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ABSTRACT

Desorption processes are an important part of all processes which involve utilization of
solid adsorbents such as adsorption cooling, sorption thermal energy storage, and drying
and dehumidification processes and are inherently energy-intensive. Here, how those
energy requirements can be reduced through the application of ultrasound for three widely
used adsorbents namely zeolite 13X, activated alumina and silica gel is investigated. To
determine and justify the effectiveness of incorporating ultrasound from an energy-savings
point of view, an approach of constant overall input power of 20 and 25 W was adopted.
To measure the extent of the effectiveness of using ultrasound, the ultrasonic-power-to-
total power ratios of 0.2, 0.25, 0.4 and 0.5 were investigated and the results compared with
those of no-ultrasound (heat only) at the same total power. Duplicate experiments were
performed at three nominal frequencies of 28, 40 and 80 kHz to observe the influence of
frequency on regeneration dynamics. Regarding moisture removal, application of
ultrasound results in higher desorption rate compared to a non-ultrasound process. A
nonlinear inverse proportionality was observed between the effectiveness of ultrasound and
the frequency at which it is applied. Based on the variation of desorption dynamics with
ultrasonic power and frequency, three mechanisms of reduced adsorbate adsorption
potential, increased adsorbate surface energy and enhanced mass diffusion are proposed.
Two analytical models that describe the desorption process were developed based on the
experimental data from which novel efficiency metrics were proposed, which can be

employed to justify incorporating ultrasound in regeneration and drying processes.
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1. INTRODUCTION

1.1 Motivation

Desiccants consisting of solid porous materials are increasingly gaining attention for
various applications including thermal energy storage, adsorption cooling,
dehumidification processes, water purification, desalination, and water harvesting [1]-[6].
The inherent temporal and intermittent nature of solar radiation makes thermal energy
storage (TES) an essential element in many solar thermal energy systems. In addition,
increasing awareness of environmental issues related to thermal systems calls for higher
thermal efficiency by utilizing/storing byproduct waste heat. Mainly, there are three types
of thermal storage: sensible, latent and sorption. Amongst thermal energy storage systems,
sorption thermal storage is more favorable as it has much higher energy storage density
compared to the other types of thermal storage, a remarkable temperature rise, and the
capability of long-term storage over seasonal variation in ambient temperature [1], [7]-
[11]. Additionally, adsorption cooling systems can utilize lower-grade heat than common
heat-driven cycles, and incorporate environmentally friendly refrigerants such as H2O,
NH3, Hz, CO2, hydrocarbons, etc. [12], [13].

The dehydration of industrial gases is a an essential process to prevent undesired
condensation and ice formation, solid hydrate formation, hydrolysis and corrosion [14]-
[16]. The dehydration and drying processes of industrial gases such as natural gas,
compressed air, nitrogen and oxygen, that is, reducing the water vapor content of the
industrial gases to a satisfactory level, are considered energy intensive [17], [18]. It’s
estimated that about 0.5 Quads of energy was used just for natural gas and compressed air

drying in 2019 in the U.S., out of a total industrial primary energy consumption of 32.5



Quads which corresponds to about 1.5% to total industrial primary energy consumption
[19], [20].

Currently, industrial gas dehydration is achieved by means of condensation, liquid
desiccants, and solid desiccants [16], [21]. Condensation dehydration is achieved either by
reducing the temperature of the gas below the dewpoint (saturation temperature
corresponding to the desired moisture content) and reheating the gas or by decreasing the
pressure using expansion valves ( Joule-Thompson effect). Compared to desiccant
dehydration, condensation dehydration is the most energy-intensive drying process except
for very high gas pressures (> 20 MPa) [21]. Liquid-desiccant dehydration is achieved by
bubbling the gas through a liquid that has high affinity for water vapor. The water vapor is
removed from the gas by absorption. Liquid desiccants offer the least energy-intensive
drying process, however they cannot deliver the ‘bone dry’ gas required in some
applications such as cryogenics. Commercially available liquid desiccants are either highly
corrosive such as lithium chloride and lithium bromide, or prone to contamination such as
glycols [16], [22]. In addition, there is the major health concern of droplet/vapor carry over
associated with dehydration using liquid desiccants [23]. Solid desiccant dehumidification
is achieved by passing moist gas through a packed bed containing adsorbent. Since
adsorbents have high affinity for water vapor, the water vapor is adsorbed on the surface
of the desiccant to a certain degree, after which the material becomes saturated and needs
to be regenerated. Solid desiccant dehydration energy intensity is higher than dehydration
using liquid desiccants, but much lower than dehydration by condensation [24]. Despite

their higher energy intensity, solid desiccants are often preferable to liquid desiccants in



drying processes as they can deliver much higher levels of dryness and require much
simpler reactors [14], [15], [25], [26].

One of the significant drawbacks of using desiccant materials in desiccant-integrated
systems is the lengthy and energy-inefficient process of regeneration of the material, which
calls for novel and more efficient desorption processes instead of conventional regeneration
processes namely direct heating and application of hot air [27]. In recent years researchers
have attempted to resolve the issue of inefficiencies caused by inadequate heat and mass
transfer in desiccant materials by introducing alternative energy sources to assist in the
desorption process along with low-grade heating [28], [29]. One such energy source is
ultrasound [27], [30]-[33]. Ultrasound has been used to not only assist desorption of
adsorbates in sorption cooling and dehumidification, but also desorption of many other
chemicals as well as the drying of food, clothing and wood [34]—[45]. The use of ultrasound
on adsorbents has been recently studied as a means of overcoming insufficient heat and
mass transfer during the regeneration of the adsorbents [27], [30], [33]. Conventional
heating of adsorbents is the primary contributor to the long time required for regeneration
and the energy-consuming nature of the desorption process. In the relatively sparse amount
of research available on ultrasonic regeneration, there have been investigations on the
effect of the input power and frequency of the sound waves as well as on how the impact
of those variables differ under different thermal power input, e.g., regeneration temperature
[27], [30], [33]. Zhang et al. [30] investigated the effects of different levels of ultrasonic
power and regeneration temperature on moisture removal from silica gel and found that
higher ultrasonic power and regeneration temperature results in higher desorption. Zhang

et al. [33], on the other hand, investigated the effects of ultrasonic frequency on moisture



removal from silica gel. They reported that with an increase in ultrasonic frequency
desorption decreases. These studies have attributed numerous theories on ultrasonic
interaction with silica gel for a fundamental explanation as to why desorption is enhanced.
But, as discussed later, the fundamental mechanisms behind why the application of

ultrasound improves desorption are still not clear.

1.2. Ultrasound

Sound is a form of energy transferred by pressure variations in air, water, or elastic
media. Displacement of a particle from its mean path position in a medium leads to sudden
alteration in pressure. During restoration of the particle’s original position, it passes the
disturbance to the other particles. Ultrasound is an oscillating sound pressure wave with a
frequency greater than the human hearing range and has wide range of scientific,
engineering, industrial, chemical, medical, and biological applications [46]. Ultrasound
devices operate with frequencies from 20 kHz up to several gigahertz. Because of its
pressure-alternating and displacement-inducing nature, ultrasound can be utilized to
enhance mass and heat transfer. Thus, ultrasound is employed in applications that could
benefit from microscale transport enhancement. These applications include, but are not
limited to systems involving sorption process, heat exchangers, drying, welding and so on

[47]-[51].

1.3. Conceptualization of Ultrasound-Enhanced Desorption
In recent years there have been several efforts to conceptualize the principle of
ultrasound-enhanced desorption. This improved desorption process can be described using
heat and mass transfer governing relations while also incorporating ultrasonication effects

into them to analyze this improvement [52].



In the literature, there are several contributing factors cited proposing why improved
desorption occurs due to the introduction of an acoustic field, but the most common factor
discussed in previous studies is surface cavitation [35], [52]-[57]. An illustration of these
mechanisms is provided in Fig. 1. The alternating, locally established compressions and
rarefactions induced by ultrasound waves at the surface of the adsorbent material subject

the solid-gas interface to successive negative and positive pressures.

Adsorbate
R

Microstreaming <

Alternating
High Pressure
Zone

/ Cavitation

\ Alternating
Low Pressure
Zone

—

Dissipation

Sonicator

Figure 1. Illustration of the ultrasound-induced mechanisms.

Experimentally, it has been shown that the effect of expansion dominates that of

compression at the adsorbent/fluid interface, which results in surface cavitation that breaks



the boundary layer and overcomes the adsorption forces (van der Waals and electrostatic
forces) [53].

Another important effect of ultrasound that improves desorption that has been
discussed is ultrasonic-induced, locally established partial vacuum. When an adsorbent is
under ultrasonic radiation, a pulsating partial vacuum is created at the same frequency as
the ultrasonic field that in turn reduces the gas pressure at the gas-solid interface and
enhances vapor transport by canceling or prevailing over the present adsorption field and
thus promoting surface evaporation [35], [53], [55]. Based on findings from previous
studies, another factor shown to play a significant role in ultrasound-assisted desorption is
circulating fluid currents. Induced by high-intensity ultrasonic radiation at the adsorbent
surface, circulating currents enhance desorption of adsorbate from the surface [58]. The
movement of the adsorbate molecules is achieved when acoustic forces dominate the
viscous and surface forces allowing molecules to move more freely. This phenomenon is
also reported as microstreaming, which occurs at the desiccant material surface resulting
in a reduction in the diffusion boundary layer hence an increase in diffusion and mass

transfer [54].

Another explanation proposed is that the alternating pressure creates local vapor
bubbles, which force liquid molecules to move around forming currents [35]. It has also
been postulated that the flow of the fluid in porous media is accelerated in an ultrasonic
field [35], [59]. Turbulence is another factor contributing to ultrasonic-enhanced

desorption.

Turbulence induced at the gas phase will partially reduce the gas pressure and

consequently increase the diffusivity at the gas-solid interface [53].
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Viscosity and diffusivity are important factors governing the heat and mass transfer
and must be considered in any discussion of enhanced desorption. Ultrasonic radiation
reduces the adsorbate viscosity, which will have the effect of increasing its diffusivity [60],
[61]. The temperature rise due to dissipation of ultrasonic energy is a controversial factor.
In some studies, the application of ultrasonic waves has been considered as a contributing
factor to enhanced mass transfer, while in others dismissed as a contributing factor

compared to others [53], [61].

1.4. Research Objectives

Although utilization of ultrasound in regeneration of adsorbents proved to be beneficial
[30], [33], at this point, it seems the precise mechanisms by which ultrasound enhances
desorption from porous media are not firmly established [48]. Many theories have been
proposed, however some contradict each other, and some appear to be material specific. In
addition, ultrasonic-enhanced regeneration hasn’t been analyzed from an efficiency point
of view. Also, the real-life application of ultrasound-assisted regeneration requires further
investigation. This work focuses on addressing the issues mentioned above through

realization of the objectives specified below:

* Improve fundamental understanding of solid (adsorbent)/fluid (adsorbent)
thermophysics subject to ultrasonication.

» Investigate the effects of ultrasonic variables, i.e. power and frequency, on the
regeneration process.

