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Abstract

This research focuses on assessing the heat generator design for wind thermal energy conversion
technology, in which wind power is directly converted into heat. Although several technologies
have been proposed and investigated for heat generation, water heating through liquid agitation is

selected for wind-to-heat conversion due to its simplicity and high potential for commercialization.

In this research, the technical challenges of the technology were understood by analyzing the
system's performance during different operating conditions. It was seen that the system's
performance under transient operating condition is of question since there is no literature available
regarding the characteristics of the agitator’s torque in baffled tanks during unsteady operation.
Therefore, an experimental setup was designed and constructed for parametric study. The flow
field inside the agitator was investigated by calculating the power number (Np) of two impellers.
This study considered several transient operation modes: acceleration, deceleration, and variable
shaft velocity (sinusoidal). The analysis suggests that Np in transient condition differs from the
steady-state operation, which is an important outcome when matching an agitator to a wind turbine.
The results show that the transient Nj is directly correlated to the angular acceleration/deceleration
rate with higher sensitivity to the acceleration rather than deceleration. Furthermore, when the
angular velocity of the impeller follows a sinusoidal profile, the change in transient Np is affected
by both frequency and amplitude. Finally, the temperature rise of the working fluid (distilled water)
is measured during a 60-minute test by applying two different velocity profiles: constant angular
velocity and sinusoidal velocity profiles. The results reveal that the sinusoidal velocity profile
requires more input power, leading to a higher temperature rise than the constant angular speed

operation.
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Chapter 1 Introduction

1.1 Wind power in net-zero carbon energy systems

The imperative to address global warming and limit temperature increases drives the need for
impactful actions to transition toward low-carbon energy systems. While the primary cause of
climate change is human activities, substantial progress has been made in understanding and
mitigating its effects. A range of strategies, including the commitment of numerous countries to
achieve net-zero carbon emissions, underscores the global determination to combat climate change
[1-2]. In this regard, utilizing new methods to decrease societies' dependency on fossil fuels is very

important.

In cold regions, the demand for heat holds a more immediate significance. In 2018, the combined
usage of space heating and water heating accounted for a significant 81.4% of the total energy
consumed by Canadian households. Specifically, 64.0% and 17.4% were dedicated to space heating
and water heating, respectively, while the remaining 18.6% were allocated to lighting, appliances,
and space cooling. [3]. Notably, a significant proportion of the 682 million liters of diesel fuel
consumed in 2020 within remote communities in Canada was explicitly designated for heating [4].
Similarly, in the European Union (excluding Mediterranean countries), residential energy
consumption is primarily dominated by space heating, accounting for approximately 60-80% of
the total residential energy usage. In comparison, an additional 13% is allocated for heating water
tanks. [5]. In the Russian region, the demand for residential energy is dominated by space and water
heating, comprising 58% and 25%, respectively. These two categories together contribute to a
substantial 83% of the total energy demand. Consequently, the primary objective is to provide

adequate heating and hot water solutions with optimal efficiency [6].



Considering the scarcities of fossil fuels, environmental degradation, logistical challenges, and
price instability associated with them, the integration of renewable energy resources has resulted
in widespread attention to cater to energy needs around the globe. This approach offers several key
advantages, including the abundance of resources, reduction of pollution, elimination of long-haul

transportation demands, and the sustainability of resources [7].

Wind power is a highly abundant resource globally among different renewable energy sources. Its
cost is consistently declining, making it a potential contender for being the most cost-effective
electricity generation method by 2030 [8]. As of the close of 2018, the worldwide installed capacity
for wind power had reached an impressive 597 GW, contributing to nearly 5% of the global
electricity demand [9]. Nevertheless, this current capacity remains significantly lower than the
immense potential of global wind power, estimated to exceed 200,000 GW [10]. This rapid
expansion of wind energy utilization is paralleled by substantial research and development in both
academic and industrial sectors, focusing on Wind Energy Conversion Systems (WECS). Several
studies and publications have explored various grid-connected and stand-alone WECS

configurations, analyzing generator types and power electronic converters in depth [11, 12].

1.2 Direct wind-to-heat energy systems

Traditionally, renewable energy sources, specifically wind, have been utilized to produce heat
indirectly. The process involves converting the rotational energy generated by a wind turbine into
electricity via an electrical generator. The electricity produced can be transformed into heat through
an electric heater, boiler, or heat pump [13]. The outcome of this method is the production of heat

through wind energy.

The traditional windmill has existed for over 2,000 years and is a viable substitute for indirect wind

power utilization [14]. The wind rotor directly transmits rotational energy to a machine's axis,
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enabling activities such as woodcutting or grain grinding [14]. This antiquated methodology is still
pertinent, mainly when used with modern technologies, as it is more energy-efficient than

converting energy to electricity and subsequently back to rotational energy.

A direct wind-to-heat system converts wind energy to heat at the generation source. The heat
generated is then stored in thermal energy storage for future use. This system is called a Wind-

powered Thermal Energy System (WTES) [13]. Figure 1-1 shows different wind energy systems.

Power \

Wind Power

(Wind to Electrical power)

Wind to Power to Heat

(Indirect Wind to Heat)
Wind-thermal Energy

Nes

(Direct Wind to Heat)

Figure 1-1: different wind energy systems.

Directly producing heat is significantly more cost-effective and sustainable than converting wind-
generated electricity into heat using electric heating devices. There are two reasons for this

phenomenon.

Mechanical windmills have a lower level of complexity, resulting in a more cost-effective and less
resource-intensive construction process, ultimately leading to an extended lifespan. By eliminating
the inclusion of an electrical generator, power converters, transformer, and gearbox in a water brake
windmill, it becomes possible to construct the windmill with reduced robustness because of the

weight savings [13].



Secondly, direct wind energy conversion into heat (or mechanical energy) can yield higher energy
efficiency than electric conversion. Consequently, fewer wind energy converters are required to

deliver a specific amount of heat, resulting in less space and resource utilization [14].

In addition to the above, direct heat generation significantly enhances small wind turbines'
economic and environmental viability. Empirical evidence indicates that these smaller wind
turbines, designed for electricity generation, exhibit substantial inefficiencies and often fail to meet
the required energy output [15]. Nonetheless, employing comparable models for heat production
has the potential to reduce embodied energy and expenses, expand the lifespan, and optimize

efficiency.

The existing body of literature indicates that three distinct methodologies have been identified to
design a heat generator capable of efficiently converting wind energy into heat. These
methodologies include compression, friction, and induction, individually or in combination [16].
In all proposed devices, wind energy is converted into rotational energy by utilizing the wind
turbine's rotor power. Subsequently, this rotational energy is transferred to a working fluid, a gas,
or a liquid (such as water, oil, or sodium chloride), circulating within a closed-loop system. The
rise in temperature of the working fluid enables the transfer of heat, which can be directly delivered
to the end consumer or routed through a heat exchanger to a secondary circuit responsible for

providing heat to its respective consumer.

1.3 Wind thermal energy conversion technology based on fluid agitation

Wind thermal conversion based on friction uses the rotational energy of the shaft to mechanically
rotate an impeller submerged in a fluid [16]. As a result, heat is generated by friction losses among

the molecules of the working fluid as the impeller rotates.



The simplest friction-based wind thermal energy conversion type is an impeller coupled to a wind
turbine that stirs a fluid in a baffled tank. In this application, the system comprises the following
components: 1) wind turbine, 2) transmission system, and 3) liquid stirrer, which includes
container, baffles, and impeller. Considering the comprehensive knowledge required to design each
of these components, a wind-heat generator should have all these parts designed in an integrated
manner. Mathematical and numerical simulations and experimental testing can also improve the
design. Figure 1-2 shows a simple schematic of a wind-heat device based on the liquid-stirring

method.
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Figure 1-2: a simplified wind thermal energy system schematic based on fluid agitation.

1.4 Objectives

This study examines the design of a heat generator utilizing fluid agitation technology for direct
wind-to-heat energy systems. This study can be separated into two sections: the technical analysis

of a heat generator for direct wind energy conversion into heat and the experimental evaluation of



the heat generator's performance across various operating conditions, specifically transient

conditions.
The objectives of technical analysis can be summarized as follows:

e Developing governing equations that describe the physics of the system.

e Analyzing system performance during steady-state and transient conditions.
In addition, the aims of the experimental study are as follows:

e Developing an apparatus by utilizing an electric motor instead of a wind turbine to study
the torque characteristic of the fluid agitator under different possible operating modes.
e Analyzing torque and power number changing patterns through experimental study for

different operating scenarios in steady-state and transient modes.

1.5 The structure of this thesis

In Chapter 2, a review of current literature on the topic of direct wind-to-heat systems, including
wind-to-heat technologies and agitation heaters, is performed to provide a background to the whole

thesis.

Chapter 3 aims to assess the performance of the wind-driven agitator heater for different operating

scenarios. The governing equations and design parameters are presented and analyzed.

Chapter 4 details the experimental setup designed for the parametric study. In addition, the testing
procedure followed for the data acquisition, along with the signal processing and data analysis

method, are presented in this chapter.

Chapter 5 presents the experimental results of the torque measurement study. The data is examined

per the research goals, and significant factors impacting the device's performance are evaluated.
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Chapter 6 summarizes the primary outcomes, and recommendations regarding future research

directions are given at the end.



Chapter 2 Literature Review

2.1 Types of wind turbines

Wind turbines harness the power of wind and transform it into mechanical energy through the rotor.
The mechanical energy then can be utilized for several purposes, including water pumping and
electricity generation [17]. Wind turbines can typically be categorized based on their application,
capacity, number of blades, the relative placement of the rotor shaft in relation to the ground, the
type of aerodynamic forces produced by the blades, and other factors [18]. The categorization of
wind turbines can be primarily achieved through two methods, namely, the positioning of the rotor
shaft in relation to the ground and the aerodynamic forces exerted on the blades [18]. Wind turbines
can be categorized into two types, namely Horizontal Axis Wind Turbines (HAWT) and Vertical
Axis Wind Turbines (VAWT), based on their relative position to the ground. Wind turbines can
also be classified into lift-type and drag-type wind turbines, depending on the force type exerted

by the blades [18].

Today, most large-scale wind turbines are airfoil three-bladed HAWTs. These turbines are
characterized by their ease of control and relatively high efficiency [19]. Today's HAWT exhibits
an efficiency ranging from approximately 30% to 45%, with a maximum efficiency of 50% [20-
21]. In recent years, with the advancements in large-scale wind turbines and wind farms, there has
been an increasing focus on small-scale VAWT wind turbines. These turbines are capable of
distributed generation and catering to the off-grid wind power market, leading to a rise in attention
towards them [18]. On the other hand, small-scale VAWT wind turbines have certain drawbacks
compared to their large-scale counterparts. These include a limited swept area of the rotor, the

challenge of start-up under low wind speeds, etc. [18].



The most significant difference between the HAWT and VAWT is that the rotor of a HAWT must
always face the direction of the wind and thus requires a yaw system [22]. The drivetrain gearbox
is the most critical component of HAWT, with over 20% of breakdowns attributed to gearbox
failure due to excessive wear. However, the VAWT can receive wind from any direction and does
not need a yaw system. Utilizing a direct-drive generator eliminates the need for a complex speed-
increasing multistage gearbox and the potential failures that come with it [23-24]. The direct
connection between the driveshaft and generator also results in minimal energy loss during the
conversion from mechanical to electrical energy [25]. An additional benefit is that the mechanical
load can be linked directly to the rotor shaft of the VAWT and placed at ground level, eliminating
the necessity for a large tower to support the equipment's weight and avoiding the need for slip
rings or flexible cables to connect the generator to the load, which is significant for smaller turbines.
Therefore, the VAWT can be considered a suitable option for the small- and middle-scale wind

power market due to the benefits mentioned above.

Finally, the Straight-Bladed Vertical Axis Wind Turbine (SB-VAWT), which is a type of lift-type
VAWT, is extensively researched and is considered a good option among different types for off-
grid small-scale energy systems in urban and rural areas due to its simple design, low cost, and

high efficiency [18].

2.2 History of WTES development

During the 70s, many investigations were performed to develop an alternative energy conversion
technology due to the oil crisis. James et al. [27] devised a methodology for wind-powered heating
systems with storage for household heating. The study involved connecting wind turbines to a

heating system, where all wind-generated electricity was transformed into heat through resistance



heating. The produced heat was directly supplied to the heating load, storing excess heat in storage

tanks. The system solely utilized wind power for heating and did not directly convert it into heat.

Several patents have been published since the 1970s regarding wind-driven heating devices for
low-temperature heating, including a system that utilizes wind-driven heat pumps [28]. One of the
earliest patents in this field was issued in 1971, in which a wind-powered pump circulates fluid in
a pipe circuit, generating heat through friction between the fluid and the pipes, which is then
transferred and stored in a thermally insulated tank [29]. In 1978, Neyeloff analyzed a direct wind

energy converter based on agitation to heat water in a closed tank [30].

In 1980, a patent was issued for a wind power device that generates heat using eddy current heating,
where a heating component is placed in a liquid within a vessel and connected to a wind turbine
rotor, allowing the heated liquid to be stored and circulated to heat loads using a heat transfer fluid
[31]. Later, a wind-driven direct water heating system for heating dairy applications was developed
and tested by the Agricultural Engineering Department at Cornell University with support from the
U.S.D.A. Science and Education Administration/Agricultural Research in 1981 [32]. The Cornell
wind-driven direct water heating system used a commercial wind turbine mechanically coupled to
an Energy Conversion Unit (ECU) where water was agitated, thus converting mechanical energy
to heat [32]. In 1982, Nattuvetty and Gunkel [33] analyzed the theoretical performance of the
turbine-load system under various operating modes. In this work, the authors studied the overall
performance efficiency of wind turbine-load systems under different operating conditions. In
addition, several attempts have been made in Denmark to commercially utilize wind energy for
space heating applications during the last three decades [14]. Overall, there has been an interest in
developing direct wind thermal energy conversion methods, as shown by different researchers in

the previous decades. Figure 2-1 summarizes the concepts proposed for generating heat from wind
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energy. In addition, Table 2-1 presents some relevant selected research that studied wind thermal
energy conversion technology from different aspects, such as thermal, economic, and

environmental perspectives, along with the proposed applications and the studied configuration.

