 dissolved oxygen sensor
and 1 pH sensor, a brief description the sensors
used is shown below.

Figure 4 Measurement stage. 1) Tank, 2) Turbidity sensor,
3) Dissolved oxygen sensor, 4) pH sensor, 5) Level sensor
support, 6) Level sensor, 7) Turbidity sensor support, 8)
Strainer filter, 9) Pump

Source: Own elaboration
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3.1 Turbidity Sensor

Some particles such as clays, inorganic matter,
salts, soluble color compounds and
microorganisms affect water clarity. Turbidity is
a transparency degree measurement in a liquid
and it is an indicator of water pollution [8, 9]. It
is measured in Nephelometric Turbidity Units
(NTU) by a nephelometer or turbidimeter, which
measures the intensity of light scattered as a
beam of light passes through a water sample. The
turbidity sensor used in this work is Gravity
arduino turbidity sensor and its documentation
can be found in [17].

3.2 Dissolved Oxygen Sensor

DO is an indicator of pollution [8, 9], generally
a higher level of dissolved oxygen that indicates
better water quality [5] to support plant and
animal life. The OD sensor is a galvanic probe,
which measure the oxygen content of water in
mg/L using an electrochemical method [21]. In
this work the sensor used is Gravity analog that
dissolved oxygen sensor and its documentation
can be found in [18].

3.3 pH Sensor

The pH is an index of the hydrogen ion
concentration H+ in water and it is an important
variable in water quality [22]. It is a measure of
acidity and alkalinity of a solution, which is
based on logarithmic transformation of the
hydrogen ion concentration. It has a scale
ranging from 0-14, where the value 7 represents
neutrality. Solutions with a pH above 7 are
alkaline, while below 7 are acidic. The pH sensor
used is Gravity analog and documentation for
pH sensor can be found in [19].

The principal technical characteristics of
the sensors are shown in Table. On the other
hand, the signal acquisition of all sensors is
carried out by a microcontroller ATMEGA 2560
its documentation can be found in [20].

3.4 Human Machine Interface

The sensors signals processing and operation of
the process is carried out by a human machine
interface (HMI) designed in LabVIEW [23].
Due to LabVIEW graphical programming
language, it is easy to create flexible interfaces
to changes and needs. The HMI is divided in
three sections: tanks, measurement and control.
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Variable Sensor Technical characteristics

DO Gravity Measuring Range: 0-20
analog mg/L  Analog  Signal
dissolved Output: 0-3 V Membrane
oxygen Cap Replacement Period:
sensor 1-2 months in muddy water
DFRobot

pH Gravity pH | Measuring Range: 0-14pH
sensor Measuring Precision:
DFRobot <0.02pH Drift:

<0.02pH/24hours

Turbidity | Gravity Measuring Range: 0-3000
arduino NTU Analog output: 0-4.5
turbidity \% Turbidity-Voltage
sensor relationship: -
DFRobot 1120.4V2+5742.3V-4352.9

Table 1 Sensors technical characteristics
Source: Own Elaboration

In Figure 5, red line indicates the tanks
section, when the treatment process is running,
the HMI has visual indicators of the current
status of tank levels and pump activation. Blue
and green lines indicate the measurement section
for the measurement stages 1 and 2 respectively,
at each measurement stages, turbidity is
measured first, then pH and finally dissolved
oxygen. The yellow line indicates the control
section, it has a start selector for automatic
mode, an emergency stop button, a button to
select manual mode and another to exit, it also
has a selector to take measurements when the
process is in manual mode.