» Investigate the feasibility of ultrasound-assisted regeneration of adsorption pairs

from an energy-savings point of view.



» Investigate the effects of ultrasonication on regeneration temperature for low-grade
heat utilization through adsorption thermal energy storage, adsorption cooling and

drying processes.



2. EXPERIMENTAL SETUP AND PROCEDURE

To investigate the ultrasound-assisted regeneration of adsorption pairs, an experimental
setup that could utilize thermal power with or without ultrasound to regenerate adsorbents
is designed. The input to the setup is either thermal power or thermal power along with
ultrasonic power while the total input power remains constant. Basically, two regenerative
variables, i.e. regeneration temperature and mass of desorbed adsorbate, are measured at
the same time. The measured temperature and mass of desorbed adsorbate enable the
comparison and justification of ultrasound-assisted regeneration versus heat-only

regeneration.

2.1. Experimental System Design

The main components of the experimental equipment used in this study are the
desorption bed, an ultrasonic transducer, a function generator (Siglent Technologies
SDG1032X) , a high frequency-low slew rate amplifier (AALABSYSTEMS A-303), a
cartridge heater, and a power supply (PROTEK P6000). A detailed schematic of the
experimental setup is shown in Fig. 2. The bed is of hollow cylindrical shape machined out
of aluminum 6061 rod. The ultrasonic transducers used are of low-heat piezoceramic type
procured from APC INTERNATIONAL. Incorporating a combination of function
generator and amplifier instead of fixed power - frequency ultrasonic generator makes it
possible to drive the transducer at any desirable power level and frequency. The desorption
bed is attached to the transducer with resin epoxy. A detailed photo of the experimental
setup is also provided in Fig. 4. Three widely used adsorbents namely zeolite 13X,

activated alumina and silica gel were investigated.



Drying of the zeolite 13X, activated alumina and silica gel samples was achieved by
heating them in an oven at 280 °C, 280 °C and 120 °C respectively and measuring the mass

until no change in mass was observed.

The drying process of the sample was validated using a vacuum oven. The mass of the
dried sample was controlled to be 48.31 = 0.01 g in all experiments. The dried zeolite 13X,
activated alumina and silica gel samples were then saturated to 27%, 20% and 34%
moisture ratio (MR) using an ultrasonic humidifier respectively. During the saturation
stage, the relative humidity and the temperature of the feed flow were controlled at 95%-
100% and 20 °C respectively using a Honeywell HIH-6130 temperature and relative
humidity sensor. The moisture ratio MR, representing the mass of adsorbate adsorbed by

adsorbent, is used to describe the desorption process and is defined as:

MR — Mmeasured_Mdry (1)
Mdry

where Mueasurea 18 the measured mass of the sample during the experiment and M, the
measured mass of the dry sample. The resonant frequency of the transducers was
determined using an oscilloscope (Rigol DS 1054Z) and a shunt resistor. The ultrasonic
transducer and the shunt resistor were connected in series and with the help of four voltage
probes, the impedance of the transducer based on the voltages across the transducer and
across the shunt resistor was calculated. The resonant frequency corresponds to the lowest

impedance (also the phase difference between the voltage and current is zero) [62].
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Figure 2. Schematic diagram of the experimental setup.

The resonant frequencies of the unloaded transducers provided by the supplier, 28 kHz
(APC 90-4040), 40 kHz (APC 90-4050), and 80 kHz (APC 90-4040) kHz were validated
and the resonant frequency of the transducer-bed assembly was measured to be 24.3, 31.5,
and 75.5 kHz for the zeolite sample, 24.1, 31.2, and 75.1 kHz for the activated alumina
sample, and 31.8 kHz for the silica gel sample respectively. The impedance variation and
the resonant frequency of the loaded 28 kHz transducer-bed assembly for the zeolite sample
is shown in Fig. 3. Identically, for each frequency, experiments at two levels of total power
(Protar= 20 and 25 W) were carried out. The experimental ultrasonic (Pus) — thermal power
(Prn) combinations are presented in Table 1. Thermal power was regulated through a
power supply connected to the cartridge heater. The ultrasonic power was regulated using
a shunt resistor, an oscilloscope and voltage probes. The ultrasonic power was determined

as:

Pys = Vs Ims cOs 6 (2)
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where Vs 1s the root mean square value of voltage across the transducer, /s the root mean
square value of alternating current passing through the transducer, and 6 the phase angle

between the voltage and current.
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Figure 3. Impedance variation and the resonant frequency of the zeolite-loaded 28 kHz
transducer-bed assembly

Since adsorbents are poor heat conductors, the regeneration temperature was measured
at several different locations using OMEGA T type thermocouples (wire diameter = 0.571
mm), referred to as reference, axial, and radial temperatures, and a NATIONAL
INSTRUMENTS data acquisition device NI 9212. The experimental period is limited to
50 minutes and the mass and temperatures are measured at 5-minute intervals. For each
measurement, all wires are disconnected from the bed and the mass of the bed is measured

using an electronic scale (My Weigh SCMIMO1) with a capacity of 1000 £0.01 g.
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Table 1.Experimental ultrasonic-thermal power combinations.

Prowr (W) | Pru (W) | Pus(W) Pus / Protal (-)
20 20 0 0
20 15 5 0.25
20 10 10 0.50
25 25 0 0
25 20 5 0.20
25 15 10 0.40

m

I = .
: il = Function
Power Supply . oy . 1Y W Generstor

g

——— mel
Data Lngger —

Figure 4. Detailed photo of the experimental setup.

2.2. Desorption Metrics

2.2.1. Ultrasonic Desorption Enhancement

The ultrasonic desorption enhancement UDE indicates the percent improvement in
removing the adsorbate using ultrasound compared to a heat-only desorption process and

1s defined as:
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UDE = AMyemoved,Us—AMremovednon US (3)

AMyemoved,non US

where Amemovea,us 18 the mass of adsorbate removed in a desorption process involving
ultrasound and Am,emoved non Us 18 the mass of adsorbate removed in a heat-only desorption

process.

2.2.2. Ultrasonic Desorption Efficiency Enhancement
The ultrasonic desorption efficiency enhancement UDEE is an indicator of the amount
of energy saved in desorbing adsorbate from adsorbent by using ultrasound compared to a

heat-only desorption process and is defined as:

Protql At _ Protal At
UDEE = AMyromovednon US  AMremoved,US (4)
Protal At
AMyemoved,non US

where A¢ is the total time of the experiment (50 minutes). The common numerator Pr,;q; At

was not cancelled to keep the universality and a sense of specific energy in the equation.

2.3. Uncertainty Analysis

2.3.1. Measured and Calculated Variables

The thermocouple-data acquisition device was calibrated using a HONEYWELL HIH
6130 silicon bandgap temperature sensor with an accuracy of +£1.0°C. The accuracies of
the mass and temperature measurements are provided in Table 2. The uncertainties of the

calculated variables were determined using [63]
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of of of
wp = (w1? (5,07 + w2’ (507 + ws? (5,7 + )% )

where wyis the uncertainty of the calculated variable f'(x;, x2, x3,...) and w;, w2, ws, ... the
uncertainties involved in the measured variables x;, x2, x3,... respectively. For instance, the

uncertainty associated with the calculated variable MR is obtained using

_ 2 1 4o 2 Mmeasured~?2
WMR = \/Wmmeasured (mdry) + Wmdry( m?lry ) (6)

Table 2.Accuracy of measured variables.

Measured Accuracy | Unit
variable
Temperature +1.0 °C
Mass +0.01 g
Voltage 2 %
Phase angle 0.1 minute

The maximum values of uncertainty of the calculated variables are provided in Table 3.

Table 3.Maximum values of uncertainty for calculated variables.

Calculated variable | Maximum uncertainty | unit
MR +0.21 %
Treg +1.7 °C
UDE +0.45 %
UDEE +1.98 %

2.3.2 Sensible Heat Loss

To minimize the effects of sensible heat losses, the desorption bed was fully insulated.
However, some amount of heat loss is unavoidable and should be taken into consideration
in interpreting the experimental results. To investigate the amount of heat losses and for
the purpose of comparing the sensible heat loss to the heat gained by the zeolite, the worst

case heat loss, i.e., the maximum temperature rise (15 W thermal power and 10 W of
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ultrasound at a nominal frequency of 80 kHz) is considered. Since the bed is a short, thick
cylinder, the effect of curvature can be neglected, and the periphery is regarded as a vertical

surface [64]. The top surface of the bed is treated as a horizontal surface.

Assuming natural convection from the horizontal and vertical surfaces and using the
known temperatures of the insulation surface and the ambient, the heat transfer coefficients
for vertical and horizontal surfaces are determined to vary between 0.24 - 5.72 W m2 K'!
and 6.51 - 11.3 W m2 K"! throughout the experiment, respectively. The total average heat
loss for the entire period of the experiment is ~1.8 W corresponding to 7.2% of the total

input power.
2.3.3. Bed Size and Input Power Proportionality

Since this work is a comparative study that evaluates and justifies the energy-saving
characteristic of ultrasound—assisted versus heat-only desorption and considering that the
sensible heat losses are taken into account, the size of the desorption bed is not of
importance. However, to realize the real-time applicability of the study, the amounts of
input power are proportional to the bed size. The specific cooling power of the adsorption-
based cooling systems are reported to be about 200 - 600 W kg™ [65], [66], so the 20 and
25 W of total input power corresponding to specific desorbing input powers of 327 and

410 W kg'! respectively, are comparable.
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3. ULTRASOUND-ASSISTED REGENERATION OF ZEOLITE/WATER

ADSORPTION PAIR

3.1. Zeolite 13X
The zeolite 13X beads used in this study were procured from SORBENT SYSTEMS
IMPAK Inc. The physical properties and specifications provided by the supplier are

presented in Table 4.

Table 4. Physical Properties of zeolite 13X

Bead diameter (mm) 3-5
Pore diameter (nm) 1.3
Specific surface area (m?/g) 726
Porous volume (ml/g) 0.25
Density (kg/m?) 689

Zeolite 13X is porous crystalline alumina silicate with maximum water adsorption
capacity of 12% - 36% by mass [66], [67]. As a desiccant material, zeolite 13X has various
applications including sorption cooling [65], [66], [68]-[70] and thermal storage [71]-[73].
Wang et al. [69] reported the adsorption enthalpy of the zeolite-water pair to be about 3300
- 4200 kJ kg'! and the regeneration temperature to be about 250 — 300 °C. The high values
of adsorption enthalpy and regeneration temperature of the zeolite/water pair, compared to
other adsorption pairs like silica gel/water or activated carbon/ammonia, makes it both a

curse and a blessing for sorption cooling and thermal storage applications, respectively.
3.2. Moisture Ratio

Figure 5 shows the measured reduction in moisture ratio (i.e. desorption) of zeolite 13X
for all six power combinations and at all three ultrasonic frequencies, including no applied

ultrasound (heat-only).
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It can be observed from the figure that with constant power level, replacing some
portion of thermal power with ultrasound enhances moisture removal from the adsorbent.
In previous studies [36], [71], [74], the ultrasound was added to the thermal power such
that the total power increased from the heat-only experiments to the ones with ultrasound.
Although this approach confirms that applying ultrasound enhances desorption, the fact
that heat-only and ultrasound-assisted experiments were not performed with the same level
of total power makes it impossible to justify the use of ultrasound in terms of energy
savings. The novelty of the present study is the constancy of total power in both heat-only
and ultrasound-integrated experiments that justifies the use of ultrasound to enhance the
desorption process. Since the total input power is constant, the enhancement in desorption

must be ultrasound related.