EB: _ + E-Boiler

Heat Storage Heat Supply

I ::. mHP: Michanieal Haat Bimp [3 j M
RET: Hydrodynamic Retarder
<100°C
Absorbtion Heat
AHP [ Retardes | .. e

Figure 2-1: different wind-to-heat concepts proposed for space heating [13].
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Table 2-1: summary of studies related to wind-to-heat technology.

o
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<~ £ 32 g £ 9 g = : . o
Author o B & 3 s 3 Studied Configuration Proposed Application
=& §$ &8 =28 §¥
g- a' % é' 8. g' q%‘
(¢ 0% =
Nattuvetty [30] 1979 . Electric Motor + Heat Generator Space Heating
Gunkel et. Al [32] 1981 . Electric Motor + Heat Generator Space Heating
Nattuvetty and Vertical Axis Wind Turbine + Heat
Gunkel [33] 1982 . Generator Space Heating
Vertical Axis Wind Turbine + Heat
Kirke [34] 1998 . Generator Space Heating
Electric Motor + Heat Generator + Heat
Kim et al. [35] 2001 Exchanger Space Heating
Nakatake and
Tanaka [36] 2005 Windmill + Heat generator Desalination
Electric Motor + Heat Generator + Heat
Kim et al. [37] 2005 Exchanger Space Heating
Vertical Axis Wind Turbine + Heat
Kim et al. [38] 2005 Generator + Heat Exchanger Greenhouse Heating
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Katawaluwa et al.
[39]

Sateikis et al. [40]
Chakirov and
Vagapov [41]
Al-Nimr et al. [42]
Zhao et al. [43]
Cerneckiene and

Zdankus [44]
Okazaki et al. [45]
Hu et al. [46]

Hu et al. [47]

Su [48]

Zheng et al. [49]

Mei et al. [50]

Cheng et al. [51]
Yang et al. [52]

2006
2006

2011

2012

2014

2014

2015

2017

2017

2017

2017

2017

2017
2018

Vertical Axis Wind Turbine + Heat
Generator + Radiator

Detailed configuration was not provided
Vertical Axis Wind Turbine + Heat
Generator

Windmill + Desalination

Electric Motor + Heat Generator

Detailed configuration was not provided
Wind Turbine + Thermal Storage +
Rankine Cycle

Vertical Axis Wind Turbine + Heat
Generator

Vertical Axis Wind Turbine + Heat
Generator + Desalination

Detailed configuration was not provided
Detailed configuration was not provided
Detailed configuration was not provided
Wind Turbine + Heat Generator + Long
Distance Transmission

Electric Motor + Heat Generator

Space Heating
Space Heating

Space Heating
Space Heating
Space Heating
Space Heating
Power Generation
Space Heating
Desalination
Space Heating
Industrial Heating

Space Heating

Space Heating
Space Heating
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Cao et al. [53]
Ma [54]

Chen et al. [55]

Zhang et al. [56]

Liu et al. [57]
Chen et al. [58]

McLean et al. [59]
Liu et al. [60]

2018
2019

2019

2020

2021
2021

2022
2022

Wind Turbine + Heat Generator +
Thermal Storage

Fan + Eccentric Stirring Device
Wind Turbine + Heat Generator +
Thermal Storage

Wind Turbine + Stirrer Device +

Electric Rod

Electric Motor + Heat Generator
Electric Motor + Heat Generator
Vertical Axis Wind Turbine + Heat
Generator

Electric Motor + Heat Generator

Power Generation

Greenhouse Heating

Space Heating

Space Heating

Space Heating
Space Heating

Space Heating
Space Heating
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2.3 Wind-driven heating technologies

A wide range of research activities are conducted to investigate the conversion of mechanical
energy into heat by a device. Overall, three primary methods are introduced to convert wind energy
directly into heat: compression, friction, and induction [16]. In these devices, wind energy is
converted into rotational energy by the wind turbine rotor and then transferred to a working fluid
(e.g., water, oil), which circulates in a closed circuit and delivers heat to the consumer directly or

through a secondary circuit.

2.3.1 Compression-based WTEC

The wind's rotational energy in compression-based wind thermal conversion is harnessed to power
a pump or compressor, increasing the working fluid's pressure and temperature (Figure 2-2). This
concept is commonly employed in compressed air systems [61-62] and heat pumps [63-66]. In the
case of a liquid, the acceleration of the working fluid within the pipe system by the pump leads to
an increase in friction losses due to the fluid's velocity, resulting in the conversion of kinetic energy
into heat; additionally, the installation of an orifice or throttle valve further contributes to heat

generation [67-69].
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Figure 2-2: basic schematic of compression-based wind energy converter [16].

2.3.2 Friction-based WTEC

Friction-based wind thermal conversion employs the rotational energy of a shaft to mechanically
rotate an impeller in a working fluid, which generates heat through friction losses (Figure 1-2). An
example is the "Joule machine" concept, where an impeller is connected to a wind turbine and stirs
a working fluid in a tank equipped with baffles [39, 41, 45, 47, 48, 52, 54]. A more advanced
application is a hydrodynamic retarder, where a working fluid circulates in a toroidal chamber
created by a rotor and a stator with vanes (Figure 2-3), in which adjusting the clearance between
the rotating and fixed parts of the chamber produces a braking torque resulted from the viscous
drag of the fluid [66]. Solid-solid friction, like what is used to slow down or stop vehicles or objects,
is another example of friction-based heat generation that can produce heat over 400°C [70], and
although widely used due to its simple structure and low costs, it requires frequent maintenance

due to material wear during braking.
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Figure 2-3: basic schematic of friction-based wind energy converter (hydrodynamic retarder)

[16].

2.3.3 Induction-based WTEC

Induction-based wind thermal conversion, also known as eddy current heating, utilizes the
rotational energy of wind turbine blades to generate heat through the flow of eddy currents induced
by an alternating magnetic field (Figure 2-4). This technology achieves high temperatures up to

560 or 600 °C with an efficiency ranging from 70% to 99% [71-76].
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Figure 2-4: basic schematic of induction-based wind energy converter (eddy current heater) [16].

2.4 Thermal, environmental, and economic performance

Efficiency is an essential factor to consider when selecting an energy conversion process. This
makes analyzing the performance of direct wind-thermal technologies critical. It is argued that
direct wind-thermal conversion (or kinetic-thermal conversion) is more efficient than wind-
electricity-thermal conversion because there are much smaller conversion losses, and almost all the
wind energy can be converted into thermal energy [42]. Based on the Joule Machine concept,
Chakirov and Vagapov mathematically demonstrated that wind energy can be converted into heat
using wind heat generators [41]. The authors of Ref. [47] stated that a wind energy direct heating
system reduces the energy conversion step and saves power generation equipment compared to the
wind-electrical-thermal conversion system. In addition to reducing the initial investment cost, the
system will significantly improve energy utilization efficiency [47]. Considering environmental
concerns, it was shown that direct wind-thermal conversion could result in a reduction of carbon
dioxide emissions by 21.22 tons compared to the burning of 8.10 tons of coal during the heating
season [54].
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Another critical parameter that should be considered in developing any energy conversion concept
is the size of the system since it directly affects its economic performance. To determine the size
of the wind-heat generation system, it is proposed to consider the following: 1) thermal load
demand. 2) wind speed. 3) mechanical efficiency (including gearbox, rotor, and pump). The
system's overall efficiency will be improved by designing the system according to these parameters

and by the adequate insulation of the circulation system and heat generator [42].

Although there are advantages to wind thermal energy conversion systems, the deployment and
commercialization of heat-generation wind turbines are limited, and their installed capacity is
insignificant compared to electricity-generating wind turbines [48]. This could be because of the
value of electricity, which is significantly higher than that of low-temperature heat (at least twice

as high as heat prices for heating purposes) [49-50].

2.5 Potential application

Table 2-1 shows that heating applications are the most favorable direct wind heat generation
technology market. As previously explained, water and space heating are the most significant part
of residential energy consumption, specifically in cold regions [47]; therefore, most direct wind
thermal energy conversion research focuses on the residential sector's heat generation potential.
However, a few studies also investigated the possibility of large-scale direct wind heat generation
for greenhouse heating and industrial processes [54]. Ref. [47] concluded that wind energy
conversion for greenhouse heating has many advantages over the prior technologies, such as high
heat supply and energy conservation efficiency, minimal restriction factors, stable heat supply, low
economic costs, and rapid benefit recovery. In addition, the possibility of heat generation through
WTEC for industrial-scale electricity generation was also studied in Ref. [51]. Researchers also

proposed the generation of wind thermal heat as a method for desalinating water [18, 28]. Friction
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heating converts wind energy into thermal energy, which is then used to produce fresh water. It has
been demonstrated that wind heating technology can be applied to small-scale maritime and larger

residential applications for water desalination [24, 35].

2.6 Fluid agitation heating

In this thesis, agitation technology is selected to be investigated for integration into a wind turbine
for converting the mechanical energy of the wind turbine rotor into heat. Compared to other
technologies to convert kinetic energy into heat, agitation heating is considered the most

straightforward technology to produce heat since it is easy to integrate into the wind turbine.

Equipping a vessel with an agitator is considered a standard method to increase the homogeneity
of the fluids or improve heat and mass transfer rates inside tanks. In this regard, mechanical mixing
or agitation has become essential to various process-based industries such as chemical,
pharmaceutical, oil and gas, metallurgical, mineral, wastewater treatment, etc. [77]. Since the
agitation method is a mature technology widely used in different industrial processes, integrating
it into a wind turbine could reduce the cost of construction, scale-up, operation, and maintenance

of its parts compared to other methods of direct heat generation.

The fluid heating process by agitation is as predictable as friction itself and inherently achieves
unit efficiency; yet, to many observers, the agitation heater may appear awkward and inefficient.
This misconception is, in context, understandable since common modern mechanisms and

appliances do not exploit this simple conversion process from mechanical to thermal energy [44].

Even in the 18th Century, mechanical pioneers acknowledged the value of frictional power

conversion to heat. Paddle-type fluid agitators were constructed and tested by scientists such as

20



Joule as early as 1830. They were instrumental in equating mechanical power and heat and

quantifying the conversion process [44].

Research on wind energy systems and applications has inspired a renewed interest in water heating
through agitation in recent years. However, an exhaustive assessment of several aspects is
necessary when designing a wind-heater device. Investors and decision-makers must know the
methods and techniques that improve energy conversion efficiency to choose the most appropriate
configuration. In this regard, the concept study of wind-heater technology is critical. Additionally,
the design of agitation heaters involves different factors and parameters, such as the geometry of
components (e.g., tank diameter, impeller shape, impeller parameters, number of baffles, etc.) and
time-dependent parameters (e.g., rotational speed). The relationship between these factors and
device performance can be investigated through different methodologies, including numerical
techniques and experimental investigations. The following sections review the literature regarding
the methods utilized to study wind-heater devices and the effects of various design factors on the

agitator performance (selected papers are tabulated in Table 2-2).

2.6.1 Methods to study fluid agitators

Mathematical and numerical methods were applied to predict the heat generator flow's behavior
and improve its performance. Most past studies benefited from simplified theoretical analysis to
provide proof of concept through thermal and economic viability [41]. In addition, basic analytical
modeling approaches were used to find a match between heat generator dimensions and wind
turbine size [41]. The other research focus was predicting the amount of heat generation
considering the actual wind profile. However, in most recent studies, an increasing trend can be
seen for utilizing numerical simulation through Computational Fluid Dynamics (CFD) to predict

the turbulent behavior of the flow under different working conditions [29, 48]. CFD tools helped
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researchers investigate various novel geometries and working fluids with different thermo-physical
properties to improve the heat generator performance. In addition, researchers recently used
statistical tools to prioritize the effect of other parameters and working fluid properties on heat
generator performance [45, 48]. It should be noted that although various numerical and statistical
simulation tools can significantly help designers enhance heat generator device performance, the

limitation of these tools to predict the systems’ behavior should not be missed.

Another helpful tool that designers extensively used to understand the relationship among different
parameters of the heat generator device was experimental testing. Since performing experimental
analysis of the integrated system was hard to apply due to economic and lab limitations, in most of
the available literature, an electric motor simulated wind turbine mechanical energy. Different
design parameters such as torque characteristics, the geometry of the impeller (width, diameter,
number of blades, etc.), container volume (height and width), and thermo-physical properties of
working mediums (density, viscosity, specific heat, thermal conductivity, etc.) were analyzed by
different authors through prototype testing. The integrated experimentation of wind turbine-heat

generator devices was also studied in some research [26, 34].

2.7 Heat generator design parameters

This section is dedicated to reviewing the available literature regarding various design parameters
of the heat generator device to provide a clear insight into how different parameters can affect heat
generator efficiency. It is worth mentioning that many aspects of designing a heat generator are the
same as a mixing system, but the provided literature in the following sections is just focused on

research that used an agitator for direct wind thermal energy conversion.
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2.7.1 Start-up process and torque characteristic

As shown in sections 3.3.1 and 3.3.3, the system operation, including start-up, depends on the
magnitude of drag forces, including the impeller resistive force and the amount of input torque the
wind turbine generates. Although the higher resistive force of the impeller results in more agitation
and heat generation, turbine operation will only be possible if the sum of the resistive forces in the
drivetrain is lower than the wind turbine rotor torque. Therefore, balancing the turbine’s torque

output to the sum of the resistive forces is critical in designing the wind agitator system.

