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Abstract. Magneto-rheological (MR) fluids have been an attractive field of study since the invention of the smart fluid.
This paper presents the characterization and development of MR fluid prepared by immersing ferromagnetic elements in
carrier oil. Micron-sized atomized iron and carbonyl iron surfaces are coated with guar and xanthan gum to counter issues
with sedimentation, cluster formation, and cake formation of the MR fluid (MRF). A variety of MR fluid mixtures are
organized by means of amalgamation of base fluids (Paraffin oil and silicone oil), ferromagnetic particles, and additives.
The morphology of carbonyl iron has a flake-like structure and atomized iron dust forms a smooth granular configuration.
MR fluid comprising Xanthan gum coated iron particles demonstrated enhancement in sedimentation. Additionally, by
providing power, the magnetism of the magnetic piston is investigated, and discovered that magnetic flux density rises with
the applied current in Ampere. The sedimentation results demonstrate that MR Fluid-4 and MR Fluid-3 enhanced the
sedimentation rate substantially more than the others. Paraffin oil-based MR (MR Fluid- 4) presented better viscosity than
any other fluids. The fluid's high viscosity property contributes to increasing the resisting force of the MR damper system.
Lastly, the performance of the MR damper is investigated by applying currents of 1A and 1.5A at various excitation
velocities. MR damper enhances dampening force by 15% and decreases overall vibration acceleration by 30% when
operating at 1.5A current.

Keywords—Damper, Magneto-rheological (MR) fluid, Shear stress, Sedimentation, Synthesis.

INTRODUCTION

An intelligent fluid known as a magneto-rheological (MR) fluid instantly modifies its rheological
characteristics when subjected to an external magnetic field. This reversible, regulated transition occurs rapidly with
minimal energy input. Ferromagnetic particles smaller than a micron are dispersed at random in the carrier oil. [1,2].
Ferromagnetic particles, carrier fluids, additives are the three basic components of MR solution. Carbonyl
iron concentrate with a high magnetic permeability and saturation magnetization are frequently utilized for mixing in
oil. As the base (carrier) fluid, low viscosity lubricants like mineral, silicone, and synthetic oils are used. Surfactants
are frequently used as additives to reduce the aggregation of ferromagnetic ingredients or to slow down the rate at
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which they settle [3]. Due to the particle's high density and tendency to settle or silt, the use of additives is an important
consideration that, if ignored, could cause the device to become unusable. When a magnetic field is provided, the
particles line together in a pattern to form chain links, and the MR fluid acts like a viscoelastic solid.. Lacking
magnetism, the fluid functions exactly like regular hydraulic fluid. This aligned chain-like structure offers great
resistance to the oil layer thus increasing the viscosity within a short time. Such fluids have received increasing interest
recently for applications like suspension systems, brakes, and clutches [3].

The MR damper has a significant amount of potential for semi-actively controlled variable damping with little
power. Figure 1(a) shows the magnetic piston developed for the MR damper (Magneto-rheological damper) and Figure
1(b) shows the assembly of the retrofit MR damper. Only the damper part is replaced in a conventional shock absorber.

(a) (b)
FIGURE 1. (a) Magnetic Piston (b) Assembled MR Damper

In this article, four different MR fluids are developed by using different material combinations. With the help of a
literature review, magnetic particles, coating gums, and carrier fluids are identified. The presented MR fluids are
visually investigated for sedimentation analysis in the sedimentation analysis section. Composition of MR fluid is
discussed in a methodology section. In the results and discussions, the change in viscosity of all fluids and its impact
on damping force is evaluated. Finally concluding comments are drawn in the final section

LITERATURE REVIEW

The authors are motivated to employ their knowledge of magneto-rheological fluids, which Rabinow
discovered in 1948, in a variety of applications [1]. A MR fluid with variable viscosity as a function of current can
effectively replace a conventional viscosity-based hydraulic system. It responds quickly, consumes minimal electrical
power, and offers controlled mechanical power output. [2]. Micro sized iron particles that aren't properly dissolved in
the base fluid cause sedimentation problems and it is very important for the synthesis of MR fluid [3]. The particle
structure in the presence of magnetic field provides shear stress to the MRF. When particle sizes increase, MRF shear
stress rises. However, due to a problem with sedimentation, the use of larger sized particles is restricted. [4]. Natural
gum is utilized as a surface coating to prevent the MR fluid from adhering, corroding, and sedimenting. Carrier fluids
are blended with grease and other thixotropic additives. Iron particles settle down at the bottom when MR fluid is not
in use for several days and additives will help in solving this [5]. A MR damper is a simple, semi-active device
containing MR fluid and having the capacity to change damping force within milliseconds. It provides better ride
comfort than conventional suspension systems [6]. Applications for MR dampers can be found in a variety of civil
constructions, including buildings and bridges, as well as in vehicles and railway systems. According to displacement
and frequency of vibrations, damping force can be generated by supplying required voltage [7]. The MR damper
system is operated for all types of input excitations by controlling the current supplied to MR damper RD-8040-1 and
can be used to design a seat suspension for fatigue-free rides [8]. To develop an organic oil blend, silicone oil is
blended with environmentally safe natural organic oils like sunflower and cottonseed. Considering viscosity, the
cottonseed oil blend-based MR fluid outperforms the sunflower-based fluid [9].
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A unique electronically controlled power steering system that makes use of MR fluid was proposed by Park and
Jung. They conducted trial investigation to prove the feasibility of the proposed system [10]. Umit Dogruer
investigated an off-highway, high mobility vehicle's semi-active MR fluid damper. He built a quarter-car model with
two degrees of freedom and employed variety of control algorithms to manage the MR fluid damper. The Bingham
Plastic model is used to mimic the behaviour of the MR fluid, and a magnetic finite element analysis is used to
determine the magnetic field circulation [11]. Lin et al. assessed the effectiveness of a retrofitted MR damper under
dynamic loading conditions. Modified Bouc-model is developed to check functionality of the MR model. Moreover,
they used an experimental structure with MR damper [12].