The highest moisture ratio in this study is 27% meaning that the total mass of adsorbed
water is 13.04 g. Using water molar mass and Avogadro’s number, there are a total of 4.36
x 10% water molecules present. Assuming a monolayer adsorptive distribution (water
molecules tend to adhere to the zeolite surfaces rather than to other water molecules) and
considering a water molecule effective radius of 0.097 nm, the total surface occupied by
water molecules is ~12.64x 10> m?. The mass of dry zeolite sample is 48.31 g and using
the sample’s specific area of 726 m?/g, the total surface of the zeolite sample is 35.07x 10°

m?. The average surface coverage is therefore obtained as

3
Surface coverage = —waterTorat _ 120XV _ 36 360, (7)

Azeolite Total 35.07 x 103

In case of multilayer adsorption of water molecules resulting in water cluster formation

(which usually occurs in hydrophobic adsorbents), the size of the water molecule
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accumulation is reported not to exceed a pentamer [75]—[77]. Considering both monolayer

and multilayer adsorptive distribution scenarios, we can confidently conclude that neither

bulk liquid nor bulk-imitating liquid clusters exist in our sample.
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Figure 5. Desorption curves for zeolite / water. (a) at 24.3 kHz and 20 W; (b) at 24.3 kHz
and 25 W; (c) at 31.5 kHz and 20 W;(d) at 31.5 kHz and 25W; (e) at 75.7 kHz and 20 W;
(f) at 75.7 kHz and 25 W.
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In the absence of bulk liquid or liquid film, the effects of ultrasonication involving
liquid including the viscosity effect, capillary effect, sonic currents, microstreaming,
circulating flow and surface cavitation can be disregarded. The observed ultrasound-
assisted enhancement in desorption is therefore perhaps due to ultrasound-induced
establishment of local partial vacuum and alternating zones of compression and rarefaction
resulting in enhanced mass diffusivity. Another potential mechanism worth mentioning is
the effect of turbulence. The ultrasound-triggered pressure alteration causes turbulence
resulting in an increase in mass diffusivity where viscous diffusion is the mode of transport.

The same effect is observed in Henry’s constant in acoustic fields [57].

3.2.1. Effect of Ultrasonic Power

Although ultrasonic radiation apparently improves the desorption process, the amount
of ultrasonic power to be used in order to achieve the highest desorption at the lowest total
power input is of major concern. A closer look at Fig. 5 reveals that at any frequency, for
the 20-W total power experiments, the highest desorption was achieved with a power
combination of 15 W thermal power and 5 W of ultrasonic power, i.e., a ratio of ultrasonic-
to-total power of Pus/Prow = 0.25. In addition, with an increase in this power ratio to 0.50,
there is still a slight enhancement in desorption compared to the heat-only experiment, but
it is relatively insignificant. The same trend, regardless of variation in frequency, can be
observed for the 25-W total power experiments. The greatest enhancement in desorption
occurred at a power combination of 20 W thermal and 5 W of ultrasonic power (Pus, Prowi
=0.20). Again, at a higher Pus,/Prowr = 0.40, there is a modest improvement in desorption
over the heat-only experiment. This suggests that there is an optimal value for Pus/ Proti

resulting in maximal adsorbate removal per constant total power.
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3.2.2. Effect of Ultrasonic Frequency

The values of ultrasonic desorption enhancement UDE relative to heat-only desorption
are plotted in Fig. 6. It can be concluded from the figure that for any total power level and
with any ultrasonic — thermal power combination, with an increase in ultrasonic frequency
fus, the ultrasonic desorption enhancement decreases. The same trend of deterioration in
desorption enhancement with an increase in fus has been observed in some previous studies
[33]. The reduction is somehow proportional to the increase in fus. With a slight shift from
24.3 kHz to 31.5 kHz, there is a slight drop in UDE. However, with an increase from 24.3
kHz to 75.7 kHz, there is a significant reduction in UDE. The inverse proportionality
between fusand UDE in some ways appears to confirm the ultrasound-induced desorption
improvement through partial vacuum and zones of alternating pressure. At higher
frequencies, the rarefication, compression, and partial vacuum are established and
demolished so fast that there may not be enough time for the mass-transfer-enhancing
effects to be fully developed. The same phenomena can be observed in ultrasonic-induced
cavitation when acoustic-induced cavitation bubbles explode prematurely at higher

frequencies [78], [79].

3.3. Regeneration Temperature

Figure 6 shows the average regeneration temperature, taken as the average of the three
thermocouples shown in Figs. 2 and 3, for all experiments. For all three frequencies and
both total power levels, ultrasound-enhanced experiments showed higher temperatures
than the non-ultrasonic ones. Specifically, at almost any frequency, the highest temperature

was observed at the lower value of Pus,Pror meaning that the temperature is not solely
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dictated by the thermal power and there are other factors contributing to the temperature

rise.
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Figure 6.Ultrasonic desorption enhancement for zeolite/water at different frequencies
and total power levels. The uncertainty of the UDE is provided in Table 3.

One such factor could be the fact that zeolite 13X, being a porous medium with low
thermal conductivity (about 0.1 - 0.6 W m™!' °C!) [71], has poor heat transfer capability so
using ultrasound enhances the heat transfer in the medium [80]—[83]. Another reason could
be the radially uniform dissipation of ultrasonic waves increasing the temperature rather
than relying solely on radial heat conduction from the cartridge heater. The latter cannot
be the sole contributor to the temperature rise, as the highest temperature was not observed

at higher Pus, Protal -
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3.4. Ultrasonic Desorption Efficiency Enhancement

The ultrasonic desorption efficiency enhancement UDEE indicates the amount of
energy saved when a portion of thermal power is replaced with ultrasonic power while the
total power remains constant. Figure 7 shows the percent energy saved for both power
levels (20 and 25 W) and at all three levels of frequency. Regarding the ultrasonic
frequency fus, there is a general downward trend in UDEE with an increase in fys. As can
be seen from the figure, there is no distinguishable trend in UDEE with regard to Pus/Ptotal,
other than that an optimal value of Pus/Prowi 1s apparent that maximizes UDEE. The most

efficient desorption process was achieved at Pus,Prom = 0.25.
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Figure 8. Ultrasonic desorption efficiency enhancement for zeolite/water at different
frequencies and total power levels. The uncertainty of the UDEE is provided in Table 3.
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In addition, with an increase in this ratio, the efficiency drops drastically meaning that
there is an optimal ratio of Pus / Pros resulting in the highest desorption efficiency

enhancement.

3.5. Desorption Speed

In general, it is beneficial to reduce the time required for desorption. To investigate the
effect of incorporating ultrasound on the desorption speed (i.e., on the time required for
desorption), the elapsed times needed for ultrasound-assisted and heat-only regeneration
processes to reach the same amount of remaining adsorbed moisture are compared. To do
so, for each power level, the water content of the adsorbent at the end of the heat-only
experiment (50 min) is considered as the reference value. Then the time needed to reach
the same water content in ultrasound-assisted regeneration with the same total power input,
is determined. The elapsed times for the most effective frequency (24.3 kHz) are presented
in Table 5. The shortest desorption times are observed at Pus,Pro = 0.2 and 0.25 with
23.8% and 18.4% shorter regeneration processes, respectively. Shifting toward higher Pus

/ Prota1, the improvements in desorption time decreases drastically as expected.

Table 5. Elapsed regeneration time at 24.3 kHz ultrasonic frequency.

Total power Power Final moisture ratio (%) Time
(W) ratio (min)
0.00 50.0

20 0.25 23.09 40.8
0.50 48.4

0.00 50.0

25 0.20 21.70 38.1
0.40 48.3
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3.6. Ultrasonication-Induced Deterioration

To propose ultrasound as an alternative energy source for regeneration, it is essential
to investigate its potential deteriorating and eroding effects. Although the previous
investigations on the subject apparently contradict each other, they suggest that the eroding
effects of ultrasonication are associated with its cavitation-inducing nature [84]—[87].
However, the deteriorating effects of ultrasound on a number of porous materials have been
investigated and no significant changes in their sorption capabilities were reported [4],
[34], [88]. In this study, in the absence of bulk liquid, there was no worrisome ultrasound-
induced cavitation to be accounted for; however, a BET analysis on a sample after 12 cycles
of ultrasonication was carried out to verify the stability of the sample under sonication.
BET analysis based on the Brunauer—Emmett—Teller theory of multilayer adsorption of gas
molecules on a solid surface is technique for the measurement of the specific surface area
of materials [89]. The results of the BET analysis for the sample before and after sonication
are presented in Table 6. There is a negligible decrease in BET-specific surface area, porous

volume and pore width that should not affect the adsorption capacity of the sample.

Table 6. BET analysis of the zeolite sample before and after ultrasonication

Characteristic Before After
Specific surface area (m?/g) 480.4843 463.4843
Porous volume (ml/g) 0.2223 0.2136

3.7. Summary
In this study, ultrasonic-assisted desorption of water from zeolite 13X was investigated.
The extent to which application of ultrasound is effective was analyzed. To do so, the
effects of ultrasonic power and ultrasonic frequency on moisture removal and regeneration

temperature were investigated. Comparing the moisture ratio at different ultrasonic-to-total
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power ratios shows that using ultrasound at lower power ratios, i.e. 0.20 and 0.25,

significantly improves desorption relative to using only heat for regeneration.

Using the newly defined metric ultrasonic desorption enhancement UDE, the effects of
ultrasonic frequency on moisture removal were analyzed and it was concluded that the
effect of ultrasound on desorption is more significant at lower frequencies. Comparing the
regeneration temperature of all experiments shows that ultrasonication increases the
adsorbent temperature regardless of frequency, presumably due to the heat-transfer-
enhancing nature of ultrasound. Not surprisingly, at all three frequencies the highest
desorption was achieved at the highest regeneration temperature. Another defined
indicator, the ultrasonic desorption efficiency enhancement UDEFE, was used to justify the
use of ultrasound in moisture removal from zeolite 13X. Comparing the values of UDEE
indicates that with an optimized ratio of ultrasonic-to-total power a ~24 % reduction in
energy and time required for desorption of water from zeolite 13X can be achieved, relative

to using only heat.
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4. ULTRASOUND-ASSISTED REGENERATION OF ACTIVATED

ALUMINA/WATER ADSORPTION PAIR

4.1. Activated Alumina

Activated alumina is porous aluminum oxide that can adsorb as much as 20% - 38 %
of its mass of water [90]. As a desiccant, activated alumina has various applications
including air dehumidification, industrial gases and natural gas dehydration processes, and
chemical removal from water and air [68], [91]-[97]. Srivastava et al. reported the
adsorption enthalpy of the activated alumina/water adsorption pair to be around 2800 -
3000 kJ/kg and the regeneration temperature to be about 250 — 300 °C [68]. The relatively
high mechanical and chemical stability, acceptable adsorption capacity and exceptional
porous volume of the activated alumina, compared to most other adsorbents, makes it an
encouraging candidate for drying and separation applications. Like most desiccants, no
matter what the application is, the pitfall of using activated alumina is the obligatory
lengthy and energy-intensive process of regeneration, thus demanding faster and more
energy-efficient regeneration methods beyond just conventional heating.