Gunkel et. Al analytically researched the compatibility of a wind turbine and a fluid agitator by
field testing. They stated that since both the wind turbine and liquid agitator are fan-in-fluid
processes, the two devices can be united so that the agitator unit can fully utilize the wind turbine's
mechanical output at all rotational speeds [44]. Chakirov and Vagapov mathematically showed that
a match can be made between the torque-speed characteristics of a wind turbine and a heat
generator to allow the wind turbine to operate at maximum power [41]. Other researchers also
concluded the same result [20, 21], proving the fluid agitator's high potential for matching a wind

turbine.

Regarding the start-up process, Mclean et al. revealed that the H-rotor Darrius turbine produces
very little positive torque during the dead-band region during start-up by analyzing the
experimental data [59]. They suggested that such a turbine may require a clutch mechanism to
reach its steady-state rotation rate. Chen et al. claimed that analysis of the torque characteristics is
very important for studying the stirring wind-heating start-up process, as it characterizes the
system's starting capability [58]. In this regard and to improve the start-up process, a torque-limited
hydraulic coupling was used to reduce the torque required during the starting process. The

experimental results indicate that the starting torque decreased when a torque-limited hydraulic
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coupling was used instead of a mechanical shaft connection in the stirring wind-heating system

[58].

2.7.2 Rotational speed

Several research studies focused on the effect of rotational speed on the rise in temperature of
working fluid. In Ref. [46], the authors showed that water and thermia oil temperatures reached 78
and 87 °C after 40 minutes of rotation with 660 rpm, respectively. It was concluded that the higher
the fluid viscosity, the higher the fluid temperature. Yang et al. claimed that stirred liquid heating
is feasible, and the heat effect is remarkable [52]. The increased rotation speed will increase the
temperature rise and heat efficiency of the same working substance. Research by Hu et al. revealed
that wind thermal efficiency is greatly affected by the speed at which stirring vanes rotate [46]. In
the same experimental conditions, they concluded that the higher the speed of mixing vanes, the
greater the temperature rise of the liquid and the greater the efficiency of the wind heater [46].
Overall, the available literature proves the significant effect of rotational velocity on rising working

fluid temperature and wind-heater efficiency.
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Table 2-2: an overview of studies on the detailed design of the wind thermal energy converter based on fluid agitation.
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Chakirov and Vagapov [41]
Al-Nimr et al. [42]
Zhao et al. [43]
Hu et al. [46]

Hu et al. [47]
Yang et al. [52]
Ma [54]

Zhang et al. [56]
Liu et al. [57]
Chen et al. [58]
McLean et al. [59]

Liu et al. [60]

2011

2012

2014

2017

2017

2018

2019

2020

2021

2021

2022

2022
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2.7.3 Working fluid thermo-physical properties

Among different thermo-physical properties, the focus was on studying the specific heat effect. A
comparative analysis of the three working fluids showed that the 46# hydraulic oil with the smallest
specific heat capacity can achieve higher heating temperatures [52]. Reference [46] compared the
rise in temperature of water and thermal oil. It was reported that with the constant energy input, the
increase in temperature of water and oil was 5°C and 8 °C, respectively. Considering the difference
between the specific heat capacity of hydraulic oil and water, which are 1.9 kJ/kg °C and 4.18 kJ/kg
°C, it was concluded that although the temperature rise of water was lower, its capacity to absorb
heat is higher. Therefore, water is more thermally efficient than hydraulic oil. The statistical
analysis results by Xingran et al. revealed that a heater's specific heat capacity mainly affects the
preheating time (start-up). Therefore, its effect is more significant under short and variable wind
conditions [57]. The results suggest that in windy areas, where the duration of rated wind during a
windy season is long, the effect of specific heat on heating performance will be minimal. In
reference [60], an experimental approach was employed to investigate the heating process of 30
types of working fluids by using multiple linear regression techniques and CFD tool, resulting in
the establishment of a numerical evaluation model for the impact of thermophysical properties on
the Comprehensive Evaluation Index of Heat (CEIH). The experimental findings and regression
model analysis indicated that the heating effect was primarily influenced by the specific heat
capacity, with density also playing a beneficial role in stirring heating. Based on these results, it
was suggested that water-based salt solutions, such as KCL, exhibited superior heating effects

compared to oil-based working fluids [60].
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Regarding density, the simulation results and experiments revealed that a high-density fluid could
absorb more of the rotor's kinetic energy when the viscosity is kept unchanged [57]. However, the

required heating power will increase.

When it comes to viscosity, it was explained that viscous stress plays a crucial role in converting
kinetic energy into thermal energy, but high viscosities can make turbulence more challenging to
achieve [57]. In a heater, the working liquid enters the turbulent zone when Re > 4000, and there
is complete turbulence when Re exceeds 10,000. This may be why most papers considered water

the working medium to ensure turbulent flow (high Re) at low rotational speed [41].

2.7.4 Impeller geometry

According to the literature, the radial flow type impellers apply more significant shear stress to the
fluid, generating more turbulence than their axial flow type counterparts. Therefore, they are
considered the most appropriate geometry for the heat generator device. It was mathematically
proved that the diameter of the impeller significantly impacts the heat generator's design [41]. It
was shown that the power number can be changed by installing baffles to prevent mobility of the

main volume of the liquid [41].

Experimental testing of three different groups of impellers for the heat generator device, including
a Rushton turbine and two other double Rushton turbine impellers at a constant rotation speed and
container volume, revealed a linear relationship between the temperature rise and the stirring time
[57]. Based on the results, both double Rushton turbine impellers have similar temperature rise
lines. Moreover, it was seen that temperature rise slopes in dual Rushton turbine impellers were
higher than those in single impeller configuration [57]. It was concluded that by increasing the
layer number and arranging the stirring rotors reasonably, the heating effect of the heat generator

could be significantly improved because as the contact area between the rotors and working fluid
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increases, more fluid is driven, intensifying the turbulent motion. However, the impeller should be
arranged carefully since a close rotor arrangement will result in difficulty in returning the working
liquid to the stirring center [57]. Finally, it is suggested that the rotor arrangement should be
determined by four factors: heater size, rotor size, rotation speed, and type of liquid [57]. The CFD
study of three different novel rotor geometries (a nonlayered-stirring impeller, a layered-stirring
impeller, and a layered extruded stirring impeller) for the heating device was performed in Ref.
[43]. The results revealed that the layered extruded stirring setup had the highest viscous dissipation
rate at the same rotation speed, which means that the highest amount of mechanical energy turned
into thermal energy per time unit [43]. The authors also noted that their numerical results were
consistent with the experimental results [43]. Based on another experimental analysis of a heat
generator with rotating and fixed vanes (separating vane), it was found that the average rotation
speed of stirring vanes with separating blades was slower. However, the temperature of the liquid
was higher due to the damping effect of the liquid [46]. As a result, more heat was generated by
the damping effect than it was reduced by slowing down the stirring vanes' rotation speed. On the
other hand, the experimental results revealed that the length of stirring vanes also significantly
influences the wind heater's thermal efficiency [46]. With the increase in the size of the stirring
vanes, the rotating speed of the moving vanes gradually becomes slower, but the heat generated by
stirred liquid increases first and then decreases. However, when the width of the stirring vanes
increases, the liquid temperature will not change significantly. It is concluded that there should be
a best match point between the size of the moving vanes and the wind turbine, which could be

calculated theoretically or decided by experiment [46].
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2.8 Summary

Wind energy has a rapidly growing market, and studies are needed to enable its efficient utilization
for other purposes, such as heat generation. Therefore, improving conversion technologies such as
liquid stirring is essential in direct wind heat generation. This section provided an in-depth review
of the published research with the information necessary to assist researchers regarding the effects

of various design parameters on the heat generator device performance.

Many previous studies investigated the effect of different design parameters such as rotational
speed, fluid properties, and impeller geometries. However, a missing point in these studies is that
the researchers should have considered these parameters' effect on the agitator impeller's exerted
torque. For example, although higher rotational speed will increase the heat generated in the tank,
it also results in higher resistive force exerted on the impeller, leading to more input power
consumption. Similarly, various fluids will have different densities and viscosity, affecting the
impeller's torque. In this regard, studying any parameters should be accompanied by assessing the
torque characteristic. Overall, the most critical aspect in designing a wind-heat generator is its
torque characteristics, which should be clearly understood to optimize its design. In the following
chapters, we will first assess the toque matching of the system and then perform experimental

analysis to uncover an unknown torque behavior of the agitator heater in different operation modes.



Chapter 3 Theoretical analysis of wind-powered heat generator

3.1 Introduction

Fluid agitation heating was chosen for investigation in this research due to its simple system
configuration and wide use in other studies for heat generation; the comparison of this technology
with other wind-to-heat technologies is discussed in section 2.1.3, along with the investigation of

main design factors.

This chapter analyzes the fundamental design aspects of the fluid agitator. In addition, the concept
of turbine-heat generator torque matching for the wind thermal energy conversion device and

system behavior under different operating conditions are discussed.
The aims of this part of the thesis are:

e Understating different parts of the system
e Presenting the governing equations that describe the physics of the system

e Analyzing system performance under different operating scenarios

3.2 Wind thermal energy system engineering and analysis

There are a wide variety of design factors for each WTES part, including wind turbine,
transmission, and heat generator, which affect the system performance. In this regard, an evaluation
of a heat generator, in our case, a fluid agitator, would only be complete considering the turbine
that is most suited to drive the system, the transmissions that can be used, and the system
efficiencies that may be achieved. In addition, improving the system's performance is only possible
when the most compatible components are selected for the system's design. Therefore, the
following sections briefly discuss wind turbines and transmission systems. Then, a detailed

discussion about the design of the fluid agitator is given.
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3.2.1 Wind turbine

When designing a wind power system, it is necessary to consider the properties of mechanical
power from the rotor, such as torque and rotational speeds, as they are converted into another form
of energy by an energy conversion component like mechanical pumps or electric generators. The
characteristics of a wind turbine can be described using three equations, the first of which calculates

the power of the turbine [20]:

air4 3 .
Pyr = CP% (3.1)

Where Py, is the extracted power by wind turbines (W), Cp is the power coefficient of wind
turbines, p; is the air density (kg/m3), v is the wind velocity (m/s), and A is swept area (m?).
Secondly, the power coefficient of a wind turbine is the function of the tip speed ratio (1) of wind

turbine blades, which the following equation can express:

3 =R (3.2)
Where w is the rotor angular speed (rad/s) and R is the rotor radius (m). The optimal tip speed
ratio determines the maximum power coefficient of a wind turbine (Cp nqy), and it is influenced

by the rotor and blade designs [84] (see Figure 3-1). Thirdly, the wind turbine power (Py,+) can be

determined through the combination of torque (7) and angular speed (w) which is given by:
Pyr = 1.0 (3.3)

As a result, by substituting the tip speed ratio into the above equation, the torque output of the

wind turbine (7) will be:

C aird 3 .
Ty = 25 () ? (3:4)
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Figure 3-1: power coefficient and blade tip speed curve of different rotor designs [78].

Kirkle et al. classified wind turbines into three types based on their torque-speed curves [34]. Type
1 has low but significant torque when starting and at low speed, which is seen in low to medium
solidity HAWTs and self-starting VAWTs. Type 2, high solidity rotors have high starting torque
that decreases steeply with speed, such as in the fan windmill and Savonius rotor. Type 3 includes
traditional Darrieus rotors with insignificant or negative torque at low speeds. Fig. 3-2 shows a
schematic torque-speed curve of each wind turbine type. In the following sections, it will be shown
that type 1 wind turbines can be considered the best choice for matching to a fluid agitator based

on the torque-speed requirements.
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Figure 3-2: different type of wind turbine based on their torque-speed characteristic [34].

3.2.2 Transmission system

Transmissions can be divided into three types to match wind turbines to loads:

e Type I: fixed ratio drive, which may or may not include gearing
e Type 2: clutch or other load-disengaging device for easy starting

e Type 3: variable ratio drive without or with control system

The fixed ratio drive (type 1) is the simplest and the cheapest option. Transmission type 2 utilizes
a load-disengaging device, allowing a wind turbine to start with minimal load and engage the load
at a specific speed. This increases system efficiency at the expense of added cost and complexity.
Transmission type 3 has the potential to attain near-optimal system efficiency for all loads, but
their complexity and need for individual design for each load increase system cost. Figure 3-3

shows a schematic of different wind thermal energy conversion transmission systems.
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Figure 3-3: different transmission systems.

Due to the significance of simplicity in the development of WTES devices, type 1 transmission
may be the optimal choice; nevertheless, the selection of the transmission system should be based
on a thorough analysis of the load-matching requirements and desired system efficiency.
Furthermore, it will be demonstrated that the use of type 1 transmission can still yield satisfactory
system efficiency if the appropriate wind turbine is chosen, owing to the torque characteristics of

the fluid agitator.

3.2.3 Load

Loads connected to wind turbines can generally be classified into three groups [34]. Load Type 1,
such as multi-pole generators and non-geared hydraulic machines, has low starting torque and
increases with speed [34]. Load type 2 has high starting torque with little increase in speed, such
as positive displacement pumps with high static heads [34]. Load type 3 has moderate to high
starting torque with a significant increase in speed, such as positive displacement pumps with
substantial static and dynamic heads or generators/pumps with considerable drive train friction

[34]. Figure 3-4 shows the torque-speed curve associated with these three types of loads.
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Figure 3-4: different type of loads that can be matched to wind turbine based on their torque-

speed characteristic [34].