Figure 5 Treatment process interface
Source: Own Elaboration

4 Experiments and Results

Experimental tests were performed under the
following considerations: The electrodes used
were aluminum with dimensions of 220 mm
length, 170 mm width and 1 mm thickness, eight
electrodes were used in parallel monopolar
connection (see Figure 1) and they were
separated by a space of 10 mm. More details
about electrode connections consult [2].
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The wastewater used was grey water
from a laundry. The applied voltages were 10 V,
15 V and 20 V during 30 min, 60 min, 90 min,
and 120 min. During the experiment tests the
electrodes and the strainer filter in the
electrochemical reactor were cleaned after each
experiment.  Also, before carried out

experiments 5, 8 y 12 the electrochemical reactor
was cleaned and before experiment 8, four
central electrodes were replaced. The sensors
and the treatment process setup are shown in
Figures 6 and 7 respectively.

Figure 6 Sensors setup.
Source: Own Elaboration

Figure 7 Treatment process setup.
Source: Own Elaboration

Table 2 shown the DO and pH
experimental measurements, in Tables 3 and 4
are shown the influent and effluent turbidity
experimental measurement in NTU,
respectively.

Time | Voltage Influent Effluent Influent Effluent

[min] _[V] _ [mg/L] [mg/L] _[pH __[pH]
30| 10Vv| 0135| 0480| 7.709| 7.635

60| 10V| 0.128| 0.487| 7.757| 8.852
90| 10V| 0.122]| 0507| 7.823| 9.288
120 10V| 0.115| 0.520| 7.786| 8.730
30] 15V| 0.460| 0.890| 7.280| 7.650
60| 15V| 0.450| 1.080| 8.010| 8.100
90| 15V| 0.330| 0.820| 7.980| 9.130
120 15Vv| 0.350| 0.910] 7.970| 9.150
30] 20V| 0.480| 0.950| 7.900| 7.990
60| 20V| 0.550| 1.100| 8.010| 8.840
90| 20V| 0.600| 1.150| 8.200| 9.470
120 20Vv| 0520 1.200| 8.200| 9.600

=R
BiEB|lo|o|~|o|a|ls|w|n|e

Table 2 Sensors technical characteristics.
Source: Own Elaboration
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| Sensor1 Sensor2 Sensor3 Average

1686.000 | 1613.000 | 1412.000 | 1570.333
1709.000 | 1802.000 | 1440.000 | 1650.333
1686.000 | 1850.000 | 1450.000 | 1662.000
1700.000 | 1800.000 | 1500.000 | 1666.667
1730.000 | 1613.000 | 1498.000 | 1613.667
1500.000 | 1600.000 | 1300.000 | 1466.667
1600.000 | 1700.000 | 1400.000 | 1566.667
1630.000 | 1710.000 | 1450.000 | 1596.667
1660.000 | 1800.000 | 1500.000 | 1653.333
1686.000 | 1810.000 | 1800.000 | 1765.333
1700.000 | 1700.000 | 1800.000 | 1733.333
2200.000 | 1959.000 | 2080.000 | 2079.667

el
REB|le|w|~N|o|v|s|win|e

Table 3 Sensors technical characteristics.
Source: Own Elaboration

 Sensor 1 Sensor2 Sensor 3| Average

1563.000 | 1654.000 | 1352.000 | 1523.000
1577.000 | 1600.000 | 1377.000 | 1518.000
1425.000 | 1529.730 | 1450.000 | 1468.243
1289.264 | 1477.860 | 1344.271 | 1370.465
950.000 | 850.000|1062.000 | 954.000
800.000 | 1000.000| 950.000| 916.667
1110.000] 1097.000 | 924.000 | 1043.667
950.000 | 1000.000 | 1050.000 | 1000.000
786.000 | 850.000| 926.000| 854.000
922.000| 930.000|1020.000| 957.333
1250.000 | 1300.000 | 1200.000 | 1250.000
832.000| 862.000| 850.000| 848.000

el
BB B|e|wl~N|ojv|s|win|e

Table 4 Sensors technical characteristics.
Source: Own Elaboration

According with the experimental
measurements tables, next figures show the
behavior of DO, pH and turbidity.

Graphics 1-3 show the comparative
values of initial and final DO for 10 V, 15V and
20V respectively during 30 min, 60 min, 90 min,
and 120 min, and Graphics 4 shows the DO rate
of change.