The activated alumina beads used in this study were procured from Delta Adsorbents
Div. of Delta Enterprises, Inc. The physical properties and specifications provided by the
supplier are presented in Table 7.

Table 7. Physical properties of activated alumina

Bead diameter (mm) 3.175
Pore diameter (nm) ~ 4.8
Specific surface area (m%/g) | 350
Porous volume (ml/g) 0.5
Density (kg/m?) 769
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4.2. Moisture Ratio

The variation of the activated alumina moisture content with time for all experiments
is presented in Fig. 9. It can be inferred from the figure that at all three frequencies and
power levels, integration of ultrasound while the total power input remains unchanged
improves the regeneration process of activated alumina. The general trend is that while the
total input power to the bed is constant, exchanging smaller portions of thermal input i.e.
20 and 25% with ultrasound considerably amplifies desorption with a tradeoff between
ultrasound-induced enhancement and ultrasonic power input. More specifically, applying
ultrasound at lower ultrasonic-to-total power ratios of Pus/Proa = 0.2 and 0.25 pertaining
to the total power levels of Pror =25 and 20 W respectively seems to significantly enhance
the desorption process compared to the no-ultrasound (i.e., heat only) desorption process
at the same Prowi. At higher Pus/Pror = 0.4 and 0.5, the effectiveness of incorporating
ultrasound is still noticeable but not as much as at lower Pus/Prowi. The same trend was
observed in ultrasound-assisted regeneration of zeolite with the exception that the highest
desorption was observed at Pus/Pror = 0.25 indicating that adsorbents are affected by
ultrasound differently. Since Pr.«s 1s unchanged, the observed improvement must be due
to ultrasonication. The initial moisture content of the activated alumina sample is 20%
corresponding to 12 g of water consisting of 4.011x10%* water molecules. Assuming a
0.097 nm effective radius for the water molecule, the total surface area occupied by the
adsorbate is 12x10° m?. The total surface area of the activated alumina sample is ~21x10°
m?. Following the same reasoning from the zeolite case, the surface coverage comes out to
be around 56%. This means that there is little or no accumulation of water molecules that

resembles liquid so to interpret ultrasound-assisted desorption, ultrasound-induced

29



mechanisms entailing the liquid phase such as the viscosity effect, the capillary effect,

sonic currents, microstreaming, circulating flow and surface cavitation can be neglected.
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Figure 9. Desorption curves for activated alumina/water. Prota =20 W (left) and Protal
=25 W (right). fus =24.1 kHz (top), fus =31.2 kHz (middle) and fys =75.1 kHz (bottom).
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To investigate the effect of fus on the desorption process, the metric UDE is employed.
This metric enables comparison of the amount of adsorbate removed in an ultrasonic-
assisted regeneration process with that of a non-ultrasonic (heat-only) regeneration
process. The variation of UDE with Pus/Proi for both total power levels and all three fus
is presented in Fig. 10. For any Pus/Prow, With an increase in fus the value of UDE
decreases meaning that the effectiveness of applying ultrasound is inversely proportional
to fus. A similar trend was observed in the literature for silica gel [33], and we reported a
similar trend for zeolite 13X. Averaged over all values of Pus/Prosi, shifting fus from 24.1
kHz to 31.2 kHz and 75.1 kHz results in approximately 9% and 25% drop in UDE value
respectively, suggesting a nonlinear inverse proportionality between the effectiveness of
incorporating ultrasound in the desorption process and the frequency at which ultrasound

is applied.

4.3. Regeneration Temperature

Since the three thermocouples in zeolite/water regeneration temperature failed to
provide axial and radial temperature gradient, it was decided to add two more
thermocouples (one radial and one axial) to improve the accuracy of the measurement. The
average regeneration temperature, taken as the average of the five thermocouple
measurements for all six activated alumina experiments are shown in Fig. 10. For all three
frequencies and both total power levels, ultrasound-enhanced experiments showed lower
temperatures than the non-ultrasonic ones. Specifically, at any frequency and any power

level, the lowest temperature was observed at the higher value of Pus, Proa.
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Figure 10. Average regeneration temperature for activated alumina/water. fus =24.1 kHz
(top), fus =31.2 kHz (middle) and fus =75.1 kHz (bottom).
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Figure 11. Ultrasonic desorption enhancement for activated alumina/water at different
frequencies and total power levels. The uncertainty of the UDE is provided in Table 3.

In addition, regardless of frequency and power level, the temperature of adsorbent
during heat-only and lower ultrasonic-to-total power ratio experiments are observed to be
very close, suggesting that the temperature is not solely dictated by the thermal power and
there are other factors contributing to the temperature rise. These factors have been

discussed previously in section 3.3.

4.4. Ultrasonic Desorption Efficiency Enhancement
The ultrasonic desorption efficiency enhancement UDEE simply indicates the amount
of energy saved when ultrasound is incorporated. Figure 12 shows the percent energy saved

for both power levels (20 and 25 W) and at all three levels of frequency.
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Regarding the ultrasonic frequency fus, there is a general downward trend in UDEE
with an increase in fys suggesting that for regeneration purposes, the lower levels of
frequency are desirable. As can be seen from the figure, there is a distinguishable trend in
UDEE with regard to Pus/Prowi . The most efficient desorption process was achieved at

Pus/Proar = 0.20, and with an increase in this ratio, the efficiency drops drastically.
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Figure 12. Ultrasonic desorption efficiency enhancement for activated alumina/water at
different frequencies and total power levels. The uncertainty of the UDEE is provided in
Table 3.

4.5. Summary
Ultrasound-assisted regeneration of activated alumina/water adsorption pair has been

investigated. The experimental results clearly show that integration of ultrasound along
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with thermal power without increasing the total input power enhances the removal of water

from activated alumina relative to heat-only desorption with the same total power input.

The effectiveness of applying ultrasound is strongly influenced by the ratio of
ultrasonic-to-total power and amongst the measured power ratios of 0.2, 0.25, 0.4 and 0.5,
the highest desorption was observed at 0.2 power ratio corresponding to about 27% energy
savings. The effect of ultrasonic frequency on moisture removal was investigated and it
was concluded that increasing the frequency reduces the effectiveness of ultrasound. In
terms of regeneration temperature, experimental data show that integration of ultrasound
at higher power ratios, i.e. 0.4 and 0.5, considerably lowers the regeneration temperature
without jeopardizing the desorption process. An ultrasound-enhanced desorption
mechanism based on the effect of acoustic stress on the adsorbate surface energy was

proposed and a relation between adsorbate surface energy and acoustic pressure was

established.
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5. ULTRASOUND-ASSISTED REGENERATION OF SILICA GEL /WATER

ADSORPTION PAIR

5.1. Silica Gel

The silica gel used in this study was procured from the Delta Adsorbents Division of
Delta Enterprises, Inc. The physical and porous properties provided by the manufacturer
are shown in Table 8.

Table 8. Physical properties of silica gel.

Average bead diameter (mm) | 3.5
Pore diameter (nm) 2-3
Specific surface area (m?/g) 650
Density (kg/m?) 700

5.2. Moisture Ratio

The variation of the silica gel moisture content with time for all experiments is depicted
in Fig. 13. To establish the influence of ultrasound in desorption-temperature dynamics,

the dimensionless moisture removal u is defined:

U= Mini—Mmeasured (8)

Mini—Mdry

where m;,; is the initial mass of the sample (adsorbent + adsorbate), Mycqsurea the
measured mass of the sample and mg,,, the mass of the dry sample. The dimensionless

moisture removal y can be easily converted to the more previously defined moisture ratio

MR using

p=1-—"% MR (9)

Mini—Mdry
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The specific regenerating power of the silica gel-water pair is reported to be about 180-
390 Wu/kgsa, so the 20 and 25 W of total input power corresponding to specific desorbing
input powers of 327 and 409 W/kgsc respectively, are comparable [98], [99]. It can be
inferred from Fig. 13 that at both total power levels Prow = 20 or 25 W, at any value of the
ratio Pus/Prowi , application of ultrasound improves the moisture removal from silica gel.
The observed trend is that while the total input power to the desorption bed remains
constant, replacing smaller portions of thermal power i.e., 20% (20W TH + 5W US) and
25% (15W TH + 5W US) with ultrasonic power significantly enhances moisture removal

compared to the no-ultrasound desorption process at the same total power level.
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Figure 13. Variation of dimensionless moisture removed in ultrasound-assisted and heat-
only regeneration of silica gel.
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At higher Pus/Prow of 40% (15W TH + 10W US) and 50% (10W TH + 10W US), the
observed enhancement associated with integration of ultrasound is still perceptible,
however not as significant as at lower Pus,Promi . Since there is no increase in the total

input power to the system, the observed improvement must be ultrasound-induced.

5.3. Regeneration Temperature

The variation of silica gel regeneration temperature, 7.¢, averaged over five measured
temperatures at various radial and axial locations with time is depicted in Fig. 14. The
temperature of the silica gel during the regeneration process is dictated by three factors
namely heat input, acoustic dissipation and ultrasonic-enhanced heat transfer [100], [101].
At any power level, the lowest regeneration temperature is observed at the highest Pys/
Prow ratio when a significant fraction (40% at 25 W total power level and 50% at 20 W
total power input) of thermal power is replaced by ultrasonic power implying that the
thermal input is the leading factor in controlling the regeneration temperature regime
compared to ultrasonic-enhanced heat transfer and acoustic dissipation. Also, values of Teg
at low ultrasonic input, i.e., high thermal input and no ultrasound including heat-only input,
are observed to be very close suggesting that that when a small portion (20% at P = 25
W and 25% at Prow = 20 W) of thermal power is replaced by ultrasonic power, the
ultrasound-enhanced heat transfer can nearly offset the effect of the eliminated portion of

the thermal input on regeneration temperature.
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Figure 14. Measured regeneration temperature of silica gel.

5.4. Ultrasonic Desorption Efficiency Enhancement

To investigate the improved energy efficiency associated with integration of
ultrasound, the metric UDEE 1is utilized. Figure 15 shows the values of UDEE for both
power levels (20 and 25 W) and all Pus/Prowi . Regarding the dependence on Pus/ Prota ,
there is a general downward trend in UDEE with an increase in Pus / Prow . Energy
efficiency improvement ensues from the integration of ultrasound in any case, however,
the highest energy saved, i.e. 26% is achieved at the lowest ultrasonic input—20% of the

total input.
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Figure 15. Ultrasonic desorption efficiency enhancement (UDEE) for the regeneration of
silica gel. The uncertainty of UDEE is provided in Table 4.