Very little information can be found in modern-day literature regarding using fluid agitators as heat
generators. However, the chemical mixing industry has used agitator-type devices for fluid mixing
processes, and from literature within that field, preliminary knowledge can be found regarding
liquid agitators' power absorption and torque characteristics. For instance, Uhl and Gray found that
the power absorption of impeller-type agitators was indeed proportional to the cube of rotational
velocity at a high Reynolds number but, in laminar regions, proportional to the square of rotational
velocity [79]. These relationships were detailed by Rushton, who found the following to be valid

for a variety of impeller designs in baffled tanks in the turbulent region [80]:
Py = KpysD>w? (3.5)

Where K is the turbulent factor for a specific agitator configuration, D is agitator diameter (m),

Pws is the density of working fluid (kg/m?), and w is rotational speed (rad/s). The power
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absorption equation for a high Reynolds number has several exciting and encouraging findings.
For example, it was discovered that power absorption is directly related to the third power of
rotational velocity, and that it depends on fluid density rather than viscosity, which is advantageous
for applications such as water heating (density of water only varies by less than 1% from freezing
to boiling while its viscosity decreases by 82% over the same temperature range) [80].
Additionally, industry literature reveals that the turbulent power absorption factor (K) remains
constant for a specific agitator design once the transitional flow regime is exceeded. This factor

was termed Power Number (Np) and from equation 3.5 is defined as:

N, = —PHo__ (3.6)

pwaSU‘)3
And the agitator torque is:
The = NPDSF’wf(U2 (3.7)

Equation 3.7 shows that the agitator's torque varies with the rotational velocity's second power.
Therefore, by comparing equation 3.7 against 3.4, it can be concluded that the torque characteristic
of the agitator is similar to that of the wind turbine, both proportional to the second order of
rotational velocity. This significant outcome proves that fluid agitators can be matched to wind

turbines.

3.3 Wind turbine-agitator performance analysis

To analyze the performance of the integrated system, it is necessary to understand the system
mechanics, fluid mixing relationships, and thermodynamics. Therefore, the governing equations
describing different system operation aspects are presented in the following sections. Then, the

performance of the system under different operating conditions is assessed.
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3.3.1 General governing equations
3.3.1.1 System mechanics
The wind-to-thermal system's governing relationship can be represented by Newton's second law

applied to rotating systems or the conservation of angular momentum [59]:

d
Z Tsystem = ]System d_(;) (38)

Where Tgystem denotes the summation of torques exerted on the system, Jsys¢em 1S the second
L . . dw . .
moment of inertia for the system (turbine, transmission, and heat generator), and d—(: is the time rate

of change of the system’s angular speed. In equation 3.8, the torque and inertia components relate

to the entire system rather than the turbine.

Expanding the torque relationship stated in equation 3.8 into individual components yields the

subsequent expression [59]:

dw (3.9)

Twr — Tdrag Structure — Tbearing — THG = ]System dt

Where 7 is the torque that contributes to the rotational motion of the rotor, T4rqg structure 1 the
resistive torque generated by drag acting on the rotating structure of the turbine (e.g., resistance
due to struts and other structural members), and Tpeqring and Tyg are the torques that resist the

system rotation produced in the generator and bearings, respectively.

3.3.1.2 Thermodynamic analysis
The problem of a well-insulated vessel containing a fluid stirred by an external mechanism is a
well-known scenario in thermodynamics (Joule experiment) [81], and it can be compared to the

current investigation of the wind-to-thermal system, where a wind turbine replaces the traditional



electric motor as the source of external work input. In this regard, the physics can be mathematically

described by applying the first law of thermodynamics to the heat generator tank [81]:

E-g-w (3.10)

dt

Where @ and W represent the rates at which heat is transferred to the system and work is performed
by the system, respectively. The total energy change of a system, E, can be analyzed by considering
the change in kinetic energy, potential energy, and internal energy of the system. Given that there
is no alteration in the system's height or contents, it is possible to exclude the gravitational potential
term. In addition, if the time interval dt represents the system initially at rest and then at rest again
after a period of revolution, the kinetic energy term can also be omitted. Under this scenario,

equation 3.10 becomes:

Wog-w (3.11)

dt

Where U is internal energy. The change in the system's energy is directly linked to its internal
energy, resulting from the exchange of heat and work between the system and its surroundings.
The specific internal energy between two states of the system can be determined by assuming that

the heat transfer fluid inside the generator vessel is incompressible [81]:
u2—ul= fTT: c(T)dT (3.12)

Where c is the specific heat capacity of the fluid in the system (for incompressible substances,
cp = ¢y = c). By replacing equation 3.12 into equation 3.11 and changing the intensive specific

internal energy property to extensive:

= [ me(T)dT =W (3.13)

39



Where the mass of working fluid is assumed to be a constant. If the container is well-insulated, the
energy lost to the surroundings due to temperature difference will be much less than the energy
transferred from the generator impeller to the fluid. Thus, the heat transfer term, ¢, can be ignored.
The W refers to the power consumed by the generator as it transfers rotational shaft work to the
internal energy of the working fluid. A common assumption is to omit the integral in equation 3.13
since the specific heat remains constant within the temperature range observed by the fluid in the
vessel. By subtracting the integral and estimating the derivative as differences, the result can be

simplified:

AT = — % At (3.14)

(pwaterV)Cp

Where the fluid volume, V, is represented as a design variable by expanding the mass parameter.
Finally, by combining equation 3.14 and equation 3.5 and since W = nP,,; (assuming n = 1),

vessel fluid temperature, AT, can be expressed as:

AT = LAt (3.15)

(pwaterV)Cp

Where Py, is the wind turbine (or electric motor) power output.
3.3.2 Rotor-shaft operation mode

Since wind velocity is rarely constant, it is feasible to adjust the angular velocity of the turbine
rotor and impeller shaft to function in various manners, resulting in three distinct operating modes:
constant angular speed, variable angular speed, and constant tip speed ratio. Among different
methods, variable angular speed mode is a better option since other methods are either inefficient
(constant angular speed) or complicated and costly (constant tip speed ratio) for the wind turbine-

agitator system [33]. In the case of variable angular speed, the rotor-shaft angular velocity changes



as the wind velocity varies. By selecting this mode, it is also possible to use the type 1 transmission

system, which is the simplest. Thus, it will result in reducing the system's complexity and cost.

3.3.3 System performance

3.3.3.1 Steady-state operation

Studying the steady-state operation of a wind-heater system, although challenging to achieve
naturally, can provide valuable insights into its performance since this condition assumes a constant
wind velocity and, therefore, constant rotor-shaft angular speed, which results in a constant tip

speed ratio (1) even if the system is designed with variable angular speed [34].

Nattuvetty demonstrated that in a constant wind velocity, the only torque fluctuations that occur
within the cycle are due to discrete blade rotation [33]. These fluctuations, however, have minimal
impact on the turbine's angular speed due to their high frequency and the system's high inertia. As

a result, the system can be regarded as being in a steady state in practice.

Referring to equation 3.9, at steady-state, whereby definition there is no change in angular velocity,

the relation described by equation 3.9 reduces to [59]:

Twr = 7'—drag,Structure + Tbearing +THG (316)

Equation 3.16 illustrates essential relationships for the functioning of the turbine-agitator system,
particularly the consideration of the aerodynamic torque in the power produced by the turbine for
its rotation, as well as the balance between the desired aerodynamic force generated by the rotor's

blades and the resistive torque in the system at steady-state.

Kirke analyzed a specific type 1 wind turbine and generated a family of curves showing the
relationship between T and w for different wind speeds, as depicted in Figure 3-5 [34]. By

superimposing the T — w of the turbine and T — w curves of three type 1 agitator loads (labeled A,
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B, and C in Figure 3-5, and considering an example steady wind speed of 7.5 m/ s, it was found
that a system with load A will operate at equilibrium at point 2, a system with load B at point 1
(which corresponds to Cp ,4), and a system with load C at point 3 because the available torque

matches the required torque [34].

Kirke also concluded that for slowly changing wind, the system can adapt by expanding or
contracting the t-o curve [34]. If the wind speed increases to 10 m/s (red curve), the operating
point for the system with load B will move from point 1 to point 4 in Figure 3-5 or to point 6 if the

wind speed decreases to 5 m/ s (yellow curve).
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Figure 3-5: different type of loads that matched to a type 1 wind turbine [34].

3.3.3.1.1 Theoretical matching of agitator to wind turbine for steady-state operation
Designing the system based on a hypothetical steady-state operation case introduces the concept

of theoretical matching between the wind turbine and heat generator, which can lead to the highest
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possible performance (load type B). It is worth mentioning that this scenario was the only scenario
considered in all previous publications regarding the design and sizing of the heat generator to be

compatible with wind turbines. [30, 32, 41, 59].

Equations 3.4 and 3.7 showed that torque for both the wind turbine and fluid agitator varies with
the square of rotational velocity, indicating that the wind turbine and agitator are intrinsically
speed-matched. To achieve optimal operation, it's necessary to check the magnitudes of their
torques by equating the torque generated by the turbine to that absorbed by the agitator. Thus, if
the wind turbine runs at or near its Cp ,,4,, maximum power point for any given wind turbine, as
much as possible for the prevailing wind speed, the maximum system efficiency in terms of fluid

temperature rise will be obtained. Assuming that friction forces are negligible (Tgrqg structure and

Thearing)» W€ Will have:
Twr = NTye (3.17)

Where n is the gear ratio. For any given turbine, an optimally matched agitator can then be
designed by rearranging equation 3.17 as shown below and using NpD? as the design objective for

the agitator. It is worth mentioning that water is considered a working medium in the analysis.

NpD5 = Cp (pairARs) (3.18)

22 pwater 2n3

All terms on the right-hand side of equation 3.18 are constant, where A and Cp represent the
optimal tip speed ratio and power coefficient for a given turbine. NpD® can be used to select
geometric variables for the agitator, irrespective of the turbine or wind conditions under the steady-

state condition. This relationship demonstrates that there are no limitations on the physical design
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of an agitator, as any element that resists fluid can generate heat. Therefore, the design should be

guided by practical factors such as durability and versatility [33].

3.3.3.2 Transient operation

An intrinsic characteristic of wind energy is its intermittency, which includes gradual or sudden
changes in wind velocity. As discussed in the previous section, the gradual change of wind velocity
may not affect the system performance if the agitator is well-matched to the wind turbine. This is
because the coupled system can adapt its speed to the wind speed, which can be considered a

steady-state operation.

As evident, the system’s steady-state equilibrium cannot be achieved, specifically during the start-
up process or when the wind speed is suddenly changing, until a balance of torques is achieved.

However, the system's ability to overcome resistive loading during its transient phase is
. . d
significantly complex due to variable angular speed (d—(:) caused by unbalanced torques, as stated

in equation 3.9.

To simplify the problem, we will not consider the start-up process in our analysis. Heat generator
design for the start-up process must consider the resistive forces under laminar conditions, which

differs from the agitator power absorption in turbulent conditions.

Assuming the system is successfully started up, Kirke showed that under varying wind conditions,
if either the wind turbine or the load has high inertia (Jsys¢em ), it will take a significant time for the
system to adjust to a new steady state operating point [34]. When the wind velocity decreases
suddenly from 7.5 to 5m/ s, the wind turbine operates inefficiently and produces less torque and
power (point 6) than it could at that wind velocity (point 5), as shown in Figure 3-5. On the other

hand, if the wind speed increases abruptly, the torque and power available (point 7) for accelerating
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the system will be significantly less than the torque and power available at the new equilibrium

point (point 4), resulting in reduced system efficiency.

Kirke concluded that type 1 wind turbines perform well in consistent winds and are more adaptable

to changes in wind speed, but they experience decreased efficiency during gusty conditions [34].
He suggested two design parameters to be considered to minimize this loss:

(1) system inertia should be minimized;

(i1))  the Cp — A curve should be as flat as practicable.

Although the above solutions are essential to improve the system performance under transient
operation, the characteristics of the load under transient operation (heat generator resistive torque)
have been assumed to be the same as under steady-state operation. As shown in the following
sections, there is little available literature about the agitator's torque characteristics and power
absorption behavior under variable shaft speed, even in the process industry. Since this thesis
focuses on understanding the criteria for designing an optimized heat generator based on fluid
agitation that can be matched to a wind turbine in any operating conditions, assessment of the

transient operation of the agitator is critical.

3.4 Analysis of agitator power absorption

Equation 3.18 shows that the agitator's design, mainly the impeller, for heat generation is entirely
unrestricted, meaning that any element moving in a tank will convert mechanical energy to thermal
energy. Therefore, the design should be followed by considering N, D> as the design criteria. At
this point, the main objective will be understanding the behavior of T in equation 3.16. Ty is
also known as the hydrodynamic torque, which is the resistive force generated on the impeller’s

blade and shaft due to rotation inside the tank filled with a working fluid. The resultant torque for
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the agitator was presented in equation 3.7. However, the impeller Power Number (Np) needs to be

known to calculate the torque and absorbed power of the agitator by this equation.

The research on the power characteristics of impellers dates back over 150 years, starting with the
first publication on the topic in 1855 [82]. Although a direct mathematical relation to obtain a
theoretical power equation is lacking, ample literature on empirical data can be examined for

qualitative analysis and to determine the optimal choice for this experimental study.

The physical form or operation category determines the classification of an impeller, and there are
various types, such as propellers, turbines, paddles, and high-shear impellers [83]. It has been
shown that studying the flow field characteristics of tanks stirred by these impellers is essential for
understanding their performance parameters and their impact on mixing time and mass transfer in
tanks [84]. Understanding the generated flow fields has thus made it easier to select the appropriate
impeller for specific usage and assist in improving the design. The available literature suggests that
radial turbines produce turbulent flows, making them suitable for various applications, including
homogenizers, colloidal mills, and emulsifiers [85]. In our study, like all past studies that designed

agitators for heat generation, a radial-type impeller is considered for the experimental analysis.

3.4.1 Dimensionless analysis

The power consumption of the impeller in a vessel is influenced by various factors such as
rotational speed, external forces, fluid properties, and the geometry of the impeller and vessel,
which can be determined using Buckingham pi and dimensional analysis to obtain twelve
dimensionless groups. Equation 3.19 presents the twelve dimensionless groups obtained by

Buckingham's Pi theorem for a cylindrical vessel with a central impeller:
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The equality of the first three dimensionless terms guarantees dynamic and kinematic similarity
between two geometrically similar vessels. In addition, the geometric similarity is determined by
the last nine groups of the equation, showing that various factors can affect vessel power
consumption, with certain factors being more significant than others. In further, the definition of

the dimensionless groups is provided.