Ll

= ittt —

0

30 60 0 120

Graphic 1 Initial and final DO levels for 10 V.
Source: Own Elaboration

ISSN 2531-2960
ECORFAN® Al rights reserved

December, 2020 VVol.4 No.14 20-27

1y

> |
- |
- I I
" I I
0 80 90 120
lime [umi

Graphic 2 Initial and final DO levels for 15 V.
Source: Own Elaboration
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Graphic 3 Initial and final DO levels for 20 V.
Source: Own Elaboration
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Graphic 4 DO rate of change
Source: Own Elaboration

From DO levels graphs, Graphics 5 and 6
show the behavior of dissolved oxygen in the
effluent regarding to treatment time and applied
voltage respectively.
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Graphic 5 DO variation in the effluent with respect to
treatment time
Source: Own Elaboration
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Graphics 7-9 show the comparative
values of initial and final pH for 10 V, 15V and a5 et -4
20V respectively during 30 min, 60 min, 90 min, I "_ﬁf,::.tf"--"‘2"—"*--:.,: - —o
and 120 min and Graphic 10 shows the pH rate 3 e e X e e *
of change. From the pH levels graphs, Graphics gy T R
11 and 12 show the behavior of pH in the o e o 45
effluent with respect to treatment time and i i S

applied voltage respectively.
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Graphic 7 Initial and final pH levels for 10 V
Source: Own Elaboration
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Graphic 8 Initial and final pH levels for 15 V.
Source: Own Elaboration
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Graphic 9 Initial and final pH levels for 20 V.
Source: Own Elaboration
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Grphic 11 pH variation in the effluent with respect to
treatment time.
Source: Own Elaboration
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Graphic 12 pH variation in the effluent with respect to
applied voltage
Source: Own Elaboration

Graphics 13-15 show the comparative
values of initial and final turbidity for 10 V, 15
V and 20 V respectively during 30 min, 60 min,
90 min and 120 min, these graphs show the
measurements of the three turbidity sensors and
the average of them.

Also from the averages of the effluents,
Figures 16, 17 and 18 show the turbidity rate of
change, the behavior of turbidity in the effluent
with respect to treatment time and applied
voltage, respectively.
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Graphic 13Initial and final turbidity levels for 10 V
Source: Own Elaboration
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Graphic 14 Initial and final turbidity levels for 15 V.
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Graphic 15 Initial and final turbidity levels for 20 V.

Source: Own Elaboration

-~ 1 P
= N s )
| .. sy
- . \.\ ','
= B, A T, 2 Z |
_ = - — —
e Rl 7-.-
: ~v
ot | R R *' ----------
P

Graphic 16 Turbidity rate of change
Source: Own Elaboration
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Graphic 17 Turbidity variation in the effluent with respect
to treatment time
Source: Own Elaboration
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Graphic 18 Turbidity variation in the effluent with respect
to applied voltage
Source: Own Elaboration

5 Conclusions

The measurement system allows online
monitoring through the HMI of the variables
dissolved oxygen, pH and turbidity in the
influent and effluents of the grey water treatment
process and determining changes of them
quickly. Experimental tests of the treatment
process were performed varying the applied
voltage and duration of the EC process. The
dissolve oxygen variable shows an increase
when the applied voltage and treatment time are
increased, and the pH variable also shows an
increase when the applied voltage and treatment
time are increased.

On the other hand the average turbidity
measurements show a decrease when the applied
voltage and treatment time are increased.
Although the DO, pH and turbidity
measurements in the influents show different
values in all experiments, the highest percentage
increase in DO was 352.20% in the experiment
4 with 10 V and 120 min of treatment, the pH
had a maximum increase of 18.73% in the
experiment 3 with 10 V and 90 min of treatment
and the turbidity variable had a maximum
decrease of 59.22% in the experiment 12 with 20
V and 120 min of treatment.
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