5.5. Moisture Variation with Temperature

The issue with current methods of regenerating solid adsorbents is the relatively high
levels of regeneration temperature requiring high thermal energy input. Utilization of low-
grade thermal energy such as waste heat and solar thermal energy could potentially
decrease the energy and carbon intensity of drying and dehumidification processes
involving solid adsorbents. However, utilization of low-grade heat is limited by its inherent
low temperature. Ultrasound, which besides temperature incorporates alternating pressure
and surface energy into desorption kinetics, can alter the desorption dynamics. Figure 16

shows the variation of silica gel moisture content with regeneration temperature 7eg.
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At both power levels, relative to heat-only regeneration, integration of ultrasound
decreases the regeneration temperature. The reduction in regeneration temperature due to
ultrasonication was observed in case of ultrasound-assisted regeneration of activated
alumina. However, the ultrasonication resulted in an increase in ultrasound-assisted
regeneration of zeolite 13X. The differences in regeneration temperature alteration
because of ultrasonication in ultrasound-assisted regeneration of zeolite 13X, activated
alumina and silica gel could be related to different thermal and acoustical properties of
these materials. As it was mentioned earlier, the temperature regime is dictated by thermal
diffusion and acoustic dissipation. The thermal diffusion depends on many factors such as
thermal conductivity and bead geometry (gap volume between the beads and area of
contact between beads) all of which are material-specific. Acoustic dissipation depends on
various factors such as Young modulus and Poisson’s ratio and geometry of pores and

beads which all f them differ for different material.
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Figure 16. Moisture content variation with average regeneration temperature for silica
gel, Prow=20W (left) and Prowm =25W

Additionally, at higher Pus/Protw, 1.€., Pus/Proar = 0.4 and 0.5, there is a noticeable

drop in Tjeg.

41



To investigate the effect of incorporating ultrasound on the variation of moisture
content with 7., the temperatures at which ultrasound-assisted and heat-only regeneration
processes reach the same amount of remaining adsorbed moisture are compared. To do so,
for each power level, the water content of the adsorbent at the end of the heat-only
experiment is considered as the baseline value. Then the temperature to reach the same
water content in ultrasound-assisted regeneration with the same total power input, is
determined. The temperatures at which the MC reaches the baseline value for all power
ratios are presented in Table 9. The lowest 7)., are observed at Pus,/Pror = 0.4 and 0.5
with 9.9% and 10.6% lower T, respectively. Shifting toward lower Pus / Prowi, the
decrease in 7y, compared to no-ultrasound decreases drastically. It is noteworthy that at
these values of Pus,Prow the UDEE values are the lowest, meaning that there is a trade-
off between lowering 7., and lowering the regeneration energy intensity when it comes to
utilization of ultrasound.

Table 9. Regeneration temperatures to reach final moisture content, where the initial
moisture content is 34% for each case.

Total power (W) | Pus/Prowr | Final moisture Content (%) | Treg (°C)
0.00 66.8

20 0.25 30.8 62.8
0.50 59.7
0.00 75.1

25 0.20 29.4 72.4
0.40 67.7

5.6. Summary

Regeneration of silica gel under ultrasonic radiation for application in solid desiccant

industrial gas drying is investigated.
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Since at each power level the total power input Pz« Was kept constant, the results of
both ultrasound-assisted and non-ultrasound regeneration processes can be compared.
Analysing the values of moisture content, it can be concluded the application of ultrasound,
regardless of Pro ot Pus/Proia Where Pys 1s the ultrasonic power, results in higher moisture
removal rate. The water vapor diffusion regime in silica gel is investigated and a diffusion
model that includes all likely transport modes in porous media is proposed, based on which
an apparent diffusion coefficient that considers temperature and acoustic inputs is
developed. Regarding the regeneration temperature, it is concluded that the regeneration
temperature of the silica gel is not solely dictated by the thermal input and the ultrasound-
enhanced heat transfer and acoustic dissipation noticeably contributes to the temperature
rise. To appraise the energy efficiency associated with integration of ultrasound the metric
ultrasonic desorption efficiency enhancement UDEE is used. Comparing the values of
UDEE in ultrasound-assisted and non-ultrasound regeneration processes proves that
application of ultrasound at any power level and all Pus/Prow results in energy savings by
as much as 26%. The lower Pus/Pr.wa are observed to be more effective in improving
energy efficiency than higher Pus/Prowi. The variation of MC with T 1s investigated and
integration of ultrasound observed to lower the regeneration temperature. The highest drop

in Treg were achieved at highest Pus/Proia With ~ 11% lower Tyeg.
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6. ULTRASOUND-ASSISTED REGENERATION MECHANISMS

Although the usefulness of integrating ultrasound in the regeneration process is
established, the mechanisms by which ultrasound improves regeneration are still unclear.
The regeneration of desiccants can be considered to consist of two processes: the
detachment of the adsorbate molecule from the adsorbent surface (desorption) and
transport of the detached adsorbate molecule out of the pore and eventually far from the
surface (diffusion). A schematic of processes involved in regeneration of adsorbents is
provided in Fig. 17. Ultrasound can potentially enhance both desorption and diffusion
processes. As has been stablished earlier, in the absence of bulk liquid or liquid-mimicking
molecular clusters, all ultrasound-associated enhancing mechanisms related to liquids such
as acoustic cavitation, acoustic streaming and boundary layer alteration can be disregarded
as an enhancement mechanism in ultrasound-assisted regeneration. Additionally, the
inverse proportionality between desorption and ultrasonic frequency observed in
ultrasound-assisted regeneration of zeolite 13X and activated alumina (Figs. 8 and 12),
which has also been reported in the literature [33], contradicts the proposed theory of
ultrasound-enhanced desorption through acoustic dissipation [52] to some degree since the
acoustic attenuation coefficient is proportional to frequency. An increase in frequency
should therefore lead to an increase in desorption [102]-[104], but that is contradicted by
the current results. The attenuation in porous media can be thought of as an amalgamation
of attenuation in the solid and void parts. The attenuation in the granular solid part o is

defined as [105]:

as = Angfl?S (10)

44



where A4, is a material-specific coefficient that depends on the elastic moduli, D the grain
diameter and f the frequency of the acoustic wave. The attenuation in the void part
regardless of the presence of adsorbate molecules is thermo-viscous absorption and is

formulated as [46]:

_ 27'[26ff55

=—0s Y

v 3
CO

where &5 is the fluid-specific acoustic diffusivity and ¢y the speed of sound in the fluid
media. Thus, the acoustic attenuation in porous media, regardless of the order of

predominance, depends on fys to either the 2™ or 4™ power:

a, o« F(fys, fis) (12)

Therefore, it appears unlikely that increased acoustic dissipation is responsible for the
observed enhancements in desorption. Ultrasound basically induces a pressure change
which in fluidic media results in alternating high-low pressure zones and in solids results
in mechanical stress. This alternating pressure can affect the regeneration dynamics such

as adsorption potential, surface energy and adsorbate diffusivity.
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Figure 17. Regeneration process broken down to desorption and diffusion processes.

6.1. Decrease in Adsorption Potential

Considering that desorption is the reverse of the adsorption process, it can be
interpreted as overcoming the adsorption potential. The adsorption potential is the energy
required to move adsorbate molecules in the gas phase of pressure to a condensed state of
vapor pressure [89]. Following Polanyi potential theory, the adsorption potential A4 is

defined as [106]:
A= RTzn(% (13)

where R is the ideal gas constant, T the temperature in Kelvin, P the pressure and Py the

adsorbate saturation pressure at 7. Keeping in mind that saturation pressure is a function
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of temperature f(7), the adsorption potential can be rearranged as an implicit function of

pressure and temperature H:

A=H(T,P) (14)

The variation in the pressure is dictated by the ultrasound—induced alternating zones of
compression and rarefaction (Pys) and the variation in the temperature is imposed by the
thermal input (Pry). Therefore, the adsorption potential can be considered as an implicit

function of both ultrasonic and thermal inputs H*:

A = H"(Pry, Pys) (15)

A schematic diagram of the dependency of adsorption potential on both temperature
and pressure is provided in Fig. 18. The implicit dependency of adsorption potential on
both ultrasonic and thermal input suggests that to achieve the most efficient desorption, the

ratio of ultrasonic-to-total power needs to be optimized.
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Figure 18. Change in adsorption potential due to ultrasonication.
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6.2. Increase in Adsorbate Surface Energy

The adsorption-induced strain or swelling of adsorbents has been observed and
investigated for a long time [107]-[115]. The adsorption-induced expansion is not due to
the physical stress that is allegedly exerted on the adsorbent by the adsorbate molecules
but comes about because of the relaxation of the adsorbent surface due to energy loss.
During the adsorption process, both adsorbate and adsorbent molecules end up with a
reduction in energy (release of the adsorption enthalpy), with the adsorbent losing its
surface energy and consequently expanding. Boissiere et al. [114] investigated the
expansion/contraction of the adsorbent in an adsorption-desorption cycle on porous silica
and observed expansion of the adsorbent during adsorption and contraction to its initial

size during desorption.

Since the contraction of the adsorbent during desorption was observed and the
adsorbent retracts to its original dimension, it can be concluded that the adsorption-induced
expansion and the desorption-induced contraction occur within the elastic regime and thus

it yields:

Oadas = E€qaas (16)

where 0,4, 1s the adsorption-induced stress on the adsorbent surface, €,,4, the adsorption-
induced strain and E the adsorbent elastic modulus. Bangham’s law states that the strain
of an adsorbent &5 during the adsorption process is proportional to the reduction in its

surface energy y [116].

Eads X A)/ (17)
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Consequently, the adsorption-induced stress on the surface of the adsorbent is related to

the reduction in its surface energy:
o

The ultrasonic-enhanced regeneration process may therefore potentially be explained by
the mechanical effects of the ultrasound waves. The ultrasound wave passing through a
medium exerts an alternating force which causes tensile/compressive stresses on the
medium. Since both adsorption-induced expansion and desorption-induced contraction are
reversible processes, contraction or in other words applying compressive stress on the
adsorbent results in increasing its surface energy and consequently in desorption of
adsorbate molecules. Figure 19 showcases the change in the surface energy of an occupied

adsorption site due stress resulting from ultrasonication.

\

Adsorbate —™——__

Figure 19. Increase in adsorbent surface energy due to ultrasonication.
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The increase in surface energy of adsorbents due to contraction induced by ultrasound

can be written as:

Ay « %sin(wt) = —“ZEPCI sin(wt) (19)

where p is the adsorbent density, ¢ the speed of sound in the adsorbent, § the acoustic
displacement, w the angular frequency (w = 2mfys) and [ the ultrasonic intensity. Other
parameters that affect the desorption process are the temperature and pressure. The
adsorption/desorption potential 4 depends solely on temperature and pressure since the
saturation pressure varies only with temperature. So, the energy regime of the desorption
process is controlled by the mechanical stress on the adsorbent surface, the pressure within
its pores and its temperature. The mechanical stress (contraction) and pore pressure (in
part) are dictated by the ultrasonic variables, i.e., ultrasonic power and frequency, and the
temperature except for the minor acoustic dissipation effect is controlled mainly by the
thermal input. Thus, the energy required for the desorption process Eg.s is an implicit

function of ultrasonic power Pus, thermal power Pry, and ultrasonic frequency fus:

Eges = F(Pus: fus: PTH) (20)

The implicit dependency of desorption energy on Pus, fus, and Pry indicates that to

attain the optimal desorption, the ratio Pus/Pro« and fus need to be optimized.