On a Stryker vehicle, authors tested the MR semi-active suspension system. An algorithm was used to test
the full model, which included eight dampers and controls [13]. Nabaglo conducted both experimental and numerical
research on MR damper control system with low energy requirements. The goal was to significantly lessen vertical
acceleration in the presence of moments and forces operating on the vehicle under various riding circumstances [14].
The theoretical characterization of a lightweight MR damper is explored by Aydar et al. They discovered that the MR
damper's controllability enables them to alter the damping necessary for various frequencies and lowers noise at
resonance [15]. PID control algorithms are used to study the impact of road disruptions. Inputs from step and impulse
road disturbances perform very well with PID controllers. It cannot, however, adapt as the circumstance does. A fuzzy-
based PID controller produced better outcomes [16]. Skyhook, fuzzy logic, LQG, and sliding mode controllers are
some of the controllers that can be implemented with MR dampers. Dong et al. claimed that the best suspension
performance is provided by sliding mode-controlled MR dampers [17]. For variable displacement engines, an engine
mount utilizing an MR damper is developed and offered the best control over vibration minimization [18]. By
modulating the magnetic field, author demonstrated that MR dampers have good damping characteristics [19].
Artificial neural network MR damper models were investigated by the authors. They came to the conclusion that the
proposed ANN could model MR dampers more effectively than existing parametric models. [20]. Fuzzy logic
controller was tested in a car suspension system and proved that fuzzy logic controller offers appreciably superior
ride comfort [21].

Avinash et al. compare the damper's performance by varying the fluid environment, namely, MR fluid
damping, viscous damping, and air damping and reported that MR fluid dampers provide better-damping presentation
[22]. When properly adjusted, the Skyhook algorithm outperforms the passive suspension in terms of ride comfort and
vehicle handling by managing the MR damper with a range of current values [23]. Authors proved that the developed
hybrid MR damper could absorb shocks in severe road conditions also [24-25]. An electromagnetic field study of the
constructed damper was performed using the ANSYS programme, and it was found that a damping force of 6517 N
was achieved at 1.5 A. It was validated experimentally and found that the maximum damping force reaches 6838N at
a damping coefficient of 300 kN-s/m [26]. In the quarter car concept, the active seat suspension is modeled with the
equivalent damping model and the Bingham model. Initially a bump input with varying degrees of road roughness is
applied. The Equivalent Damping Model is found to perform better than the damper behaviour of the Bingham model
in both circumstances, i.e., bump input and random road input [27]. Neural network based model method has an
improved capacity to forecast the damper force for a more complex excitation [28]. H. Zambare et al. compared the
analytical design of the passive suspension and semi-active suspension using the Bouc-Wen, Dahl, and Bingham
hysteresis models. The observations show that the Bouc-Wen model is the most practical and suitable model for
developing a semi-active suspension system. [29].

Authors have illustrated MR fluid properties or studied MR damper responses to excitation using software
models. MR fluid developed by authors is not experimentally examined for developed MR damper. The selection
criteria for the MR fluid in the MR damper of the suspension system are the subject of an experimental investigation
in the current paper.

METHODOLOGY

Composition of MR Fluid

This chapter focuses on the process of developing trustworthy MR Fluid capable of working with MR
damper. Magnetic material with high purity such as carbonyl iron powder and iron dust appears to be the main
magnetic practical composition. Material composition and steps required for MR fluid preparation are shown in Figure
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2. The enduring component of MR fluid is made up of the base (carrier) liquid, which could consist of silicone oils,
mineral oils, or paraffin oils.

Carrier Fluid
(68%)+Additives (12%)

J

Mechanical stirrer agitation
for 40 minutes

Mixing of 20% coated
magnetic particles

\

Mechanical Stirrer agitation
of total mixture for 12 hours

J

FIGURE 2. Structural outline for preparation ofMR Fluid

For the fluid combinations stated in Table 1, carbonyl and atomized iron powder typically in the range of 0.1
to 10pum have been employed in the current study. Guar gum and xanthan gum powder are employed to coat the iron
particle surfaces, enhancing the fluid's performance. The carbonyl iron is donated by Industrial Metal Powders India
Pvt. Ltd. in India, and the atomized iron dust is donated by Hoganéds AB in Sweden. According to Table 1, the density
of atomized iron dust coated with guar gum is larger than that of samples 1 and 2. Sedimentation of fluid increases
with an increase in density. Hence only carbonyl iron samples are used further for fluid combinations.

TABLE 1. Surface coating of ferromagnetic material

Sample No. Magnetic particles with coating Density (gm/cm?®)
Sample 1 Xanthan Gum coated Carbony! Iron 1.48
Sample 2 Guar Gum coated Carbonyl Iron 1.40
Sample 3 Guar Gum coated Atomized Iron 2.82

Field Emission Scanning Electron Microscopy (FESEM), which is available at Savitribai Phule Pune
University, is employed to observe the particle outlines and dimensions. Size and shape of all ferromagnetic
constituents is observed at magnification of 5000x as shown in Figure 3. Particle dimensions of guar gum and xanthan
coated carbonyl iron powder vary from 1 to 10 microns, whereas those of guar-coated atomized iron dust vary from 5
to 20 microns. Larger iron particles have stronger magnetic fields than smaller iron particles, but they have tendency
to go down at the bottom of fluid resulting in sedimentation.

(@) (b) (©
FIGURE 3. Microscopic images at 5000x of ferromagnetic particles (a) Sample 1, (b) Sample 2, (c) Sample 3
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The spherical, guar gum coated atomized iron dust (Sample 3) have a smooth surface and a big size of 20
microns. With guar gum and xanthan coated carbonyl iron powder (Sample 1 and 2), a flakes-like structure can be
seen and a particle size of fewer than 10 microns is obtained. Flake structure helps to increase the strength of the bond
under a magnetic field which further leads to increased fluid viscosity. It is observed from the experiments that,
Xanthan gum coating is more effective than guar gum coating in minimizing the sedimentation of MR fluid.
Furthermore, three potential non-magnetic oils are specified, as listed in Table 2, including silicone oil, synthetic oil,
and paraffin oil. The density of paraffin oil is more than the density of silicone and synthetic oil.