The first term in the above equation is Reynolds number, Re, which is the ratio of inertial forces to

viscous forces [86]. It is defined as:

Re = PNL (3.20)
u

L represents a characteristic length, N represents velocity, and u represents the fluid viscosity. For
agitation, impeller diameter, D, is employed as characteristic length, and the velocity is
proportional to the impeller tip speed. It can be replaced by the product of impeller rotational speed
and the impeller diameter:

_ pD(wD) =wa2 (3.21)
u u

Re

The second dimensionless group in equation 3.19 is the Froude number (Fr) which is the ratio of

inertial force to gravity force. It is defined as:

Fr= N @t (3.22)
g g

Where D is impeller diameter and w is the rotational velocity of the impeller.
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The third dimensionless term is Power Number (Np), introduced in equation 3.6. The Np and the
drag coefficient for an immersed body are analogous, allowing us to understand their physical
significance better and identify similarities between them. The Np can be obtained from the drag

coefficient equation. The drag coefficient can be expressed as:

c, =2 (3.23)

T pv24

Using the relations v xND, A xD? and P xNDF, the following proportional relations are derived.

P
Ca o€ e (3.24)
Cy < Np (3.25)

A concise relationship can be summarized for the relationship between the Re, Fr, and Np in a

geometrically similar vessel.
Np < (Re)*(Fr)® (3.26)

The impact of the Fr on kinematic and dynamic similarity is minimal in fully baffled systems, as
opposed to unbaffled systems, due to the absence of vortex formation, thus allowing for the

simplification of the correlation between the Np and Re in the investigation [83].

Plotting the different dimensionless groups on a graph is the most effective way to represent their
correlation visually. However, focusing only on the groups responsible for kinematic and dynamic
similarity is essential to avoid a cluttered graph. Figure 3-6 shows that the Np of impellers with
different geometrical configurations for a baffled system reaches a constant value at high Re [86].

However, it is a misconception that only the Re is sufficient to determine the power input required



by an agitator, as the dynamic similarity is only valid for a particular geometric configuration, and

any changes in geometric parameters would yield different results.
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Figure 3-6: Np vs. Re for different impellers [87].

Bates et al. [87] conducted a comprehensive study on multiple radial-type impellers, finding that
an increase in Re leads to a decrease in Np, eventually becoming constant in a fully turbulent flow.
In addition, it was found that the Np was influenced by factors like the number and width of the
blades and the impeller clearance from the bottom of the tanks [87]. These results were expanded
by other researchers, including Nienow and Miles [88], King et al. [89], Nagata [90], Bujalski et
al. [91], and Xanthopoulos and Stamatoudis [92], who incorporated additional variables like tank
size, shape, system scale, and blade/disk thickness. For example, it was demonstrated that the Np
decreases linearly as the blade thickness increases, which can be attributed to the impact of the

blade/disk on flow separation [93-94].
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In addition, Aiba [95] demonstrated that the liquid rotates as a solid body in a vessel without baffles,
creating a free vortex independent of the impeller type and speed. However, baffles disrupt the
flow and prevent the vortex formation in a baffled tank [96]. A fully baffled configuration for a
given vessel is characterized by the highest relative Np of the impeller compared to an unbaffled

vessel [87].

Bates et al. [87] determined that a baffle ratio of 0.4 is the most efficient for any Flat Blade Turbine
(FBT) diameter, as a further increase in baffle length will reduce the Np. Nagata et al. [82] observed
the same trend. Still, they specified 0.5 as the optimum baffle ratio. The baffle ratio is expressed

as:

Baffle Ratio = % (3.27)
T

Where n,, represents the number of baffles and wy,/ Dy denotes the ratio of baffle length to tank
diameter. Using four baffles, where each baffle width is 10% of the tank's diameter, is regarded as

a fully baffled setup.

3.4.2 Agitator transient power consumption

In many process industries where high mixing efficiency is concerned, tanks are equipped with
baffles. Under these conditions, the flow field is chaotic, and a high level of turbulence is generated
even if the impeller of agitator mixers rotates at a constant rotational speed [84]. However, the
transient operation of the impeller with variable shaft speed, known as unsteady mixing, has also
been suggested as an active control method to increase the turbulence inside the unbaffled tanks to
improve the mixing efficiency [97-103]. Unbaffled tanks are commonly utilized in industries like

food and pharmaceuticals where installing baffles is impractical or ineffective due to concerns
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about cleaning the vessel interior, particle growth disturbance in crystallization, and catalyst

agglomeration in catalytic processes [97].

In a study by Gao et al. [98], velocity measurements were conducted in a tank stirred by a Rushton
turbine at a mean Re of 1145, using both steady and square wave shaft speed protocols, and the
findings indicated a notable increase in turbulence intensity and radial jet width in the square wave
scenario. Roy and Acharya [99] simulated the flow field of a Rushton impeller with the same
configuration and Reynolds number as Gao et al. [98], resulting in a 20% increase in power
consumption. It was determined that employing a protocol with varying shaft speeds would
enhance the efficiency of mixing applications. Nevertheless, some drawbacks are linked to this
method. If a variable speed protocol includes sudden changes in shaft speed, spikes in the shaft
torque can cause mechanical wear in the mixer [100]. Furthermore, the rise in mean power
consumption must be considered when assessing process efficiency, particularly in the case of an
industrial-scale system. It was concluded that it is critical to have a more comprehensive

understanding of the transient torque and power consumption before designing such systems.

Li and Xu [103] selected an unbaffled tank to investigate the enhancement of mixing efficiency by
applying a forward-reverse rotating impeller. Numerical analysis revealed that the tank's flow field
and power characteristics varied over time due to the forward-reverse agitation, as opposed to the
relatively stable flow field observed in tanks with constant agitation. In addition, they calculated
impeller power numbers in unbaffled and baffled tanks with unsteady and steady agitations.
Comparing the results, it was found that the impeller power number is the smallest in the unbaffled
tank at a constant speed, followed by the baffled tank with continuous agitation, and the largest in

the unbaffled tank with transient agitation [103].
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The importance of understanding the power demand in baffled tanks with transient operation for
WTES application can be concluded from the findings and other studies on the power

characteristics of mixing agitators in unbaffled tanks with unsteady mixing in the process industry.

The governing equation that describes the system in the transient stage is presented in equation 3.8.

Applying this equation to an agitator tank will give:

do (3.28)

Tin — Tfr — Thydro = ]System dt

In this equation, 7;, is the provided torque by either a wind turbine or an electric motor, 7y, is the

torque associated with friction in the drivetrain, and Tp,4., is the resistive torque generated
because of fluid motion inside the tank. The right-hand side of equation 3.28 (Jsystem d—at)) is also

known as inertia torque since it is the required torque to overcome the system's inertia. To have a
transient agitation, the driver should be able to overcome the sum of all the resistive torques.

However, when analyzing the impeller’s Np, Tpyqro is the only concern.

Thydro 18 Characteristic of the pressure and viscous forces exerted on the impeller by the fluid. The
hydrodynamic drag is primarily caused by the pressure forces generated by the separated flow on
the impeller faces, and torque is a reliable measure of various physical conditions during the
transient process. The torque measurement offers valuable insights into the overall behavior of the
flow field, even though it does not give a detailed description of velocity and vorticity fields. As a
result, the objective of the experimental analysis in this study is to quantify the 75,4y, produced

due to varying rotational velocity in the baffled tank.
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3.5 Summary

This chapter comprehensively analyzed the various components constituting the entire system. The
examination primarily focused on evaluating the governing equations, which serve as the
foundation for comprehending the physics of the system. Furthermore, a critical assessment was
conducted to determine the compatibility of the wind turbine with the agitator load, both in terms
of steady-state and transient operation. These evaluations were undertaken carefully, ensuring that
all aspects of the system's behavior were thoroughly assessed. In addition, a detailed analysis was
carried out to examine the behavior of the agitator load under both steady-state and transient
operations. It has been demonstrated that the effective operation of wind-powered heat generators
in real-world scenarios necessitates a comprehensive understanding of impeller rotation within
baffled tanks under transient conditions. Therefore, in focusing solely on the fluid agitator, the
primary concern of this thesis, and omitting wind turbine operational characteristics at this stage,
we conclude that designing the fluid agitator for a steady-state scenario is feasible. This is due to
understanding the agitator's behavior under such operating conditions. Conversely, it has been
revealed that the challenge in agitator design lies in transient operation, where the behavior of the

agitator is unknown.
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Chapter 4 Experimental setup and methods
4.1 Introduction

In this chapter, first, the experimental setup developed in this research is presented. Next, the
importance of signal processing is discussed, and then the method applied to filter the torque signals
is explained. Next, the uncertainty analysis method is provided to measure the uncertainties
associated with the results. Then, the experimental procedure followed for performing the

experiments is presented. Finally, the data analysis procedure is explained in detail.

4.2 Experimental setup

The schematic of the developed experimental setup is presented in Figure 4-1. Experiments were
conducted in a cylindrical, baffled stainless steel tank (Figure 4-2). The SS Grade 316 was selected
for the construction of the tank due to its corrosion-resistant nature and good mechanical properties
[104]. The tank has an inner diameter of D = 200 mm and a height of H equal to its diameter.
Four baffles were added to the tank, each 1/ 10th of diameter, to ensure a fully turbulent flow. The

liquid used for the investigation was distilled water at room temperature.
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Figure 4-1: schematic of the experimental setup developed for this study.

Two radial four-bladed FBTs with different geometrical characteristics were selected to investigate
the effect of impeller geometry on the measurements for experiments (Figure 4-3). Both impellers
were 3D printed using plastic material to minimize the impact of inertia (Jimpeiier) On the resulting
torque during the variable angular speed motion. The impellers were designed in a manner that
enabled them to be mechanically connected to the shaft using a screw. Each impeller was mounted
on a small diameter (10 mm) steel shaft at the tank's 2D/ 3 height. It was also tried to select the
smallest shaft size possible to minimize the effect of inertia (Jspqrr) on the measurements. In
addition, a housing structure was created to attach the motor and support the shaft, with the housing
being welded to the top cover of the tank. It also incorporates four holes in the cover to secure it to

the tank to prevent vibration and fluid leakage.
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Figure 4-2: the experimental setup developed for this study.

The impellers were powered by a stepper motor (Applied Motion Products, HT34-695) and stepper
drive (Applied Motion Products, STACS) in micro-stepping mode (2000 steps per rotation) to
ensure smooth motion. In addition, an Arduino controller (Arduino Mega 2560), which supplied
the motor with a TTL signal, was utilized to control the motor. A rigid coupling was mounted
between the motor and torque sensor, and a flexible coupling (R+W BKL) was considered to attach
the torque sensor to the steel shaft. Two bearings were mounted on the shaft to limit the lateral
movement and align the shaft with the motor centerline. Shaft torque was measured using an in-
line torque transducer (TRS605, FUTEK), while shaft rotational speed was monitored using an
optical encoder (2x360 PPR) embedded in the torque transducer. The default acquisition system
(USB520, FUTEK) was primarily utilized for obtaining the torque signal, enabling a maximum
acquisition rate of 4,800 Samples Per Second. The torque sensor's output signal is transmitted to

the USB520 data acquisition system through a shielded wire, with the output being measured in
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mV instead of N-m or lb-in units, but the data was subsequently converted to N-m using the
vendor’s default data acquisition software (SENSIT, FUTEK). To measure fluid temperature, a
thermocouple probe (J-type) was used with a CompactDAQ Chassis (NI-9178, National
Instrument) and a Temperature Input Module (NI 9211, National Instrument). Finally, the data

were collected and analyzed using a Microsoft Windows Operating System PC.

Figure 4-3: 3D printed Four-bladed Flat Blade Turbine impellers for experimental study (FBT —
07: Blade Dia. = 70 mm, Blade Height = 30 mm, Blade Width = 2 mm, FBT — 10: Blade Dia.

=100 mm, Blade Height = 30 mm, Blade Width =2 mm)

4.3 Signal processing

Mixers rotating in fluids produce noisy torque signals, with the dominant excitation frequencies
being the rotational speed of the impeller and the blade passing frequency. Moreover, despite using
shielded wires, the torque sensor is susceptible to electromagnetic interference from the stepper
motor and laboratory electronics. In addition, mass imbalance in the shaft results in cyclic load,
which is picked up by the torque sensor. The presence of these factors results in unwanted signals
in the final output, necessitating a filtering process to eliminate these noises before utilizing the

torque value in subsequent analyses.
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Among different methods, ensemble averaging is a recommended method in the literature for
filtering noisy torque signals in agitation mixers, and it is utilized in this study for signal processing.

The noise filtering technique used in this method is explained below.

4.3.1 Ensemble averaging

Ensemble averaging is a signal processing technique that reduces noise by simply computing
averages of repeatable signals, which can come from multiple sensors or repeated measurements
of the same experiment, assuming the systems can produce highly repetitive responses to many
repeating experiments [ 105]. A time reference must be established to align all signals and create a
standard time frame to generate an ensemble average. This allows for constructing an average
signal by averaging corresponding points from each signal within the time frame. The process is

repeated for each sample in the time frame to obtain the complete averaged response [105].

The results of employing the ensemble averaging technique to filter out noise from 1200 raw
signals of ten repeated experiments are graphically represented in Figure 4-4. It is worth
mentioning that the raw signals in Figure 4-4 depict only measurements for one experiment to
avoid confusion. As can be seen, applying ensemble averaging resulted in significant noise

reduction and, therefore, having smoother signals in contrast to the unprocessed signals.
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Figure 4-4: raw and filtered torque signal using ensemble averaging method.

4.4 Uncertainty analysis

Systematic uncertainties are reproducible inaccuracies that are consistently in the same direction
and could be caused by an artifact in the measuring instrument. Although systematic uncertainty is
inherent in all measuring instruments and cannot be eliminated from experimental studies, a
thorough understanding of them is necessary as it assures that the actual value falls within the

reported range.
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Table 4-1: measurement uncertainties.