6.3. Enhanced Diffusion of Adsorbates
The diffusion mechanism of a single adsorbate molecule in porous media is described
through Knudsen diffusion, slip diffusion, surface diffusion and viscous diffusion [117],

[118]. Depending on many parameters such as adsorbent saturation degree, adsorbent pore
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size, pressure and temperature, one or all of these mechanisms contribute to mass transfer
either in series or parallel as shown in Fig. 20 [118]-[120]. Yao et al. reported that for
porous media with pore diameter less than 200 A which includes zeolites, activated
alumina and silica gel, the ultrasound-enhanced mass transfer is due to the effect of
temperature rise, induced by acoustic dissipation, on diffusivity [118]. Since the acoustic
dissipation increases with an increase in frequency, ultrasound-enhanced mass transfer
should therefore increase with increasing ultrasonic frequency [121]-[125]. This
hypothesis, however, contradicts the experimental results of current and previous work in
which the ultrasound-enhanced regeneration of silica gel, zeolite 13X and activated
alumina was found to be inversely proportional to ultrasonic frequency, and with an
increase in frequency the ultrasound-induced enhancement noticeably diminished [124],

[125].

-'/';

l Viscous Diffusion

Knudsen Diffusion

Surface Diffusion

Mean Free Path

Adsorption Site

Figure 20. Various modes of diffusion in porous media.

In nano-porous materials the transport mechanism is determined using the Knudsen

number &, [117], [126]. The mean free path A is determined as [127]:
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kgT
= i 1)

where kg is the Boltzmann constant, T temperature, P pressure and d the molecule
effective diameter. For water molecules under normal conditions (P = 1atm and T =
300 K) the mean free path is about 0.128 um. Considering an average pore diameter of d,
=~ 2.5 nm for silica gel, k, = A/d, = 50, meaning that the probability of molecule-
molecule collisions is negligible compared to molecule-wall collisions, thus justifying
Knudsen diffusion [117], [126]. When the transport occurs inside relatively large pores,
under ultrasonic radiation when the pressure drastically alters periodically and upon
increase reduces the mean free path and consequently reduces &, the diffusion mechanism
changes to transitional Knudsen-viscous (slip) and eventually fully viscous diffusion [117].
The advective-diffusive model (ADM) and the dusty-gas model (DGM), based on
Knudsen, transition, and viscous transport modes, have been proposed to model the

combined gas phase diffusion and advection in porous media.

Under atmospheric pressure and for porous media with relatively high permeabilities
(k > 10713 m?), both models are in good agreement [128]. The diffusivity, Dsp), based

on ADM disregarding the binary transport mode is defined as [128]:
k b
Davw =2 (1-2)rT (22)

where k, is the intrinsic permeability, v, the gas-phase kinematic viscosity, b the

Klingenberg factor (slip and Knudsen diffusion correction factor). This model, however, is
more suitable for porous media of low surface area such as soil, rock and shale as it

disregards surface diffusion [119], [128].
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For sorbents of high surface area such as activated carbon and silica gel surface
diffusion is regarded as the most important mode of transport and experimentally it has
been shown that the apparent diffusivity is one order of magnitude higher than the
calculated pore diffusion (surface diffusion excluded) which contributes to surface
diffusion [117], [129]-[131]. Many parameters such as surface coverage, surface
temperature and activation energy affect the surface diffusivity Dg which can be written as

[117], [129]:
Dy = Dy o,(0) e(~Eac/RT) (23)

where Dg ,(0) is the concentration-dependent surface diffusivity at infinite temperature,

O the surface coverage, and E,. the activation energy. The activation energy Eg. is a

fraction of the adsorption potential A [129], [132]-[134]:
Eie=aAd 0<a<l1 (24)
where « is a ratio that depends on the adsorbate-adsorbent interactions.

The total diffusivity Dy that includes Knudsen, slip, viscous and surface diffusion

mechanisms can thus be represented as:

Ps
Dy =1 (1=2)RT + Dy o (0) exp [— R (25)
Under ultrasonic radiation, pressure varies periodically [135]:
P(t) = P, + P,sin (wt) (26)
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where P,, is the ambient pressure, P, the pressure amplitude, and w the angular frequency.
Substituting alternating pressure into Eq. (25) yields the apparent diffusion coefficient

Dy in porous media under ultrasonic radiation:

Ps
af(RTln(Poo+Pasin (cot)))
RT

Dapp = -2 (1 = ——————) RT + Dy ,(6) exp |-

Vg Poo+Pgsin (wt)

27)

Equation (27) represents the contributions of various diffusion mechanisms—regardless of

whether they are in series or parallel-and suggests the dependency of D, on temperature,

ultrasonic pressure and ultrasonic frequency for a given porous medium as previously

observed [124], [125], [136], [137]. Dgypp increases with an increase in temperature and

since the temperature rise due to the acoustic dissipation is insignificant, increases only
with increasing thermal power. Additionally, the pressure alteration induced by ultrasound
waves during rarefaction (low-pressure zones) results in an increase in apparent diffusivity.
The magnitude of the pressure reduction P, is proportional to the ultrasonic intensity / by

a power of 0.5 [138]:

P, = /2pcl (28)

where p is the density of the medium and ¢ the speed of sound. The dependency of Dy,

on the ultrasonic frequency is described through the time period of sound waves.

With an increase in frequency, the pressure alteration becomes so fast that there is not

enough time for low pressure zones to effectively be established [124], [139], [140].
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6.4. Contribution and Pressure Dependency of the Proposed Mechanisms
Amongst the three proposed mechanisms, decreased desorption potential and enhanced
mass diffusion have theoretical equations that suggest their dependency on alternating
pressure. To investigate the sensitivity of the proposed mechanisms with respect to a

change in pressure, the derivate method is utilized:
AY = ax (29)
ax

where AY is the change in the dependent variable Y and AX is the change in the dependent

variable X. Here we define the alternating pressure, I1, induced by ultrasonication as:
I1 = P, + P;sin (wt) (30)

For the decreased desorption potential, the change in A,4,s as a result of a change in IT is

obtained by:
A ges = 2222 A1 = (RT %) ATl G1)
The change in A, due to a change in II relative to the value of A,, is determined as:

Ages _ RT% — All (32)
Ages  RTIn(ES)  mn(%)

As for the enhanced diffusion, the change in Dy, as a result of a change in I1 is obtained

by:

_ [pkorT 1

dDg a
ADgpy = —2-All v 72 T D (0.1 iz

ATl (33)
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Considering [1~10°, a~0.65, % ~10710 and ——

e ~107175, the first term of the derivative
can be dropped from the equation. Also, since the surface diffusion is considered the most

important mode of transport, the change in Dy,,,, due to a change in I1 relative to the value

of Dgpy is determined as:

a 1
ADgyp Ds,oo(G,T)P—S q=adl  gne-1

— . = Al (34)

PS(1+0¢)

Dapp Ds.00(6,T) (%)

To evaluate the pressure change due to ultrasonication, it’s necessary to establish the
medium in which alternating pressure occurs. Whether the medium is moist air or a cluster
of water molecules makes a big difference in the amplitude of the alternating pressure and
consequently the extent by which it affects the proposed mechanisms. The change in
pressure due to ultrasonication for Pys =10 W can be determined using Eq. (28).
Considering air acoustic properties at 7o =40 °C, AlIl is about 2070 Pa translating to 1.1%

and 3.2% change in A4es and Dgp,y, respectively. For bulk liquid water, considering water

acoustic properties at 7., = 40 °C, All is about 98900 Pa translating to 52% and 118 %
change in Ages and Dgy,p, respectively. Considering enhancement magnitudes observed in
regeneration of adsorbents, it can be concluded that ultrasound enhances regeneration by
acting on the interface of air/water rather than each of them alone. Also, comparing the
changes in Ag4.s and Dgy,, due to the change in pressure indicates that the change in Dy,
is significantly larger than the change in A,.s regardless of the medium, suggesting that

Dgypp contributes more to the ultrasound-enhanced regeneration.
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6.5. Summary

Amongst the proposed mechanisms behind ultrasound-assisted regeneration, based on
the inverse proportionality between fys and UDEE, acoustic dissipation as a sole
mechanism is refuted. Additionally, due to the absence of bulk liquid or bulk-liquid-
imitating adsorbate molecule clusters, postulated mechanisms such as acoustic cavitation,
microstreaming and acoustic streaming are rejected. Evolving from the alternating pressure
associated with ultrasonication, three mechanisms of reduced adsorbate adsorption
potential, increased adsorbate surface energy and enhanced mass diffusion are proposed
and the implicit dependency of ultrasound-enhanced regeneration on ultrasonic parameters
is postulated. Investigating the variation of reduced adsorbate adsorption potential and
enhanced mass diffusion with the change in pressure using the derivative method reveals
that the medium at which ultrasound acts is not either air or water but both of them to
different extent. Also, for the same amount of pressure change, the magnitude of change in
enhanced mass diffusion is considerably higher than that of reduced adsorbate adsorption
potential pointing out the possibility of enhanced mass diffusion being the key mechanism

in ultrasound-enhanced regeneration.
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7. REGENERATION EFFICIENCY IN ADSORPTION THERMAL ENERGY

STORAGE

Sorption thermal energy storage (TES) seems to be an auspicious solution to overcome
the issues of intermittent energy sources and waste heat recovery. Sorption TES systems
involve both desorption and adsorption processes and work on the principle of releasing
and capturing the enthalpy of adsorption (adsorption potential) of an adsorption pair.
During the charging stage (desorption), the adsorbent is regenerated and the adsorbate is
desorbed. In the course of discharging (adsorption), the adsorbate is reintroduced to the
adsorbent and gets adsorbed by the adsorbent. A schematic diagram of a sorption TES is

provided in Fig. 21.
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Figure 21. Schematic of an ultrasound-integrated sorption TES.

T

The differences in the regeneration time, the regeneration temperature and the required
regeneration energy of the adsorption pairs necessitates the development of comparative
models and metrics to estimate and compare the efficiency of desorption processes.
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Modeling of adsorption thermal energy storage (TES) systems has been previously
performed using a variety of assumptions and models [141]-[148]. As invaluable and
contributory these works are, they apparently lack a figure of merit that enables the
comparison and justification of the TES systems based on the desorption dynamics of the
adsorption pair. Here, based on the overall energy recovery of the thermal storage process
two models which introduce two distinct metrics related to efficiency are proposed:
constant-time efficiency and constant-power efficiency. The novel proposed metrics can
be employed to justify incorporating ultrasound and any other auxiliary energy along with
or without low-grade heat. The constant-time model is useful when the quality of the heat
source is at stake. This model and its metric apprise sorption TES systems based on the
temperature of the stored heat. For instance, for a sorption TES system that is fed by solar
heat at a certain temperature, this metric can justify the feasibility of increasing the feed
temperature by any means without the trouble of experimentation or simulation. On the
other hand, the constant-power model and its corresponding metric is beneficial when the
intensity of the heat source is important which could be of interest when the heat source is

of intermittent nature.