TABLE 2. Base fluid characteristics

Base fluid Kinematic Viscosity Density (gm/cm?®)
(centistokes)

Silicone oil 11.2 0.771

Synthetic oil 36.2 0.794

Paraffin oil 171 0.823

TABLE 3. Combination of additive blends

Blended Base Additives Base fluid Density (gm/cm?3)
Fluid

Fluid A Oleic acid+ Grease Synthetic oil 0.822

Fluid B Stearic acid+ Grease Paraffin oil 0.871

Fluid C Ethanol + Glycerine Silicone oil 0.916

According to Figure 4 (a), base fluid and additives are properly combined using a mechanical stirrer. Figure
4 (b) illustrates how the Brookfield DV-E viscometer is used to determine the kinematic viscosity of these stirred
fluids. All the ingredients are stirred for 12 hours to prepare the fluid, as shown in the flow structural diagram.

L

@) (b)

FIGURE 4. (a) Mechanical Stirrer (b) DV-E Viscometer

To synthesize the MR fluid, quantities of paraffin, silicone, and synthetic oil are used as the base fluid. The
kinematic viscosity of paraffin oil is the highest, measuring 171 cSt. These primary fluids are combined with additive
mixtures, as shown in Table 3, to improve the rheological and sedimentation characteristics of MR fluid. Developed
fluid mixtures are evaluated on a viscometer to see how shear stress increases as the shear rate changes. Figure 5
demonstrates that Fluid B has a higher shear stress level.It is observed that base fluid paraffin oil and synthetic oil
perform better than the silicone oil mixed with glycerine and ethanol. Density of Fluid C is more but the required
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shear stress is less than the other two. Shear stress rises with fluid viscosity, which enhances the dampening properties
of the damper, consequently Fluid A and Fluid B are chosen for MR Fluid experiments.

Shear tress (Pa)

300

250

200

150

100

50

0

M Shear stressof Fluid A

B Shear Stress of Fluid B

B Shear stressof Fluid C

0.72 086 143

215 359 43 7.17

Shear Rate (1/s)
FIGURE 5.Shear stress Versus shear rate of blended base fluids

Synthesis and development of MR fluid

The essential components of fluid blended with additives are paraffin oil and synthetic oil. To develop MR
fluid, guar and xanthan gum coated carbonyl iron are added to carrier fluid. Table 4 provides an overview of the four
prepared MR fluid types. Since larger particles will ultimately settle down, the size of guar gum surface coated
atomized iron dust, which ranges from 5 microns to 20 microns, is not taken into consideration. Fluids are uniformly
prepared by stirring various MR fluid combinations at 900 rpm continuously for 12 hours.

TABLE 4. MR fluid types

MR Fluid Blended Base Fluid Magnetic particles
with Additives

MR Fluid-1 Fluid A Carbonyl Iron with
Guar Gum coating

MR Fluid-2 Fluid A Carbonyl Iron with
Xanthan Gum coating

MR Fluid-3 Fluid B Carbonyl Iron with
Guar Gum coating

MR Fluid-4 Fluid B Carbonyl Iron with

Xanthan Gum coating

SEDIMENTATION ANALYSIS

Due to the difference in densities, the particles settle and leave relatively clear volume of carrier fluid behind.
To measure the settling rate of iron particles, visual inspection is carried out to compare the heights of the dispersed
phase (a) and the height of the settled phase (b) across different time frames. A illustrative experiment conducted for
the sedimentation investigation is shown in Figure 6. Sedimentation ratio (SR) of settled particles is calculated with
the help of Equation 1. Where value ‘a’ is dissolved phase and (a + b) represents total height of the MR fluid.

%SR=-——x100 (1)
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As shown in figure 6, a 50 ml cylinder had been filled with all the developed MR Fluids, and the mixture was
let to stand for 120 hours. The volume of magnetic particles deposited at the bottom is depicted in Figure 6a.

FIGURE 6. (a) Sediment iron particles(b)  Illustrativeimage of sedimentation

Figure 7 demonstrates how MRFluid-1 has a higher sedimentation ratio than other fluids. In MR Fluid-1, a
synthetic oil-based fluid, iron particles settled quickly and reached 64%. In contrast to the other four fluids, the
sedimentation ratio of carbonyl iron coated with xanthan gum powder in MR Fluid-4 slowed significantly. The
elevated shear stress change caused by paraffin oil and grease (MR Fluid-4) and high density of Paraffin oil than
Synthetic oil combination, particle settling speed of MR Fluid-4 is slower than Synthetic oil combination.

120 +

~100

S

2 80 -

o

c

L2 60 - —=— MR Fluid-1

©

)

c id-

OE) 40 == MR Fluid-2

§ —— MR Fluid-3

w20 - .
—&— MR Fluid-4

O T T T T 1
0 24 48 72 96 120

Time (Hrs)

FIGURE 7. Sedimentation ratios of coated iron particles versus Time

MAGNETIC FLUX DENSITY OF ELECTROMAGNETIC PISTON

The magnetic field's flow is essential for an MR damper to perform well. The desired damping force of the
MR damper is thus determined by the electromagnetic flux density of the magnetic piston. To improve the magnetic
flux density and magnetic force of the MR damper, magnetic permeability is a crucial component. Equation 2 is used
to compute the magnetic flux density. In the equation H is magnetic field intensity, “I” is current in Ampere, “/” is the
length of the magnetic circuit on the piston, and “N” represents the number of turns. The length of copper wire winding
on the magnetic piston is 26 mm and 320 numbers of turns are wound on the piston. The relative permeability of
material is symbolized by “p,” which is 100 and permeability of free space is represented by “po” which is 4z x 10
"(Henries per meter).
Magnetic flux density B = pxpoxH (Tesla) (2)

020007-7

20:8S:¥L €20z 1snbny Lg



Where,

H = Hr¥Ho
NI
H=

Itis viewed from the Fig.8 that the magnetic flux density increases with increase in current of magnetic coil.
Magnetic flux density increases linearly up to 1.2 A current and saturation point occurs at 1.8 A. Hence MR fluid is
activated from current 0.1 Ato 2 A.