Parameter Uncertainty
Temperature +0.5°C
Torque +0.01N.m
Angular Velocity +0.5 RPM
Volume +0.05 Liters
Np 0.31%
Pin 12.67%

Calculating the systematic uncertainty of a dependent variable can be determined by assessing the
systematic uncertainties associated with the independent variables. Equation 4.2 demonstrates the

uncertainty, symbolized as SR, of a value R that is a product of the independent variables

represented by X [105].
R =X&Xbxs.. xm (4.1)
Then
/2
SR _ 5X1\2 5X5\2 5X3\2 Xy 2}1 4.2)
i {(“XT) +(052) +(c32) o+ (m2Y)

The systematic uncertainties associated with the equipment used in this study are listed in Table 4-

1. The dependent variables computed in this investigation are the impeller’s Np and the P;,,. The
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level of uncertainty associated with the impeller Np is determined to be 0.31% for tests conducted
at lower rotational velocities, resulting in small torques. Furthermore, the uncertainty of the P;,

resulting from inaccuracies of the instrument measurements is 12.67%.

4.4 Experimental procedure

Experiments were performed across a range of nondimensional parameters as specified in Table 4-
2. All experiments were conducted with the tank filled with distilled water to ensure no free surface
above the water level. The positioning of the impellers was such that the highest points of the
impellers were located 134 mm below the tank's cover (with a clearance of 66 mm from the tank’s
bottom). All the experiments with transient operation were carried out according to the following

procedure.

1. After starting the motor, the impeller was speeded to the initial velocity (w;).

2. The impeller was allowed to undergo continuous rotational motion at a consistent rate
(a; = 0) for 30 seconds. This ensured that the steady-state condition was achieved before
the initiation of transient operation.

3. Subsequently, a phase of transient motion featuring varying angular velocity (a; # 0) was
initiated and undergone which, as a result, the velocity of the impeller reached the desired
final velocity (w5).

4. The impeller rotation at w, continued until the condition of mean flow steady-state was

again maintained for a sufficient time (30 seconds).

For every dataset, as previously explained, the resultant torque is a combination of the hydrodynamic torque,
the torque needed to overcome the inertia during the transition stage, and the torque needed to overcome
the friction in the shaft bearings. In all cases, the torque necessary to overcome inertia is negligible since it

was tried to construct the system with the least possible amount of inertia. Furthermore, the magnitude of
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the friction torque exerted by the bearing was also negligible in comparison to the hydrodynamic torque in
all cases. A transient experiment was conducted to measure and compare the torque when the tank was
empty and filled with the working medium to quantify the effect of inertia and friction torque. It was seen
that the torque necessary to overcome inertia and friction was less than 5% of the minimum torque in the

studied range. The result of the test will be presented in section 5.2.

Table 4-2: range of studied parameters.

Impeller Re w/D D/Dr Angular Velocity Acceleration
(rad/s) (rad/s’)

FBT-10 19,950 — 69,900 03 05 1257- 37.7 1-6283

FBT-07 14500-39900 043 035 18.85 — 4399 1-6283

4.5 Data analysis

In this study, a sample frequency of 100 HZ was selected for the data acquisition process, resulting
in a substantial amount of data sets for each run. Therefore, data analysis was critical before
interpreting the measured torque signals. As previously mentioned in section 4.4, the time domain
of the experiment for the transient analysis of impeller motion was divided into three sections. The
initial section involved the impeller operating at a constant rotational speed, followed by a transient
phase where the impeller's rotational speed varied based on the acceleration requirement, and
ultimately, another steady-state section where the impeller rotated at a constant speed. According
to equation 3.7, if the rotational velocity remains constant, it can be concluded that the torque
should also remain constant in theory, as the other variables are also held constant. Consequently,
to present the data, the measured torque values obtained during the steady-state operation are

averaged from 100 samples per second to 1 sample per second. However, regarding the transient
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operating segment, the collected data from the data acquisition process was subjected to averaging
to yield a frequency of 10 samples per second. This was undertaken to enhance comprehension of
the flow properties exhibited during this stage. Figure 4.5 presents the procedure for this study's
data acquisition and analysis. In addition, a curve-fitting approach (polynomial or cubic) was
implemented to find a trend in the experimental measurements. It is worth mentioning that

MATLAB software [107] was used for all the signal processing and data analysis purposes.
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Figure 4-5: the procedure for data acquisition and data analysis.

4.6 Summary

This chapter presented the details of an experimental setup designed and developed for this study.
Furthermore, specific attention was given to the techniques utilized for the signal processing and
the method employed for conducting a comprehensive analysis of uncertainties. Next, the
procedure for carrying out the tests was explained in detail. Finally, the data analysis method

utilized to process the datasets was presented.
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Chapter S Results and discussion

5.1 Introduction

This chapter is dedicated to the experimental study of the agitator performance. In this regard, a
series of tests were performed on the developed agitator to examine the flow characteristic inside
the tank under different operating conditions, including steady-state and transient. The torque
exerted on the shaft and the rise in temperature of the fluid were measured, and the results were

assessed to understand the agitator’s behavior during its operation.

5.2 Effect of friction and inertia torque on measurements

The measured torque by the torque sensor is the total torque exerted on the shaft, which, based on
equation 3.28, consists of hydrodynamic torque, friction torque, and inertia torque. Since the main
objective of this study is to get insight into the characteristics of the flow field during transient
conditions by measuring the hydrodynamic torque, it is essential to assess the effect of the inertia
and friction torque on the collected data. For this purpose, two different experiments were
performed using FBT — 07 impeller, one in the empty tank and the other in the tank filled with
water. The test conditions for these experiments are presented in Table 5-1. In the case of the empty

tank, the friction torque resulting from the air inside the tank is assumed to be negligible.

Table 5-1: test conditions for assessing friction and inertia torque on the total torque.

Impeller rad rad dow rad
o550 w2 (557 a
FBT-07 25.13 37.7 62.83




The results for both experiments are presented in Figure 5-1. As can be seen, the sum of friction

and inertia torque within the empty tank was almost constant, having a value of 0.002 N.m. This
result indicates that the high acceleration rate of 62.83 rsa—zd did not considerably affect the total

torque. This proves that the effect of system inertia (Jystem) On the total measured torque was

small. On the other hand, the total torque when the tank is filled with water increased from

0.037 N.m to around 0.082 N.m when the w increased from 25.13 % to 37.7 % with the

. d . . .
acceleration rate of 62.83 TSLZ This, in turn, shows that the most dominating torque was from the

fluid (water) resistance inside the tank, while the sum of friction and inertia torque had less than
6% effect on the total torque. Thus, in this study, we assumed that the total torque equals the

hydrodynamic torque for simplicity.
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Figure 5-1: results of the total torque and the sum of inertia and friction torque for the

experimental test condition presented in Table 4-2.
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5.3 Steady-state analysis

To validate the measurements, and to establish a baseline for comparison with transient operations,
a series of steady-state tests were conducted to obtain the power number Np for each impeller
across the defined Reynolds range. Each test was performed at constant rotational velocity for 60

seconds.
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Figure 5-2: results of Np across the Reynolds range for FBT — 10 and FBT — 07.

Figure 5-2 presents the results of Np over different Reynolds for the two impellers. The FBT — 10
has a steady state Np of 6.6, while the Np for FBT — 07 is 8.5. The power number is almost
constant for each impeller in the studied Reynolds range. This trend agrees with those reported in
the literature [87]. In addition, Table 4 presents the results of steady-state Np for FBT — 10 as
compared to the data reported in Ref. [87]. As it can be seen, the steady-state Np for FBT — 10 in
this research is close but slightly higher (by 0.6) than the reported value in Ref. [87]. The difference
is mainly because of the higher width of baffles (w},) in this research compared to Ref. [87], which

generated more resistance to flow circulation inside the tank.

66



Figure 5-2 presents the results of Np over different Reynolds for the two impellers. Based on the
results, the FBT — 10 has a steady state Np of 6.6, while the Np for FBT — 07 is 8.5. As it is clear,
Np is almost constant for both impellers in the studied Reynolds range, which is in complete
agreement with the available data in the literature [87]. In addition, Table 5-2 presents the results
of steady-state Np for the FBT — 10 compared to the data reported in Ref. [87]. As it can be seen,
the steady-state Np for FBT — 10 in this research is close but slightly higher than the reported
value in Ref. [87]. The difference is mainly because of the higher width of baffles (w}) in this

research compared to Ref. [87], which generated more resistance to flow circulation inside the tank.

Table 5-2: the results of steady-state Ny in this study and Ref. [87].

Impeller  No.of w/D D/Dr C n, wp, Np
H
Type Blades
This study FBT 4 03 05 1/3 4 D¢/ 10 0.6
Ref. [87] FBT 4 03 05 1/3 4 D/ 12 6

5.4 Transient analysis

Understanding the fluid agitator's hydrodynamic torque and power number characteristics during
transient operation will help better assess the WTES performance during intermittent wind. In this
regard, different tests were designed to investigate the effect of variable shaft motion on fluid

agitators, including 1) acceleration, 2) deceleration, and 3) sinusoidal velocity profiles.
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5.4.1 Acceleration

This section investigates the effect of impeller acceleration on the fluid agitator's transient

hydrodynamic torque and power number.

5.4.1.1 Effect of different acceleration rates on torque (t) and power number (Np)

The hydrodynamic torques exerted on the FBT — 07 and FBT — 10 impellers when the
acceleration rate changed from 1 to 62.83 Tsa—zd are shown in Figure 5-3 and Figure 5-4. The test
conditions of these experiments are tabulated in Table 5-3.

While increasing the rotational speed increased the torque for both impellers, the results suggest
that the (final) steady-state torques were constant and the same for each impeller despite the

acceleration rates. With higher acceleration rates, the time to reach the final rotational speed (w,)

declines, resulting in a steeper torque increase. For example, when the rate of acceleration was

1 rsa—zd, both impellers reached w, in 12 seconds accompanied by a gradual rise in torque. When the

acceleration rate was 62.83 rsa—zd, it took less than 3 seconds for both impellers to pass the transient

phase, thus resulting in an abrupt increase in the torque.

Table 5-3: test conditions for transient operation with different acceleration rates.

Impeller rad Rey rad Re, do rad
w1 ( s ) w3 ( s ) dt §2

FBT-07 25.13 19561 37.7 29341 1-6283

FBT-10 1257 19960 25.13 39920 1-62.83
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The measured power numbers (Np) with different acceleration rates are presented in Figures 5-5
and 5-6 for FBT — 07 and FBT — 10 respectively. A logarithmic time scale is used to present Np

to closely examine how Np behaves in the transient stage. As it can be seen, when the acceleration
. d . . .
rate is 1 %, the transient Ny is almost the same as the steady-state Np, having a value of 8.6 and

6.6 for FBT — 07 and FBT — 10 respectively. However, with the rise of the acceleration rate, an

initial spike happens in Np for both impellers, followed by a decline in the state-state Np as the
transient phase ends. For example, when the acceleration rate is 12.57 rsa—zd, the transient Np for the
FBT — 07 reaches 9.5 and then decreases to 8.6 as the transient stage fades. On the other hand,

when the acceleration rate is 62.83 rsa—zd, the transient Np spikes over 12 shortly before the shaft

rotational velocity reaches w,. The same trend can also be seen for FBT — 10. There are several
reasons why the transient hydrodynamic Np is higher than the steady-state condition. One key
factor is the higher turbulence of the fluid near the impeller due to acceleration (deceleration would

have a similar effect).
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Figure 5-5: results of changing acceleration rate on Np for FBT — 07 (w; = 25.13%,0)2 =

37.779)

It is also interesting to note that the magnitude of increase in Np during the transient stage was

higher for the FBT — 10 impeller than FBT- 07 for all the acceleration rates. For example, when
the acceleration rate was 62.83 Tsa—zd, the transient Np for FBT — 07 increased around 45% (from

8.6to 12.5). On the other hand, the transient N for FBT — 10 increased over 85% (from 6.6 to
12.3) compared to the steady-state Np. With almost the same Re at w4, these results indicate that
the impeller with higher impeller diameter (FBT — 10) operating at lower initial speed w,
experiences a higher level of drag forces during acceleration compared to the impeller with smaller

impeller diameter (FBT — 07) which rotates at higher w; .

Considering the heat generator operation in intermittent wind conditions, one can find that the
abrupt increment of Np as the shaft tends to accelerate with high acceleration rates generates high

resistive hydrodynamic forces, which might prevent the system from matching itself to the
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increasing wind input power. As a result, the system might not reach the optimum rotational

velocity corresponding to the Cp 44, leading to a lower system efficiency.
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Figure 5-6: results of changing acceleration rate on Np for FBT — 10 (w; = 12.57 %,wz =

25.13 %),

5.4.1.2 Effect of different w; on torque (t) and power number (Np) under constant
acceleration rate

Figures 5-7 to 5-10 show the results of torque (1) and power number (Np) with different initial
rotational speeds (w ) while keeping the acceleration rate (a) constant at 12.57 rsa—zd to reach a target

final speed (w-). The test conditions are provided in Table 5-4.

Figures 5-7 and 5-8 show that increasing w; resulted in higher initial steady-state torque in all

cases, as expected. In addition, the final torque is the same for all cases for each impeller since the
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w, was fixed. Higher w, resulted in steeper increments of torque or, in other words, shorter

duration of the transient stage in all the cases for both impellers.

Table 5-4: test conditions for transient operation with different w;.