7.1. Constant-Time Model
For the constant-time model, the desorption bed is assumed to be a lumped system
meaning there is no spatial temperature gradient and the variation of temperature is solely
temporal.
The lumped-system adaptation has been previously utilized to describe sorption energy
systems [49], [144], [149]. The model is considered as an open system consisting of a

single bed. During the storing stage (desorption), the heat transfer fluid enters the bed at a
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temperature higher than the bed temperature, thus supplying thermal energy to remove the
adsorbate. In the harvesting stage (adsorption), the removed adsorbate is re-supplied to the
adsorbate and the heat transfer fluid enters the bed at a temperature lower than the bed
temperature, thus removing thermal energy from the bed. The input energy to the system
is simulated to be transferred to the bed by a heat transfer fluid through a heat exchanger
of such effectiveness that working fluid enters the bed at a temperature higher than the bed
temperature and leaves the bed at the same temperature as the bed. A representation of the
model is presented in Fig. 22. The assumptions that are made in this model are valid enough
so that the model represents an actual system to an acceptable degree without risking its

universality. The energy balance of the bed during the desorption process is

Cf(Tin - TB)dt - (AHAds + h)dmdes - (Uloss + CAl)dTB = (mscs)dTB (35)

where Cyis the heat capacity rate of the heat transfer fluid, 7i, the heat transfer fluid inlet
temperature, 7p the adsorbent temperature, mq.s the mass of the removed adsorbate, AH 445
the enthalpy of adsorption, /. the enthalpy of the removed adsorbate (water vapor), U,
the product of the convective heat transfer coefficient and area of the bed (inverse of heat
loss resistance), C,; the heat capacity of the aluminum bed m; the adsorbent mass and c¢;
the adsorbent specific heat capacity. The energy balance equation here assumes that the
rate of thermal and concentration diffusions are comparable since the desorption depends
on the regeneration temperature. To verify this assumption the Lewis number Le is utilized

[64]:

Le = (36)

Dqir 20
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where « is the thermal diffusivity and Dg;_p, o 1s the mass diffusivity of water vapor in

air and differs from the mass diffusivity of adsorbate in pores discussed earlier.

For an average regeneration temperature of 50 °C observed in this study, the magnitude
of Le is ~ 5 meaning that the thermal and mass diffusions are comparable. The mass

22.072

diffusivity depends on temperature by the power of and since in real-world TES

systems the temperature can be much higher, Le would become noticeably smaller.

A closer look into Eq. (35) reveals that the input energy to the bed is C¢ (T, — Tp)dt
and the stored energy (harvestable portion) is dm,, AH,4,. Following the classical

approach toward efficiency, the desorption efficiency is defined as:

— Eges — AmgesAHggs
Einput Cr(Tin—TpIAL

(37)
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Figure 22. Schematic diagram of the constant-time model.

The desorption period (A7) is assumed to be constant in this model. Since AHp,¢ and

Cr remain unchanged, Eq. (37) can be rearranged to:
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__ AHggs % Amges Amges

Nae = CfAt * Tin—Tg Atr. —Tp

(38)

where K, is a product of constants and 74 is the efficiency defined under a constant
desorption period (Af). For an infinitesimal increase in adsorbent temperature d7 that

causes the removal of dm adsorbate, Eq. (38) is simplified to:

dam

Nat = KAtE (39)

Since the mass of desiccant (m;) is constant, using the definition of moisture ratio (MR) in

Eq. (1) we have:
dm = my; d(MR) (40)

Combining Eq. (39) and Eq. (40), we can manifest the efficiency of the desorption process
in terms of the wvariation of adsorbate content with respect to regeneration

temperature [d(MR)/dT]:

, d(MR)

Nat = Kne =5 (41)

where Ky, is also a product of constants. The metric [d(MR)/dT], representing the
variation of adsorbate content with adsorbent temperature, is the slope of the moisture
ratio-temperature curve (Fig. 23). This metric is useful when comparing regeneration of
adsorption pairs based on the regeneration temperature, especially for low-grade heat

utilization in thermal energy storage and adsorption cooling systems.
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Figure 23. Moisture ratio variation with average regeneration temperature for activated
alumina/water. Prota1 =20 W (left) and Prowl =25 W (right). fus =24.1 kHz (top), fus =31.2
kHz (middle) and fys =75.1 kHz (bottom).
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7.2. Constant-Power Model

In the constant-power model like the constant-time model, the desorption bed is
assumed to be a “lumped” system, meaning that the spatial temperature gradient is
negligible compared to the temporal temperature variation. Although realistically there are
axial and radial temperature gradients across the bed, the lumped system assumption seems
reasonable enough as the maximum axial and radial temperature difference across the bed
over a 65 °C temperature rise are 1°C and 6°C, respectively. The total input energy to the
system, regardless of type and temperature, is simulated to be supplied by a heater. A
schematic diagram of the model is presented in Fig. 24. The mathematical relations
governing the model are the energy balance and the equation of state:
Prdt — (AHpgs + R)dmges — (Uioss + Ca)dTp = (mscs)dTy
MR(t) = MR; exp |—k(1 — %))-n] (42)
where Pr is the total input power to the bed, MR; the initial moisture ratio, k and n material-
specific parameters of the revised Dubinin-Astakhov adsorption equation [150] and to be
determined experimentally, and T the adsorbate saturation temperature. The desorption
equation of state used here is a modified version of the Dubinin-Astakhov adsorption

equation [71], [89]:

Ps.\ td
RT In (?)
W =W,exp |— B (43)

where W is the adsorption volume, E, the characteristic energy and n, the heterogeneity
factor of the micropore size distribution. The desorption equation of state was not included

in the constant-time model since the model could not be validated due to dissimilarities
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between the model and the experimental part of this study. Teng et al. developed a
temperature version of the Dubinin-Astakhov equation on the basis of 7 and 7 instead of

Pand P, [151]:
X = Xg exp [—kt (% — 1)nt] (44)

where x is the adsorption capacity and k; and n, material-specific parameters.
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Figure 24. Schematic diagram of the constant-power model.

For desorption processes where temperatures are above the saturation temperature (T >
Ts), Eq. (36) complies with experimental data [66]. However, for temperatures below the
saturation temperature (T < T), the exponential part of the equation increases which no
longer describes a desorption process but rather an adsorption process. The limitation of
the Dubinin-Astakhov temperature equation of state necessitates a modification that
enables the equation of state to describe desorption processes at temperatures below the
saturation temperature. Following the approach from Teng et al. [151] we start with the

Dubinin-Astakhov adsorption equation,
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Ps\\d
X = X exp [—C1 (RTln (?)) ] = xo exp[—C; (Agqs)™] (45)
where C; is a product of material-specific constants and A,4s the adsorption potential.

Since desorption is the reverse of adsorption, it gives

Ages = —Agge = —RTIn (%) = RTIn (Pﬂ) (46)

N

where A, 1s the desorption potential. The inverse relationship between the pressure ratios
of adsorption (P;/P) and desorption (P/P;) physically makes sense since the former
favors pressures higher than P and the latter favors pressures lower than Ps which is the
working principle of pressure-swing adsorption [152], [153]. Plugging Eq. (46) into Eq.
(45), the desorption equation of state can be written as:

X = Xg exp [—61 (RT In (Pﬂs))nd] (47)
The Clausius-Clapeyron equation relates pressure and temperature for transition between
a gas and a condensate phase [151]:

InP=-24+¢ (48)
where C, and C; are quantities depending on the adsorbate and its temperature and

pressure. Substituting Eq. (48) into Eq. (47), the desorption equation of state can be re-

written as:
x = xgexp|—C; (RTC, G - Tls))"d] (49)

With some mathematical simplification, the desorption equation of state comes out as:

MR = MRy exp|—k ((1 - Tls))”] (50)

A closer look into the energy balance equation (Eq. 42) reveals that the input energy to
the bed is Ejppy: = Prdt and the equivalent outcome in terms of energy is
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Eges = dmg.s AHy 4. Following the classical approach to define efficiency, the desorption

efficiency 7 is defined as:

Eges — Amges AHggs

n = (1)

B Einput Pr At
In this approach, the total input power (Pr) is considered constant. Since AH,45 and Pr

remain unchanged, Eq. (51) can be reduced to:

AH Am Am
» — ads X des — Kp des
Pt At At

(52)

where K, is a product of constants and 7, is the efficiency defined under a constant total

input power (Pr). For an infinitesimal time period d¢ that allows the removal of dm

adsorbate, Eq. (52) is simplified to:

dMges

Ny = K, Todes (53)
Since the mass of adsorbent m; is constant, using the definition of moisture ratio MR in
Eq. (1) we have:

dmges = msd(MR) (54)
Using Eq. (54), we can express the efficiency of the desorption process in terms of the

variation of adsorbate content with respect to time [d(MR)/dt]:

, d(MR
ny = Ky 2 (55)

where K, is also a product of constants. The metric [d(MR)/dt], representing the variation
of adsorbate content with time or in other words desorption speed, is the slope of the
desorption curve. This metric can be helpful when comparing different regeneration
methods based on cycle time and energy consumption. It should be emphasized that these

newly defined constant-time and constant-power efficiencies are not the actual efficiencies
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of the TES system, but rather are reliable tools to compare different adsorption thermal

energy methods.

7.3. Constant-Power Model Validation
To test the accuracy of the constant-power model, the experimental data are compared
with the model outputs. The analytical solution of the model equations in terms of bed

temperature T as an implicit function of time is

Prt= {(AH + h)mg,, MR; {exp [—k(l - ;_z)—n] —exp [—k(l _ %:))_n]) N

(M + Uross + Car) (T () — To)} (56)
The moisture ratio MR(¢) can be determined using the evaluated temperature 7(¢) from Eq.
(56) and the desorption equation of state (Eq. (50)).

Since the author could not find any values of k and n for activated alumina/water
adsorption pair in the literature and these parameters are exclusive to the modified
desorption equation of the state, it was decided to use the experimental data reported here
to determine them. As ultrasound brings factors other than temperature in the desorption
dynamic and consequently alters 7T}.q, two different values of heat-only and ultrasound-
assisted k and n are considered. The heat-only related parameters were determined using
six sets of heat-only experimental results and the ultrasound-assisted ones were determined
using twelve sets of ultrasound-assisted experimental results. The values of the parameters
k and n thus determined are provided in Table 10.

Table 10. Equation of state (Eq. (43)) constants determined from the present experimental

data.
Parameter | Heat-only | Ultrasound-assisted
k 47.79x10° 31.31x107
n 2377 2.709
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The experimental results and the model predictions for adsorbent temperature and
moisture ratio for both power levels are shown in Fig. 25. The average deviation of bed
temperatures predicted by the model from their corresponding experimental data are < 9%.
The model tends to be more accurate (<4%) at lower total power level. This could be due
to the lumped system assumption. Also, the enthalpy of removed adsorbate was averaged
over the temperature range and the specific heat of adsorbent was assumed to remain

constant and not vary with temperature and adsorbate loss.