3
=
2\2.5
=)
3
x 1.5
=
o 1
@
§0.5
= 0
0 0.5 1 15 2
Current (A)

FIGURE 8. Magnetic flux density versus current

RESULTS AND DISCUSSION

Measurements of the rheological features of generated MR fluids are carried out by employing magnetism
with the aid of current in the ampere. The rheology of MR fluids instantly changes from a free flowing low viscosity
to high viscous liquid with controllable viscosity in centipoises when they are in close proximity to a magnetic field.
Figure 9 demonstrates how fluids have high viscosity when a magnetic field is a present and low viscosity when one
is not. The MR Fluid-4 with paraffin oil as the base oil and grease, stearic acid as additives mixed with xanthan gum
coated carbonyl iron can create viscosity around 1800 centipoise, while viscosity of MR fluid-1 and MR fluid-2 with
synthetic oil as base oil, mixed with additives grease, Oleic acid was limited to 1600 centipoise. After a value of 1.08
T magnetic flux density, MR Fluid-3 viscosity is lower than MR Fluid-4 but exhibits similar rheological
characteristics. For MR damper testing, MR Fluid-4, which becomes highly viscous under magnetic fields, is added
to the MR damper cylinder.

2000 -~

1800 -
< 1600 -
'S 1400 -
1200 -
1000

800
600
400
200
0 T T T T T T T T T \
0 0.270.54 0.81 1.08 1.351.62 1.91 2.19 2.45 2.63
Magnetic Flux Density B (T)

IS

—&— MR Fluid-1
—%— MR Fluid-2
—4— MR Fluid-3
—>— MR Fluid-4

Viscosity (Centipo

FIGURE 9. Viscosity versus Magnetic flux density for all four fluids
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Magneto-rheological damper (MR damper) having an electromagnetic piston fitted in a cylinder filled with
magneto-rheological (MR) fluid is used for testing the selected MR Fluid-4.MR damper is operated at current of 1.0A
and 1.5A and compared with passive damper.

450
400
350
300

—t— Passive Damper

== MR Damper at 1.0 A current

—a— MR Damper at 1.5 A current

250
200
150
100
50
0

Damping Force (N)

1.5+
2
2.5
3
35-

Velocity (m/s)

FIGURE 10. Damping force of Passive damper and MR damper versus Velocity

The damping performance of the MR damper is observed on the test rig under different excitation velocities, by
supplying a current of 1A and 1.5A. Dampers reduce vibrations by dissipating the energy of vibrations. When a vehicle
hit a bump on the road, the damper's piston advances to absorb the vibration and gets compressed. This compressed
force experienced by the damper is compression force and the force that a shock absorber experiences as it
decompresses and then expands back to its original state is known as rebound damping. Damping force as shown in
Figure 10 is compression force required to reduce the vibration excitation. Rebound damping is not considered in the
paper. It is observed that the MR damper outperforms the passive damper at all velocities of vibration. The damping
force obtained at 1.5 A current is 15% more and at 1.0A is 11% more than the damping force obtained with a passive
damper. Moreover, as demonstrated in Figure 11, the FFT Analyzer (Fast Fourier Transform spectrum analyzer) is
employed to acquire the vibration acceleration. Initially, when the vehicle hit a bump, all dampers show an acceleration
of about 1.4 m/s2, but after 10 Hz frequency amplitude of the MR damper at 1.5A current is much lower than the
passive damper. The acceleration of the MR damper obtained at 1.0A current is slightly higher than that of 1.5 A.

(m/s%)

|
I
|
I
|
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|
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FIGURE 11. Acceleration of Passive damper and MR damper at different frequencies
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CONCLUSION

In order to conduct an experimental examination on sedimentation, shear stress, viscosity, damping force,
and vibration acceleration, this study includes four MR fluid samples. Samples are grouped using a combination of
surface coated magnetic particles, carrier fluids, and additives. The statement is that the lowest sedimentation ratio is
noticed in MR Fluids 4 and 3, that are using paraffin as the carrier fluid. When the current continuously increases, the
magnetic flux density rises resulting increase in viscosity. It has been observed that all developed MR fluids became
more viscous as magnetic flux density increased. Higher shear stress level above 250 Pa is observed in Paraffin based
oil mixed with grease and stearic acid. Shear stress of less than 90 Pa is observed in Silicone based oil is not considered
further for the fluid combination. Hence paraffin based MR Fuid-4 mixed with additives grease, stearic acid, and
xanthan gum coated carbonyl iron illustrated a viscosity of more than 1800 centipoise. The fluid's high viscosity
feature aids in boosting the MR damper's damping force. A damping force of about 400N is observed at 3.5 m/s
velocity with the help of an MR damper. The damping force of the MR damper supplied with 1.5A current is 15%
more than the damping force obtained by the passive damper. The acceleration amplitude of the MR damper with
1.5A current outperforms the passive damper by reducing acceleration by 30%.
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Application of Artificial Intelligence M)
and IoT to Membrane Bioreactor (MBR) | &ue
and Sewage Treatment Plant

Manoj Wagh, Dnyaneshwar Vasant Wadkar, and Prakash Nangare

Abstract A membrane bioreactor (MBR) is a capable treatment technology that
consists of an activated sludge process (ASP) emerging with membrane filtration
which retains the reduced biomass. MBR is an emerging treatment technology to
treat sewage wastewater and reuse the water for various purposes like gardening,
toilet flushing, farming, etc. In this paper, a design of the sewage treatment plant is
proposed by using MBR technology. To achieve promising and effective results, the
traditional design method has been replaced by modern techniques such as wireless
sensor networks and the Internet of Things (IoT) software platform to carry out
the analysis of sullage wastewater. It concludes that the traditional design system
is influenced by the integration of IoT. Further, this paper gives insight into the
application of Artificial intelligence (AI) for curtailing the complications in sewage
treatment.