Impeller rad Re, rad Re, dw rad
w1 ( . ) w; ( p ) FTRN

FBT-07 1885-4398 14671 - 34231 50.27 39521 12.57

FBT-10 1257 -37.77 19960 — 59880 4398 69860 12,57

Reviewing the results of Np presented in Figures 5-9 and 5-10, the spike in Np at the start of the

acceleration decreases as w; increases for all the cases (both impellers). For FBT — 07, when the

rad

w, was 18.85 —— the Np increased to around 9.5 then started to decline to the steady-state Np of

rad

8.6 as the impeller rotational velocity reached to the w, of 50.27 — On the other hand, the Np

spiked to around 9 at the start of the acceleration process when the w; was set to 43.98 %. The

same trend can also be seen for the FBT — 10. For example, the Np went up to around 7.9 when
the w, was 12.57 %, while as the w, increased to 37.77 % , the Np slightly increased to 6.8 at

the start of the transient process. These results show the dominant impact of w; on changes in Np

when the acceleration rate is constant.
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Figure 5-7: results of changing w; on torque for FBT — 07 in constant acceleration (w, =
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Concerning heat generator design for WTES, these results suggest that a wind turbine-fluid agitator
system that operates at lower w, before the start of the acceleration process needs to overcome a
higher level of hydrodynamic resistive forces to reach a potential w, at constant acceleration rate
compared to a system that rotates at higher initial w,. Therefore, it can be concluded that a system
with higher w; will more easily go through the acceleration process and adapt itself to the
increasing wind velocity. This outcome is in line with the results of section 5.4.1.1, which
demonstrated better adaptability of the system that operates at higher w; to the higher acceleration

rates.
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Figure 5-9: results of changing w; on Np for FBT — 07 in constant acceleration (w, =

5027 122 2© — 1p 57 144
s 'dt s2
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Figure 5-10: results of changing w, on Np for FBT — 10 in constant acceleration (w, =
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5.4.1.3 Effect of different w, on torque (1) and power number (Np) under constant
acceleration rate

Figures 5-11 and 5-12 depict the effect of different w, on the hydrodynamic torque of the FBT —
07 and FBT — 10 with a constant acceleration rate of 12.57 Tsa—zd respectively. Table 5-5 also
presents the range of different parameters for the experiment.

As w, increases, the generated torque increases with a second order of w for both impellers, which

agrees well with the literature (equation 3). The duration of the transient operation also increases

as w, increases if the w, is kept constant.
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Table 5-5: test conditions for transient operation with different w,.

Impeller o, (g) Rey o, (g) Re, lfl_(: T;l_zd
FBT-07 18.85 14671 2513-5027 19560 — 39521 1257
FBT-10 1257 19960 1885-43.98 29940 — 69860 1257
0.18
""""""" wp = 2513 radls o oo o aae AR A B
ol o1, = 377 radls S o

w, = 50.27 rad/s

E
z 041 |
(6]
=)
=
o
|_
0.06 +
’rﬂie;ﬂ 777777777777777777777777777 S
e o
0.02 kmmmeae=="
0 veser
107" 100 -

t(s)
Figure 5-11: results of changing w, on torque for FBT — 07 in constant acceleration (w; =

18.85 124 22 — 1257 2%,
s 'dt s2
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Figure 5-12: results of changing w, on torque for FBT — 10 in constant acceleration (w; =

12,57 122 22 — 1257 2%,
s 'dt s2

Figures 5-13 and 5-14 depict the results of changing w, on Np while the acceleration rate is kept
constant at 12.57rsa—2d for FBT — 07 and FBT — 10 respectively. The transient Np for all the tests

(both impellers) follows the same trend, with immediate spikes as the transient operation starts,
then reducing back to its steady-state values as the transient state ends. It is also interesting to note
that the maximum value of N, was nearly the same for all tests (each impeller) regardless of w,.
This is a remarkable finding since it shows that the transient Np for the impeller is directly linked
to the acceleration rate and independent of w, or, in other words, the duration of the transient
operation. Moreover, it was seen in section b that the change in Np is smaller for higher w; when
the acceleration rate is constant. By combining these results, and also based on the steady-state
design criteria for wind turbine-heat generator matching, NpD®, it can be concluded that a heat

generator higher steady-state Np operating at reasonably high initial speed w; might respond better
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to the acceleration due to the lower impact of transient hydrodynamic resistive forces. This will
lead to a better matching of the system rotation velocity (w that corresponds to the Cp ;45 ) to the

increasing wind speeds, resulting in higher system efficiency.
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Figure 5-13: results of changing w, on Np for FBT — Q7 in constant acceleration (w; =

18.857%%,%2 = 12.57™%).
s dt s

79



13 T T
121 . w,=18.85rad/s o 1
1 o w,=3142 rad/s
w, = 43.98 rad/s
10 i
Z’l 9 i
8r i
- Sy, w“.g@%%g%@@
6 ) i
5
107 10° 10"

t(s)

Figure 5-14: results of changing w, on Np for FBT — 10 in constant acceleration (w; =

12,5714 29 — 17 577¢4)
s 'dt s2

5.4.2 Deceleration

This section investigates the effect of impeller deceleration rate (linear decrease of angular speed)
on transient torque and Np. The experiments were designed in the same manner as the acceleration

experiments, thereby allowing for a comparison of the outcomes.

5.4.2.1 Effect of different deceleration rate on transient torque (t) and Np

Figures 5-15 and 5-16 show the result of different deceleration rates of —1, —6.28, —12.57,

—25.13, and —62.83 rsa—zd on the impeller’s torque for FBT — 07 and FBT — 10. The other

parameters for the experiments are shown in Table 5-6.



Table 5-6: test conditions for transient operation with different deceleration rates.

Impeller rad rad do rad

w1 (=) w2 (=) o 2
FBT-07 37.7 2513 1-6283
FBT-10 37.7 2513 1-6283

When w; was constant at 37.7 % , the steady-state torque was 0.084 and 0.37 N.m for FBT —

07 and FBT — 10 respectively. As the w; decreased to 25.13 %, the torque also reduced to 0.04

and 0.18 N.m for FBT — 07 and FBT — 10 respectively. The higher deceleration rate led to a

shorter transient period, resulting in a steeper slope of the torque decrement for both impellers.
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Figure 5-15: results of changing deceleration rate on torque for FBT — 07 (w,; = 37.7 %, AP

25.13 %),
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Figure 5-16: results of changing deceleration rate on torque for FBT — 10 (w; = 37.7 %, W, =

25.13 %),

The variation of Np for FBT — 07 and FBT — 10 over the experiment period is shown in Figures
5-17 and 5-18, respectively. The low deceleration rate of —1rsa—2d had minimum impact on the Np

with an almost steady flow field for both impellers. Higher deceleration rates resulted in a more
significant decrease of Np. From all the tests, the Np tends to decrease as the deceleration process

starts, then returns to the steady-state condition after reaching a minimum value.
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Figure 5-17: results of changing deceleration rate on Np for FBT — 07 (w; = 37.7 %, W, =
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By comparing the results of acceleration tests (section 5.4.1.1) to the results obtained from the
deceleration experiments, it can be understood that the magnitude of the Np variation during

deceleration is lower than acceleration for both impellers. For example, the minimum Np of 5.5
for the FBT — 07 resulted from a deceleration rate of —62.83 rsa—zd, which is a reduction of about
36% compared to the steady state Np of 8.6. On the other hand, the maximum Np for FBT — 07
was 12.5 ( Z—i) = 62.83 Tsa—zd), which is 45% higher than the steady state Np of 8.6. This difference

could result from the acceleration process's higher impact on the flow field. It is evident that the
acceleration process produces turbulence in the flow field (due to the increasing shaft speed),

resulting in a spike in Np. However, the higher initial level of turbulence of the flow field (higher



initial w,) in the deceleration process dominates the impact of lowering angular speed, leading to

the lower reduction in Np in the deceleration phase.

Another exciting finding comparing the deceleration results to the acceleration experiments is that
the minimum N resulted from changing the deceleration rate almost occurred near the end of the
transient period. In contrast, the Np peaked to its maximum value right at the start of the transient
process for different acceleration rates. This could also be explained by the fact that the flow field
immediately responds to the increase in turbulence level because of acceleration, while it catches
up more slowly to the decreasing turbulence resulting from the deceleration process, which in turn

shifts the minimum of Np toward the ends of the process.

In the case of heat generator design for WTES, the experimental results suggest that the reduction

of Np during the deceleration process will not negatively impact the system's ability to respond to



a declining wind velocity. The system’s lower Np compared to the steady-state condition could

facilitate a faster response to declining wind speeds.
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Figure 5-18: results of changing deceleration rate on Np for FBT — 10 (w; = 37.7 %, W, =

25.13 %%,

5.4.2.2 Effect of different w, on torque (1) and power number (Np) with constant
deceleration rate

The effects of different w; on torque are shown in Figures 5-19 to 5-20, and the effects on N, are

shown in Figures 5-21 and 5-22, for impellers FBT — 07 and FBT — 10 respectively. In these

. : d
tests, the deceleration rate is kept constant at —12.57 1 and the same target w, is used for each
p g

impeller. The other test conditions are provided in Table 9.



Table 5-7: test conditions for transient operation with different w;.

Impeller rad Re, rad Re, do rad
(] ( s ) () ( s ) dt 52

FBT-07 2513 -50.27 19560 — 39122 18.85 39521 -12.57

FBT-10  1885-4398 29940 — 69860 1257 69860 —12.57

At the same deceleration rate, lower w; means a shorter transition period to reach the same target

w,. The final torque was also the same for different tests on each impeller. Lower w, also leads to

lower torque throughout the deceleration period. The one with a larger diameter (FBT-10) induces

more significant torque during the deceleration between the two impellers.
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Figure 5-19: results of changing w, on torque for FBT — 07 in constant deceleration (w, =

86
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Figure 5-20: results of changing w, on torque for FBT — 10 in constant deceleration (w, =

1257 182 22 — _12 57 124)
s 'dt s2

Figures 5-21 and 5-22 show the power numbers Np in these tests. As the deceleration starts, Np
first decreases and reaches a minimum, then increases back to its steady-state level when the target
w, 1s reached for each impeller. Higher w; at the initial steady-state stage resulted in lower
minimum Np during deceleration. In addition, with higher w;, the minimum Np happened closer
to the end of the transient stage. This can be explained in a similar way as for the acceleration tests.
The higher turbulence level of the flow field dominates the effects of shaft angular velocity
reduction, resulting in slower responses of the flow field to the deceleration process. As discussed
earlier, this slower response of the system to the deceleration process in higher w; could facilitate
the heat generator to adapt its angular velocity smoothly to a declining wind speed in real-world

conditions.
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5.4.2.3 Effect of different final speed w, on torque (t) and power number (Np) with
constant deceleration rate

The effects of changing w, on torque (t) and power number (Np) are shown in Figures 5-23 to 5-
26 for FBT — 07 and FBT — 10, respectively. Table 5-8 also presents the range of parameters for
the tests. As expected, decreasing w, led to a reduction of the torque with the second order of w
for all the tests (both impellers). Moreover, the power number N, follows the trend seen in the
previous section, starting to decrease as the transient process begins and then increasing to its

steady-state value after passing a minimum near the end of the transient stage.

Table 5-8: test conditions for deceleration with different w,.

d d
Impeller o, (%) Req o, (%) Re, d_a) rad)
dt ~ s?
FBT-07 50.27 39121 1885-4398 14670-— 34231 —-12.57
FBT-10 4398 69680 1257 - 37.7 19960 — 59880 —-12.57
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Figure 5-23: results of changing w, on torque for FBT — 07 in constant deceleration (w,; =
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Figure 5-24: results of changing w, on torque for FBT — 10 in constant deceleration (w; =

4398 4,22 = 1257 %),
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With the same deceleration rate, different w, resulted in approximately the same minimum Np for

each impeller. In Figure 30, a constant deceleration rate of —12.5721—; resulted in nearly identical

minimum Np of 8 for FBT — 07 when w, changed from 18.85 to 43.98 % . Similarly,
approximately the same minimum N, of 5.7 was achieved for FBT — 10 as w, varied from 12.57
to 37.7 %. This is similar to what was seen in the acceleration process, meaning that the effect of

the deceleration rate on the Np is dominant. For both impellers, the minimum N, is achieved
almost near the end of the transient stage. As discussed in the previous sections, this denotes the

dominant effect of the flow field's initial turbulence level.

The results of hydrodynamic torque and power number presented for the deceleration tests suggest
that the deceleration process does not prevent the system from matching its rotational velocity with
the declining wind speeds since the power number during the deceleration process is lower than
the power number during the steady-state condition. However, as the power number decreases, the
system's performance in terms of heat generation will also decrease due to less resistive torque of
the agitator. Therefore, limiting the reduction in power number seems to be beneficial for the

system's performance during the deceleration process.

Combining the results obtained from the acceleration tests and deceleration experiments, it can be
concluded that although addressing the spike of Np because of acceleration is critical for the
successful operation of the wind-agitator system, finding an operating range of w for the wind
turbine-agitator system based on the actual wind profile could be beneficial for optimizing system

operation, especially under gusty wind conditions.
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Figure 5-25: results of changing w, on Np for FBT — Q7 in constant deceleration (w; =

5027 144 42 — _1257 14,
S s

dt

7 T
el
6.5¢ 9908 OUr&n” gfq%g%.j i
6 i -
> 55¢ |
[}
5t ¢ w,=1257radls e |
0 W,= 2513 rad/s e
0w, = 37.7 rad/s
45 |
4 L )
107" 10° 10"

Figure 5-26: results of changing w, on Np for FBT — 10 in constant deceleration (w; =
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5.4.3 Sinusoidal velocity profile

This section aims to evaluate the effect of changing shaft angular velocity under a sinusoidal profile
on torque, and N, for FBT — 10. As it is reported, wind speed can be modeled as the sum of several
given sinusoidal components [108]. Therefore, a sinusoidal function is considered to roughly
simulate a transient wind profile to gain a better insight into the agitator’s operation under transient

conditions.
The hypothetical velocity profile based on a sinusoidal wave is as follows:
W = Wy + wySin(2mft) (5.1)
Where w is the offset angular velocity and w, is the velocity amplitude. In addition, f is the

angular frequency of the shaft velocity, defined as %(T is the period to complete one cycle in

seconds).