The agreement between the adsorbent temperature and the moisture ratio predicted by
the model and experimental results appears acceptable, and the metric [d(MR)/dt] is thus

a useful tool of comparison for the regeneration process.
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Figure 25. Comparison of activated alumina/water experimental data with constant-
power model prediction: temperature (left) and moisture ratio (right). Heat-only
regeneration (top) and ultrasound-assisted regeneration (bottom).

7.4. Constant-Time and Constant-Power Models Application

To test the applicability of the models, the activated alumina regeneration experimental

results are employed. The average slope of moisture ratio-time and moisture ratio-

temperature taken between the initial and final state of the experiments are plotted.

Figure 26 shows the averaged values of d(MR)/dT and d(MR)/dt for all six experiments.

Utilizing the constant-time model, at any ultrasonic frequency and any power level, the
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value of d(MR)/dT increased with application of ultrasound which indicates that the
desorption occurs at lower temperature. Specifically, at 24.1 kHz frequency, for lower
ultrasonic-to-total power ratios i.e. 0.2 and 0.25, the average values of d(MR)/dT increase
by 44.2% and 27.8 % compared to their corresponding heat-only regeneration respectively.
At higher ultrasonic-to-total-power ratios of 0.4 and 0.5, the increase in average magnitude
of d(MR)/dT is still significant. It should be emphasized that when comparing between
different regeneration methods based on regeneration temperature, for a given temperature,
the magnitude of d(MR)/dT at that point should be considered, rather than the average
value. The same trend is observed at other frequencies as well. Using the constant-power
model, at all three ultrasonic frequencies and for both power levels, the value of d(MR)/dt
increased with application of ultrasound which points out that a faster desorption occurs.
Specifically, at 24.1 kHz frequency, for lower ultrasonic-to-total power ratios i.e. 0.2 and
0.25, the average values of d(MR)/dt increase by 37.2% and 33.6 % compared to their
corresponding heat-only regeneration respectively. At higher ultrasonic-to-total-power

ratios of 0.4 and 0.5, the increase in average magnitude of d(MR)/dt is not as significant.
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Figure 26. Variation of d(MR)/dT (left) and d(MR)/dt (right) with ultrasonic-to-total
power ratio for activated alumina/water.

Since the validity of the constant-power model and consequently the proposed metric
[d(MR)/dt] is established, the metric is applied to the experimental results to investigate

the efficiency of the ultrasound-assisted regeneration process compared to the conventional
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heat-only regeneration process. The instantaneous and averaged values of [d(MR)/dt]

are presented in Fig. 27 and Fig. 28, respectively.
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Figure 27. Instantaneous values of [d(MR)/dt] for activated alumina/water.

As can be seen from Fig. 27, at both power levels, the slope of the higher Pus/Prozal
ratio regeneration is initially lower than that for heat-only regeneration, suggesting that
although integration of ultrasound ultimately results in enhanced desorption, until some
time passes allowing the regeneration temperature to reach a certain level, applying
ultrasound would not be beneficial. Not surprisingly, greater desorption is achieved at
higher total power input of 25 W. For each power level, regardless of the Pus/Prow ratio,
integration of ultrasound results in higher averaged [d(MR)/dt] (Fig. 28) meaning that

over the entire period of the experiments, higher desorption is obtained.
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The nonlinear variation of averaged [d(MR)/dt] with Pus/Prow ratio suggests that

there is an optimal Pys/Prosi that results in the most efficient desorption as hypothesized

in Eq. (15).
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Figure 28.Averaged values of [d(MR)yd(] for activated alumina/water.

7.5. Summary

The constant-time and constant-power analytical models describing the charging stage
of sorption thermal energy storage (TES) are developed. Based on each model a novel
efficiency metric that can be utilized to justify different regeneration processes are defined.
The metric d(MR)/dT evolved from the constant-time model assesses the regeneration
process based on the quality of the heat source (regeneration temperature) during the

charging stage of sorption TES systems.
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On the other hand, the metric d(MR)/dt obtained from the constant-power model
apprises the regeneration process based on the intensity of the heat source (thermal power)
during the charging stage of sorption TES systems. The constant-power model was verified
with the experimental results and the accuracy of the model was confirmed. Both models
were applied to regeneration of activated alumina and based on both metrics, the feasibility

of integration of ultrasound in the regeneration process was confirmed.
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8. CONCLUSIONS

The ultrasound-integrated regeneration of adsorbents as a substitute to conventional
heat-only regeneration is investigated. Three commercially available adsorbents namely
zeolite 13X, activated alumina and silica gel are chosen and total constant-power sets of

experiments are performed.

For the case of ultrasonic-assisted desorption of water from zeolite 13X, the extent to
which application of ultrasound is effective was analyzed. To do so, the effects of
ultrasonic power and ultrasonic frequency on moisture removal and regeneration
temperature were investigated. Comparing the moisture ratio at different ultrasonic-to-total
power ratios shows that using ultrasound at lower power ratios, i.e. 0.20 and 0.25,
significantly improves desorption relative to using only heat for regeneration. Using the
newly defined metric ultrasonic desorption enhancement UDE, the effects of ultrasonic
frequency on moisture removal were analyzed and it was concluded that the effect of
ultrasound on desorption is more significant at lower frequencies. Comparing the
regeneration temperature for zeolite shows that ultrasonication increases the adsorbent
temperature regardless of frequency, presumably due to the heat-transfer-enhancing nature
of ultrasound. Not surprisingly, at all three frequencies the highest desorption was achieved
at the highest regeneration temperature. Another defined indicator, the ultrasonic
desorption efficiency enhancement UDEE, was used to justify the use of ultrasound in
moisture removal from zeolite 13X. Comparing the values of UDEFE indicates that with an
optimized ratio of ultrasonic-to-total power a ~24 % reduction in energy and time required

for desorption of water from zeolite 13X can be achieved, relative to using only heat.
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The regeneration of activated alumina using a combination of heat and ultrasound was
also extensively investigated. The experimental results clearly show that integration of
ultrasound along with thermal power without increasing the total input power enhances the
removal of water from activated alumina relative to heat-only desorption with the same
total power input showing the same trend observed in ultrasound-assisted regeneration of
zeolite. The effectiveness of applying ultrasound is strongly influenced by the ratio of
ultrasonic-to-total power and amongst the measured power ratios of 0.2, 0.25, 0.4 and 0.5,
the highest desorption was observed at 0.2 power ratio corresponding to about 27% energy
savings. The effect of ultrasonic frequency on moisture removal was investigated and it
was concluded that increasing the frequency reduces the effectiveness of ultrasound. In
terms of regeneration temperature, experimental data show that integration of ultrasound
at higher power ratios, i.e. 0.4 and 0.5, considerably lowers the regeneration temperature

without jeopardizing the desorption process.

Furthermore, regeneration of silica gel under ultrasonic radiation was investigated.
Analyzing the values of moisture content, it can be concluded the application of ultrasound,
regardless of Proar ot Pus/Proia Where Pys 1s the ultrasonic power, results in higher moisture
removal rate in silica gel as it was observed in ultrasound-assisted regeneration of zeolite
and activated alumina. The water vapor diffusion regime in silica gel is investigated and a
diffusion model that includes all likely transport modes in porous media is proposed, based
on which an apparent diffusion coefficient that considers temperature and ultrasonic inputs
is developed. Regarding the regeneration temperature, it is concluded that the regeneration

temperature of the silica gel is not solely dictated by the thermal input and the ultrasound-
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enhanced heat transfer and acoustic dissipation noticeably contribute to the temperature

rise.

Comparing the values of UDEE in ultrasound-assisted and non-ultrasound
regeneration processes of silica gel proves that application of ultrasound at any power level
and all Pus/Prow results in energy savings by as much as 26%. The lower Pus/Prow are
observed to be more effective in improving energy efficiency than higher Pus/Prow. The
variation of moisture content MC with T, was investigated and integration of ultrasound
was observed to lower the regeneration temperature 7. The highest drop in 7., was
achieved at the highest Pus/Prowm: With ~ 11% lower T}... The values of UDEE for all power
ratios and frequencies for the three investigated adsorbents are provided in Fig. 29. As can
be seen from the figure, with regard to frequency, there is a non-linear proportionality
between fus and UDEE for the cases of zeolite and activated alumina. With regard to
ultrasonic power ratio, except for the case of zeolite, as Pus/Prow increases, UDEE

decreases in a non-linear fashion.

Amongst the proposed mechanisms behind ultrasound-assisted regeneration, based on
the inverse proportionality between fus and UDEE, acoustic dissipation as a sole
mechanism is refuted. Additionally, due to the absence of bulk liquid or bulk-liquid-
imitating adsorbate molecule clusters, postulated mechanisms such as acoustic cavitation,
microstreaming and acoustic streaming are rejected. Instead, three mechanisms of reduced
adsorbate adsorption potential, increased adsorbate surface energy and enhanced mass

diffusion are proposed.
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Two analytical models, namely constant-time and constant-power, are developed that
allow improved understanding of the energy flows in the desorption process. Based on
each model a novel metric that can be employed to assess and predict the feasibility of
different thermal and ultrasonic energy sources and input power levels in any application

involving a desorption process are developed.

Based on the constant-time model, the metric [d(MR)/dT], which represents the
variation of adsorbate content with adsorbent temperature and is the slope of the moisture
ratio-temperature curve is developed. This metric is useful when comparing regeneration
of adsorption pairs based on the regeneration temperature, especially for low-grade heat

utilization in thermal energy storage and adsorption cooling systems.
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Figure 29. Ultrasonic desorption efficiency enhancement (UDEE) for the regeneration of
silica gel, activated alumina and zeolite 13X.
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8. FUTURE WORK

The experimental work presented here has shown some of the potential improvements

afforded by integration of ultrasound in the regeneration process of various adsorbents. A

variety of questions and further improvements still remain which should be addressed in

future work to bring this concept to real-world applications:

1.

Although three mechanisms of reduced adsorbate adsorption potential,
increased adsorbate surface energy and enhanced mass diffusion all of which
are induced by ultrasound have been proposed to explain the ultrasound-
enhanced desorption phenomenon, none of them has been proven yet.
Experimentation for the sole purpose of finding the possible mechanisms and
the extent to which they contribute to the phenomenon appears necessary. The
field could also benefit from simulation work that incorporates the high-paced
alternating pressure induced by ultrasound into the regeneration regime.
Surface diffusion is reported to be the major mode of transport in porous media
of high specific area such as silica gel and zeolite. Since ultrasound is observed
to enhance diffusion in the regeneration process of adsorbents, the effects of
ultrasonication on surface diffusion are worth further investigation.

Most or all of the previous research in the field of ultrasound-assisted
regeneration of adsorbents has been conducted in the frequency range of 20 kHz
- 80 kHz and an inverse proportionality between the observed enhancement and
the frequency has been reported consistently. However, at high range

frequencies (~ MHz), the mechanism by which ultrasound acts changes and
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could potentially enhance the regeneration process, and thus is worth

investigating.
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