Keywords Artificial intelligence - Internet of Things - Membrane bioreactors *
Sewage treatment plant - Wireless sensor networks « Wastewater

1 Introduction

Sewage is the wastewater generated by the community of human beings. Around 70%
of freshwater consumption is converted into wastewater. Wastewater is contaminated
by domestic, industrial, and commercial use that changes its parameters continuously
such as COD, BOD, pH, hardness, TSS, etc. Water scarcity is a big challenge to fulfill
the per capita demand of the city. Hence, there is an urgent need to treat wastewater
and utilize it effectively so that the water demand can be fulfilled. It is observed
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that 99% of water is characterized by the rate of flow of its biological, chemical,
and physical factors (BOD, COD, pH, hardness, conductivity, turbidity, acidity, DO,
TDS, TSS). The sewage wastewater systems can meet the demand for freshwater in
smart cities by treating and managing wastewater with the help of Artificial intelli-
gence (Al) and Internet of Things (IoT) sensors. Al and IoT have several influential
and hands-on tools to overcome various complex problems related to wastewater
treatment [1]. Nowadays, several researchers have implemented Al and IoT tech-
nologies because of convenient operation, high speed, high accuracy, and no issues
related to the physical problem [2]. Al implemented for seed, crop, leaf, stem, fruit
infection [3]. Al is also applicable for the financial sector to predict financial capital
[4]. Al can resolve various practical issues related to various engineering disciplines
such as civil engineering, environmental engineering, etc. To improve the quality of
wastewater and drinking water Al was implemented [5]. The ground water contam-
ination is detected using Al [6]. Al plays an important role to enhance the quality
of water by assessing river water, wastewater recycling and water resource engi-
neering [7]. Further, Al is used to find out the characteristics of saline water and to
treat the saline water [6, 7]. To detect the machine fault, Al technology is conve-
nient [8]. Al has application in an integrated vehicle health management (IVHM)
for aerospace to identify the primary challenges related to paradigm [9]. The process
of removing a contaminant from wastewater and household sewage both runoff and
domestics are called Sewage treatment [8, 9]. The sewage wastewater treatment is
the significant steps to reduce the pollution and promote the water quality [10].
Sewage is the complex waste affected by microbiological, physical and chemical
factors variability which requires appropriate treatment technology to operate the
sewage treatment plant [10, 11]. Membrane bioreactor (MBR) has made great atten-
tion owning to its very high efficacy and is a capable treatment technology which
consists of activated sludge process (ASP) emerging with membrane filtration which
retain the reduced biomass [11]. MBRs technology is observed as significant funda-
mentals of advanced effluent repossession and recycle technology and are comprised
in a numeral of prominent schemes worldwide [12]. MBR having energy saving effi-
ciency and footprint over conventional processes such as activated sludge process
(ASP) oxidation pond, etc. MBR consists of ASP and a membrane detached method
[13]. MBR functioning analogous to traditional ASP, and there is no requirement
of sedimentation and filtration identical to slow sand filtration (SSF) [14]. Small
pressure membrane purification whichever micro-filtration (MF) or ultra-filtration
(UF) were implemented to distinct wastewater from ASP [15]. MBR configura-
tion consists of submerged membrane or external circulation (side stream config-
uration) [16]. Submerged membrane often applied in municipal wastewater treat-
ment [17]. Submerged membrane bioreactor consists of plate membrane module or
hollow fibre [18]. Sufficient preliminary treatment was essential to avoid the clog-
ging (Membrane fouling) [19]. 12-15 g/s is recommended for more concentration
otherwise it will lead to the functioning problem and decreased oxygen transfer effi-
ciency [20]. Hydrodynamic condition, type of membrane salient feature of module
is highly responsible for the clogging of MBR. Due to the bacteriological digestion
molecular weight of present substance may increase [21]. The emerging technology
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interacts with active sludge and detached sludge and liquid wastewater [22]. ASP
consist of screening aeration, clariflocculator and rapid sand filter but still sludge
is generated on a large scale this problem can be solved easily using cutting-edge
technology such as membrane bio technology which enhance organic treatment. This
technology having scope to degrade the parameters of highly contaminated wastew-
ater, dairy industry, sugar industries food processing industries etc. The technology
becoming popular day-by-day due to less space is required for installation, instant
operation, very less sludge generation and quality of treated parameters as per the
central pollution control board norms.

This process involves physical, chemical, and biological methods that remove
respective contaminants also produce clean and safe water. In this paper, IoT and
Artificial Intelligence (AI) based prediction models were implemented to monitor
the sewage treatment plant.

2 Preparation of Your Paper

Figure 1 shows the location of Imagica STP plant Khopoli-Pali Road, SH 92, Sangde-
wadi, Maharashtra, India. The layout of the Imagica STP plant has been mentioned
in Fig. 2. A row sample of sewage was collected in a container and kept in the
refrigerator (Fig. 3). Analysis of sewage wastewater was carried out to find out the
characteristics of sewage wastewater (Table 1).

Surrounding is extremely contaminated if industrial waste is discharged without
treatment. Portable water is the basic need of human beings. The Maharashtra govern-
ment treat 22% sewage collected. The remaining 78% row sewage predisposed into

Fig. 1 Site location of STP plant
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Table 1 Chemical characteristics of sewage wastewater

S.No Test parameters of untreated sample Laboratory result
1 pH value 7.12

2 Electrical conductivity, ds/m 0.631

3 Turbidity, NTU 9.0

4 TDS, ppm 3214

5 COD, mg/lit 723

6 BOD (at 3 day), mg/lit 192

7 DO, mg/lit 1.42

8 Total hardness as CaCO3, mg/lit 294

9 Total alkalinity as CaCOs3, mg/lit 148

waterways which creates chances of water-borne diseases. In India, the government
and scientists are facing the problem due to habit of human being to handle the
sewage water. To save the environment design, operation and treatment of sludge
treatment plant (STP) is the solution.

2.1 [Information of Imagica Water Park, Khopoli

See Fig. 4.
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3 Result and Discussions

Membrane bioreactor (MBR) is an advanced emerging technology that can curtail the
parameters of sewage such as COD, BOD, TSS, etc. Table 2 illustrate parameter of
sewage before and after the treatment. Which shows that treated effluent can be used
for various purpose such as gardening, flushing of toilet, etc. The residual sludge can
be used as manure for agricultural purposes. Figure 5 shows the quality of effluent
and manure.

IoT plays a vital role in the operation, monitoring, and maintenance of sewage
treatment plants. To achieve the sustainability of the sewage, plant digital innovations

Table 2 Parameters of sewage before and after treatment

Parameter Influent (in mg/1 except pH) Effluent (in mg/l except pH)
pH 7.95 7.77
BOD 192 2.70
COD 720 8.18
TSS 321 3.51
' |
U™ = .

Fig. 5 Water quality and manure after the MBR treatment
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were carried out which sense the analysis of the collected data, and the operational
treatment technology. The programmable logic controllers (PLC), process control
station, and optical fiber sensor were implemented to control the operation. Super-
visory Control and Data Acquisition (SCADA) method was executed to evaluate the
overall functioning of the plant. PLC, remote terminal units (RTU) interpreted the
gathered information about effluent characteristics, analyze the real-time data from
the connected numerous sensors and transmit it to the field instrumentation. With
the help of a real-time sensor and SCADA online monitoring of various parame-
ters of sewage plant were carried out which includes monitoring of pH of effluent,
total suspended solids variation during the process. The quality of effluent depends
upon the amount of dissolved oxygen present in the effluent. Degradation of effluent
is depending upon the microorganism such as aerobic bacteria which consume the
oxygen and curtail the parameters of the effluent. Chemical oxygen demand (COD)
is the crucial constraints which elaborate the sewage wastewater quality. SCADA
application helps to monitor the parameters of COD.

References

1. Adeloye, A. J., & Dau, Q. V. (2019). Hedging as an adaptive measure for climate change
induced water shortage at the Pong reservoir in the Indus Basin Beas River, India. Science of
the Total Environment, 687, 554-566.

2. Ahmed, A. N., Othman, F. B., Afan, H. A., & Elsha, A. (2019). Machine learning methods for
better water quality prediction. Journal of Hydrology, 578.

3. Al Aani, S., Bonny, T., Hasan, S. W., & Hilal, N. (2019). Can machine language and arti-
ficial intelligence revolutionize process automation for water treatment and desalination.
Desalination, 458, 84-96.

4. Bozkurt, H., van Loosdrecht, M. C. M., Gernaey, K. V., & Sin, G. (2016). Optimal WWTP
process selection for treatment of domestic wastewater—A realistic full-scale retrofitting study.
Chemical Engineering Journal, 286, 447-458.

5. Bucci, V., Majed, N., Hellweger, F. L., & Gu, A. Z. (2012). Heterogeneity of intracellular
polymer storage states in enhanced biological phosphorus removal (EBPR)—Observation and
modeling. Environmental Science and Technology, 46, 3244-3252.

6. Carrasco, E. F.,, Rodriguez, J., Pual, A., Roca, E., & Lema, J. M. (2002). Rule-based diagnosis
and supervision of a pilot-scale wastewater treatment plant using fuzzy logic techniques. Expert
Systems With Applications, 22, 11-20.

7. Carrasco, E. F,, Rodriguez, J., Punal, A., Roca, E., & Lema, J. M. (2004). Diagnosis of acid-
ification states in an anaerobic wastewater treatment plant using a fuzzy based expert system.
Control Engineering Practice, 12, 59-64.

8. Chakraborty, T., Chakraborty, A. K., & Chattopadhyay, S. (2019). A novel distribution
free hybrid regression model for manufacturing process efficiency improvement. Journal of
Computational and Applied Mathematics, 362, 130-142.

9. Dai, H., Chen, W., & Lu, X. (2016). The application of multi-objective optimization method
for activated sludge process: A review. Water Science and Technology, 76, 223-235.

10. Dehghani, M., Seifi, A., & Riahi-Madvar, H. (2019). Novel forecasting models for immediate-
short-term to long-term influent flow prediction by combining ANFIS and grey wolf
optimization. Journal of Hydrology, 576, 698-725.

11. Jia, X., Li, Z., Tan, R., Foo, D. C. Y., Majozi, T., & Wang, F. (2019). Interdisciplinary
contributions to sustainable water management for industrial parks. /49, 646-648.



28

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

M. Wagh et al.

Han, H. G,, Liu, Z., Guo, Y. N., & Qiao, J. F. (2018). An intelligent detection method for
bulking sludge of wastewater treatment process. Journal of Process Control, 68, 118-128.
Han, H. G., Zhang, L., Liu, H. X., & Qiao, J. F. (2018). Multiobjective design of fuzzy neural
network controller for wastewater treatment process. Applied Soft Computing Journal, 67,
467-478.

Hernandez-Del-Olmo, F., Llanes, F. H., & Gaudioso, E. (2012). An emergent approach for the
control of wastewater treatment plants by means of reinforcement learning techniques. Expert
Systems With Applications, 39, 2355-2360.

Huang, M., Han, W., Wan, J., Ma, Y., & Chen, X. (2016). Multi-objective optimisation for
design and operation of anaerobic digestion using GA-ANN and NSGA-I1L. Journal of Chemical
Technology and Biotechnology, 91, 226-233.

Huang, M., Ma, Y., Wan, J., & Chen, X. (2015). A sensor-software based on a genetic algorithm-
based neural fuzzy system for modeling and simulating a wastewater treatment process. Applied
Soft Computing Journal, 27, 1-10.

Podder, M. S., & Majumder, C. B. (2016). The use of artificial neural network for modelling of
phycoremediation of toxic elements As(IIT) and As(V) from wastewater using Botryococcus
braunii. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 155, 130-145.
Zhang, X. P. S. (2017). To the victor go the spoils: Al in financial markets [perspectives]. IEEE
Signal Processing Magazine, 34, 176-176.

Zhang, Y., Gao, X., Smith, K., Inial, G., Liu, S., Conil, L. B., & Pan, B. (2019). Integrating
water quality and operation into prediction of water production in drinking water treatment
plants by genetic algorithm enhanced artificial neural network. Water Research, 164, 114888.
Zhang, Y., & Pan, B. (2014). Modeling batch and column phosphate removal by hydrated ferric
oxide-based nanocomposite using response surface methodology and artificial neural network.
Chemical Engineering Journal, 249, 111-120.

Zhang, Z., Kusiak, A., Zeng, Y., & Wei, X. (2016). Modeling and optimization of a wastewater
pumping system with data-mining methods. Applied Energy, 164,303-311.

Zhao, L., Deng, J., Sun, P, Liu, J., Ji, Y., Nakada, N., Qiao, Z., Tanaka, H., & Yang, Y. (2018).
Nanomaterials for treating emerging contaminants in water by adsorption and photocatalysis:
Systematic review and bibliometric analysis. Science of the Total Environment, 627, 1253—
1263.



Emerging Materials and Technologies

Shape Memory

Polymer Composites
Characterization and Modeling

Nilesh Tiwari
and Kanif M. Markad CRC Press




Designed cover image: & Shutterstock

MATLAB" is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks
does not warrant the accuracy of the text or exercises in this book. This book’s use or discussion
of MATLAB" software or related products does not constitute endorsement or sponsorship by
The MathWorks of a particular pedagogical approach or particular use of the MATLAB” software.

First edition published 2024
by CRC Press
2385 NW Executive Center Drive, Suite 320, Boca Raton FL 33431

and by CRC Press
4 Park Square, Milton Park. Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC
© 2024 Nilesh Tiwari and Kanif M. Markad

Reasonable efforts have been made to publish reliable data and information, but the author and
publisher cannot assume responsibility for the validity of all materials or the consequences of
their use. The authors and publishers have attempted to trace the copyright holders of all material
reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and
let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted. reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying. microfilming, and recording, or in any information
storage or retrieval system, without written permission from the publishers,

For permission to photocopy or use material electronically from this work, access www.copyright,
com or contact the Copyright Clearance Center, Inc, (CCC), 222 Rosewood Drive, Danvers, MA
01923,978-750-8400. For works that are not available on CCC please contact mpkbookspermissionsg@
tandf.couk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are
used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Names: Tiwari, Nilesh, author. | Markad, Kanif M., author,

Title: Shape memory polymer composites : characterization and modeling /
Nilesh Tiwari and Kanif M. Markad.

Description; First edition. | Boca Raton, FL : CRC Press, 2024. |

Includes bibliographical references and index.

Identifiers: LCCN 2023024118 (print) | LCCN 2023024119 (ebook) |

ISBN 9781032489940 (hardback) | ISBN 9781032490007 (paperback) |
ISBN 9781003391760 (ebook)

Subjects: LCSH: Shape memory polymers. | Polymeric composites.
Classification: LCC TA455.P585 .T59 2024 (print) | LCC TA455.P585 (ebook)
| DDC 620.1/92—-dc23/eng/20230629

LC record available at https://lcenJoc.gov/2023024118

LC ebook record available at https:/lcen.loc.gov/2023024119

ISBN: 978-1-032-48994-0 (hbk)
ISBN: 978-1-032-49000-7 (pbk)
ISBN: 978-1-003-39176-0 (ebk)
DOL: 10.1201/9781003391760

Typeset in Times
by codeMantra




Contents

ADOUt the ABBORS i il doswesivm s sdssisssiveonisesoveon X
Chapter 1 Introduction to Shape Memory Polymer ..o |
1.1 Discovery of Shape Memory Effect.........cccooviivimimnnnnniiiin 2
1.2 Classification of Shape Memory Materials ......ocooeicnininiinnns 2
1.3 Shape Memory Effect in POlymers.....ccooovveveoeveeveeeccmerenncerenens 3

1.4 Governing Principles of Shape Memory Effect in Polymers.... 4
1.5  Molecular Mechanism of the Thermally Induced

DEADE MEMOEY BB .. rvverwmron coiirsititivimmmmvera wiembaisotioms 6

1.5.1 Transition TEMPEIrature .......occurvmmmmiummmsssmssssnssssessesans 7

1.6 The Role of CrystalliZation ... 7

1.7 Shape Memory Characterization ... i 9

1.7.1  Morphology-Dependent Function ........c.cccvvereverccrnns 13

LB AP O s s i s B BB R ARG 15

1.9 ‘Outlook Challenges: ... isisimaindismmsadninimisamsg I8

1.10" : Shape Memory Aoy i viciiiaininaiiimaie it I8

1.11 Comparison between Shape Memory Alloy and

Shape Memory POlYmMEr ......ccovicsrnssrmransmsssisssssnsesesssesassens 21

RRETCECTICES v ovioiuiiiasesosisesiiisssiosmmonsds s idsisrinidtdeshsspvviom doiesnidossabos iiiens 23

Chapter 2 Shape Memory Polymer COMPOSIES ..o...voeiumrms i ssinesssss s inssens 25

211 CORINDERTEER , poivvaivimvespeiovintosdasresooppiss to et s s vot SO HAB T AT TIAPY 25

B B e e e e s 27

22l AR IS v e e N ST R e 27

222 Carbon Bber i i i i G 28

223  Aramdd Bber i S SRR 28

224  Extended-Chain Polyethylene Fibers ... 29

22.5 Natural FIDErs.........ccoccceinimisvivsassscssssisosassnnisanisnsesaasans 30

23 MR o s S R G s 30

24 Shape Memory Polymer COmpOSIES......ociimimmmssmnisiires 3l
24.1  Shape Memory Fiber-Reinforced Polymer

COMPOBIES ... oicuaiiiusiaiiisssiniumssiisoss gk arsian siassisdias 33

24.2  Shape Memory Polymer Nanocomposites ..........cc..... 34

24.3  Shape Memory Hybrid Composites .........ooruimcninines 39

2.5  Fiber Content, Density, and Void Content...........cooerpemsniessrnnns 42

TR OROOIMIOR . i i e S e PSS S S Ao EO TN eS8 43

vii



viii Contents
Chapter 3  Fabrication and Characterization ... inininsicecnessiienninisenns 49
31 BERIC CONCBIPRE cocrevissssmmmssasvassescasnsinrpsisssermimosmsaiuinsioresssssosssase 49
1 DEIeE OF OB, conconnsosssmmannsasssamvesssveersossenpsnsasrsrns 50
KLZ O TIDEY eeinversntencossscsasmorinsosesanaansase mmustnssors mions nessesin ]|
32  Bag-Molding Process. 52
3.3 Compression MOIING .....ocouerimiimisiminnsisssssss s essssass 53
7 G Ty P U R LY TIPS PRI BN - 55
IR 1T RO O A DX Ry X 56
3.5.1  Winding Strategies........ccvivicnscerescsivsnnissnssisnasssaasssasas 58
3.6 Resin Transfer MOIING........covuvemnsninisiinisrisissinssssmmesssmsssnans 59
et RRURTHCTRTREIAINY  rersesotreiortos mrssrib e vrassrphaser DAt Faasorssmtend Wdrasrede 61
391 Temsile et i A i, 6l
3.7.2  Compressive Testing........ocovccommerecresveacscssaserassesassens 63
3.7.3 Flexural Testing...........cccocsiiissssasasonssassasasanssssasssassins 66
3.7.4 In-Plane Shear TeStINg ........ccvniuniersnerssesassssresssssessnsanes 67
3.7.5  Interlaminar Shear Strength Testing ......ccooviiiiniianians 69
3.7.6 Fatigue Testing.........cccinirusicinisssnssssssssssisssssessssessassese 71
37.7 Coefficient of Thermal Expansion..........cccccoccovvccnieane 75
3.7.8  Thermal ConduCtVILY ..c.cciieieicrunsmmmsmmsmsmssessssesssisees 76
3.79 Crosslink Density in Shape Memory Polymers ......... 77
3.7.10 Nuclear Magnetic Resonance Spectroscopy.............. L)
3.7.11 Thermal CharaCteriZation ... v reesmmsresesssssresssrnns 79
3.7.12 Morphological Characterization ... 82
3.7.13  Scattering TeChIQUES ....cvvceinmirminniniicssssanmassnn 85
3.7.14 Cyclic/Thermomechanical Testing ......coovvevrrerienrens 87

3.8  Case Study: Fabrication and Characterization of
Multiphase Shape Memory Composites ... .o 88
3.8.1  Specimen Preparation ...........cccmmmmnmmesmsssm 88
3.8.2 Material Characterization ... 88
3.8.3  Mechanical Properties........ 90
3.84 Thermomechanical Analysis.......ocummin. 92
3.8.5  Shape Memory Properties ... oo 96
S SN 97
Chapter 4 Modeling of Shape Memory Behavior ... 101
4.1  Constitutive Models of SMPs 101
4.1.1  Theory of ViSCORIASHCILY ...ucvcrerimsminuesimnmsresesarsssiesseres 101
4.1.2  The Phase Transformation Theory.........ccciiinins 11
4.1.3  The Combination TREOTY .....cocvuiimnciisiiiiasissncnnianenas 119
42 Micromechanics of Three-Phase Composites........covuvreenies 120
42,1  Equivalent Continuum Model for CNTs.......coovvvnnre 121

422 Mechanical Characterization of a Matrix
Embedded With ONTS ..o cssvssenns 124



Contents ix
423 Homogenization Techniques (HTS) oo 127
424 Chamis APProfach .....ccovvrevesrmmsresmsssssssmssarms s 128
425 Hahn Approach........ocmiimmi 129
426 Hashin—-Rosen Approach ... 130
427 Halpin-Tsai Approach .........cocvevvrceresnscsasssssrsnassens 131
43  Buckling Behavior of SMPCS ..o 133
4.3.1  Preparation of Strain in SMPC Plates ...........cccoveennre. 133
432  Mathematical Investigation of the Strain
Energy in the SMPC Panel ... 139
4.3.3  Shear Strain Energy in the xy Plane........ccccovevvcnnee 139
4.3.4  Shear Strain Energy in the yz Plane........cccccooceinicnne 140
4.3.5  Stretch Strain Energy of the SMPC....coiiiiinicnar 140
4.3.6  Strain Energy of the FIbers.........ccooovvevivnmvmssrsirnsmanins 14
43.7 Microbuckling Considerations of SMPC .................... 141
4.3.8 Estimation of 2, and Zp.....ececemseesssererssnsssrsssisasassasissses 141
4.3.9 Evaluation of the Half Wavelength for Fibers ........... 142
44  Case Study: Microbuckling in Shape Memory
Polymer Composites..........ovuueremrarurnnns vereenenes 142
44.1 Temperature-Regulated Properties of SMPC ............ 144
4.4.2  Position of Neutral Strain Plane and Critical
BUCKIING PENE ....oovevesi e seessnessasessessessmessrasseres 146
4.4.3  Half Wavelength of the Fiber......oiiicscicenars 148
R CRORICEN . vvvere s o s mrermeveomwrveveveekal ok SR e v VAR AR5 149
Chapter 5 Finite Element ADalySis.........coureucicvresrecirseressseresssesssssmasssnsassensssasassses 159
5.1  Background of Finite Element Analysis of Composites ......... 159
5.2  Bending Analysis of Laminates .........c.ovicrimiimennimmiin 161
52.1  Stress-Strain-Displacement Behavior......cocoocvin 163
5.2.2  Strain Energy of Beam.......ccoveivsirenmrsssresssssssrnneres 165
523  Strain Energy of the Beam Element ..........ccociiniee 166
5.24  Governing Equation of Bending ......cocoocoivnieniinninn 167
5.3  Case Study: Flexural Analysis of a
CNT-Reinforced Composite Beam ..... 168
5.4  Case Study: Flexural Analysis of Shape Memory
Polymer Hybrid Composites (SMPHC) ......ccooviiniiniininnnn, 170
TR ACER .. . oo i rorismassponsonsnsiisshsssuasasnsessasavuspnsabnssotyssmiobaynssnsns sasss 202
Appendix 1: Case Study: Modeling of Shape Memory Polymer .............o...... 203
Appendix 2: Case Study: Modeling of Shape Memory Polymer Composites ... 206
Appendix 3: Case Study: Mechanical Properties of the Shape Memory
Hybrid Composite Using the Halpin-Tsai Model ....................... 209

.......................................................................................