5.4.3.1 Effect of different shaft angular frequency (f) on torque (t) and power number (Np)

Figures 5-27 and 5-28 show the effect of different shaft angular frequencies (T = 1,5,10 s) on the
torque (t) and power number (Np) for impeller FBT — 10. The range of test’s parameters are also

tabulated in Table 5-9.

Table 5-9: range of parameters for sine velocity profile experiments with different frequencies.

d d
Impeller W (1) oy (1) f (Hz)
s s
FBT-10 3142 1257 0.1,02,1
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Figure 5-27 shows that the steady-state torque for the offset velocity (wy) of 31.42 —

rad

0.28 N.m which is similar for all the tests. Moreover, the maximum and minimum torque (0.53

and 0.9 N.m) are the same regardless of angular frequency variation. Increasing the shaft angular

frequency (lower T in the figures) resulted in a higher number of cycles that the impeller underwent.

A higher frequency is associated with a higher variation of the shaft angular velocity (higher

acceleration/ deceleration rates). Since the torque and velocity are in the same phase, increasing

the frequency led to sharper changes in torque values. Finally, it is evident that a higher frequency

of angular velocity will result in higher power conversion and, therefore, higher heat generation.
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Figure 5-27: results of changing shaft angular frequency on torque for FBT — 10 (

wo = 3142 =%, w, =1257 7).

The effects of shaft angular frequency variation on power number are presented in Figure 5-28.

Note that the shaft angular frequencies of 0.1, 0.2, and 1 Hz corresponds to the maximum or

A



rad

minimum acceleration or deceleration rate of + 7.89, =+ 15.79, and + 78.94 o respectively. As

the shaft angular frequency increases, the change in Np also increases. For example, when the
shaft angular frequency was set to 0.1 Hz, the maximum and minimum N, were 7.1 and 6,
respectively, which are slightly different from the steady state Np of 6.6. On the other hand, the
maximum and minimum Np for the shaft angular frequency of 1 Hz were 10.3 and 3.9,
respectively, which shows a considerable deviation from the steady state Np. These results are in
line with the results obtained from the acceleration and deceleration experiments in which higher

acceleration/deceleration rates resulted in abrupt changes in Np.

An interesting observation from Figure 5-28 is that the maximum Np at the impeller rotation’s first
cycle was lower than the overall maximum Np for all three shaft angular frequencies. For example,
at shaft angular frequency of 1 Hz, the Np surged to a value of 8.4 at the first cycle while it rose
to a value of around 10.4 at the subsequent cycles. The reason for this difference could result from
the continuous oscillation of the impeller's angular speed, which produced a higher level of

turbulence after the first cycle.
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Figure 5-28: results of changing shaft angular frequency on N, for FBT — 10 (

wo = 3142 7%, w, =1257 79,

5.4.3.2 Effect of different shaft angular amplitude on torque (t) and power number (Np)

The effect of varying the amplitude of the sinusoidal velocity profile on the torque (r) and power
number (Np) is shown in Figures 5-29 and 5-30. Moreover, Table 5-10 presents the range of
parameters of the test. Changing the velocity amplitude leads to a wvariation of the

acceleration/deceleration rates of the cycle. The acceleration/ deceleration rates corresponding to
the velocity amplitudes of 314, 628, and 1257 ™% are 19.72, 3944, and 7894 ¢

respectively.

Table 5-10: range of parameters for sine velocity profile experiments with different amplitudes.

Impeller rad rad
! wo (—-) w04 () f (Hz)

FBT-10 3142 3.14,6.28,12.57 1




As can be seen in Figure 5-29, increasing the amplitude of the sine velocity profile resulted in

increasing the peak torque of the cycle in the transient process. When the amplitude was set to

314 %, the torque oscillated between 2.3 to 3.2 N.m. However, increasing the amplitude to

12.57 % resulted in a variation of torque between 0.09 to 0.54 N.m. The effect of different

amplitude on the Np, Figure 5-30, also shows that increasing the amplitude of the sine velocity
profile led to higher changes in Np due to the velocity profile's higher acceleration/deceleration
rates. This is also in line with the results obtained in 5.4.1 and 5.4.2, in which the higher
acceleration/ deceleration rates resulted in a higher change in Np. A similar observation to what
was seen in the previous section can also be understood here, which is the smaller peak of the Np
at the first cycle of the rotation. This can also be regarded as the effect of high shaft angular

frequency, which resulted in a more chaotic flow field and, therefore, higher N after the first cycle.

The sinusoidal velocity profile test results help understand the operation of wind-powered heat
generators under rapid wind fluctuation (high acceleration/deceleration rate and high frequency).
Although the system achieves a higher heat generation level due to higher input power, it needs to
overcome higher hydrodynamic resistive forces, which can lead to operation difficulties. On the
other hand, the system operation will be smoother when the wind speed changes smoothly as less
resistive hydrodynamic forces will be generated in the agitator. It is worth mentioning that it is also

critical to study the performance of the wind turbine under intermittent wind as a next step.
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Figure 5-29: results of changing velocity amplitude on torque for FBT — 10 (

wo = 3142 %, f = 1Hz).
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Figure 5-30: results of changing velocity amplitude on Np for FBT — 10 (

wo = 3142 %, f = 1Hz).



5.5 Effect of different velocity profiles on temperature rise of the working fluid

A 60-minute test was conducted to quantify the effect of different velocity profiles on the rise in

temperature of the working fluid (distilled water at room temperature), and the results are shown

in Figure 5.23. The velocity profiles were constant angular velocity (w = 31.42 %) and sinusoidal

velocity (wy, = 31.42 % , Wy =3142 %, f = 1Hz). In addition to AT, the net input power of the

agitator, Py, was also calculated using the torque measurement data. It is worth noting that the
vessel was carefully insulated using double reflective insulation (Reflectix ®) to ensure minimum

heat loss to the surroundings.
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Figure 5-31: effect of different angular velocity profiles on the working fluid temperature rise for

FBT — 10.

The rise in the temperature of the water is linear over time for both velocity profiles, which agrees
with the literature [42, 52, 54, 57]. The steady motion of the shaft at 31.42 % resulted in total

power absorption of 29 kW, and the fluid temperature increased around 1.1 °C. The measured

temperature rise was almost the same as the theoretical one. Here, the theoretical temperature rise
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was calculated based on the agitator total power absorption, W = Py, Xt, through torque
measurement for the test duration (equation 10). On the other hand, applying a sinusoidal velocity
profile based on equation 5.1 resulted in a total power absorption of 37 kW and a temperature rise
of 1.6 °C. The higher temperature rise of the fluid with the sine velocity profile was due to the
shaft's higher input power absorption than the steady velocity profile since the impeller’s power

number (Np) was higher under transient operation.

5.6 Summary

This chapter presents the results of the experimental analysis regarding the agitator's operation
under different operating scenarios. First, the steady state results for Np across the selected
Reynolds ranges are presented. Next, the torque and Np under different transient modes, including
acceleration, deceleration, and sine velocity profile, are provided and discussed in detail. Finally,
the effects of different velocity profiles, including constant angular velocity, and sinusoidal angular

velocity, on the temperature rise of the working fluid are presented and analyzed.

Traditionally, the steady state Np is used to match a heat generator to a wind turbine. However, the
results obtained in this chapter show the critical impact of the transient operation on the Np, which

needs to be considered when designing a heat generator based on agitation technology for a WTEC.

It was shown that a wind turbine-agitator system can generate higher thermal energy during the
gusty wind. However, the complexity associated with the changing flow field under gusty wind
conditions suggests that the system operation is more guaranteed under lightly changing wind
profiles. Moreover, it is seen that the effect of acceleration is more critical compared to the
deceleration phenomena to be considered in the heat generator design. This is because the

acceleration process can abruptly increase the resistive force in the flow field, preventing the
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system from matching its angular velocity to the changing wind speeds. In this regard, designing a
heat generator that operates at high angular velocities at all wind speeds could be beneficial to
reduce the impact of the acceleration process on the abrupt change of the Np. Another important
finding that should be applied in designing a wind-agitator system is considering transient Np
instead of steady-state Np in the theoretical matching process to obtain the highest efficiency, as
the results showed a considerable difference between these two numbers especially under high
acceleration/deceleration rates. However, unlike the readily available steady-state Npvalues for
various impeller designs, there is a notable absence of transient Np values in the literature. This
absence makes the transient analysis of the wind turbine-fluid agitator impossible. The results of
the experimental analysis in this study reveal that the transient Np for any specific impeller design
can be obtained. Therefore, the wind turbine-fluid agitator system can be designed to achieve

higher efficiency.
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Conclusion and recommendation

6.1 Conclusion

The traditional approach to designing a heat generator for WTEC, based on fluid agitation, involves
matching wind turbine torque to heat generator torque in steady-state operation (steady-state Np).
Unfortunately, this method yields poor system performance, hindering further WTEC technology
development. In this study, we evaluated the transient operation of a fluid agitator for WTEC
through experimental analysis. A proof-of-concept agitator heater was designed, powered by an
electric motor for testing various design parameters. Transient operating modes were implemented
to simulate wind speed intermittency, including acceleration, deceleration, and variable angular
speed based on a sinusoidal function. A comprehensive parametric study of key design parameters,
including acceleration/deceleration rate, initial velocity, and final velocity, was conducted to

understand heat generator behavior under transient conditions better.

Results show that transient Np differs from steady state Np for each impeller design, emphasizing
the importance of considering transient Np in the heat generator design process. Examining
acceleration/deceleration rates revealed their direct impact on transient Np, with higher sensitivity
to acceleration. This highlights the dominant effect of increasing turbulence and resistive forces
during acceleration in the flow field. In addition, the study of initial steady-state velocity showed
an inverse impact on Np variation. In contrast, the final angular velocity had minimal effect on Np
variation when acceleration/deceleration rates were constant. This suggests the benefits of
designing the rotor shaft to operate at higher angular velocities with appropriate transmission gear
ratios. Furthermore, variable shaft angular motion based on a sine velocity profile demonstrated
that transient Np is influenced by frequency and amplitude, experiencing a higher variation as the

frequency and/or amplitude increase. This result explains the reason why the wind-powered heat
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generator has poor thermodynamic performance under gusty wind conditions when the design was
based on steady-state Np. Finally, the effects of different velocity profiles on the working fluid
temperature rise revealed that sine velocity motion requires more energy input than constant
angular speed, emphasizing again the need to account for resistive forces when designing a heat

generator for a specific wind turbine operating under transient conditions.

6.2 Recommendations

Many gaps must be addressed to commercialize the WTEC based on the agitation technology. A

few of the recommendations are noted below:

e Due to the physical complexity of the system, the integrated proto-type experimentation of
the wind turbine and liquid stirrer under both lab and actual working conditions is an
essential direction for future research.

e Examining the system efficiency under various operating modes based on actual wind
profiles is an essential step to support the development of this technology.

e Understanding the wind turbine's transient torque behavior is essential for improving the
system's efficiency.

e The start-up characteristics of the fluid agitator should also be assessed since it is an integral
part of the system operation.

e CFD tools as a numerical simulation method have a great potential to help researchers better
understand the underlying physics of the start-up behavior and various operating

conditions.
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A.2 Torque sensor

FUTEK

ASVANTED SENTOR TECRNBLOGT TN, Non-Contact Shaft-to-Shaft Rotary Torque Sensor
with Encoder

SPECIFICATIONS
PERFORMANCE
Nonlinearity +0.2% of RO
Hysteresis +0.1% of RO
Nonrepeatability +0.2% of RO
Rotational Speed 7000 Max
ELECTRICAL
Bandwidth 3 kHz
Typical Noise <50 mV p-p
Rated Output (RO) +5VDC
Excitation 11-26 VDC, 1 Watt
FEATURES Connector 12 pin Binder Series #581 (09-0331-90-12)
e Utilizes strain gauge technology MECHANICAL
¢ #nglesspeed feadback Safe Overload 150% of RO
¢ Compact size
Zero Balance +1% of RO
e Can operate up to 7000 RPM
Material Aluminum (Housing),
Steel Alloy (Shaft)
. IP Rating IP40
D Active end
TEMPERATURE
Operating Temperature -13 to 176°F (25 to 80°C)
Compensated Temperature 41 to 122°F (5 to 50°C)
Temperature Shift Zero +0.01% of RO/°F (x0.02% of RO/°C)
Temperature Shift Span +0.01% of RO/°F (+0.02% of RO/°C)
CALIBRATION
Calibration Test Excitation 12 vDC
Calibration (standard) Certificate of Conformance
Calibration (available) 5-pt CW & CCW
Shunt Calibration Value With sensor fully connected apply 11-26 VDC to
Pins A & K to generate 5 VDC nom output
ENCODER
— Output (CCW)
+ Output (CW) Output Impulse (TTL)
Pulses per Revolution 2 x 360
@ = Measuring Side
Excitation 5VDC, 40 mA max
Angle 1 Leading Pulse
Angle 2 Trailing Pulse (90°)
CONFORMITY
RoHS 2014/30/EU
CE Declaration of Conformity
Sensor Solution Source W Y, &Y, o Y W Y, w
Load - Torque - Pressure - Multi-Axis - Calibration - Instruments - Software MR yisoy M Yisoy
" ' c € RoHS N Lkg ?"b) & 2y & ) &E':
www.futek.com 25401 17025 9001 13485 U.S. Manufacturer
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A.3 Heat generator
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A.4 Impeller
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Appendix B: Codes
B.1 Sample Arduino code

The following sample code was used to control the stepper motor rotational velocity by defining
three different stages: 1) The motor starts accelerating from the quiescent with a predefined
acceleration rate to w,, 2) rotating at w, for a specified period, 3) then decelerating to zero speed

with a specific deceleration rate.

3 tor connections and other wariables
5
13 ff Hin motor speed in RPM
1a ff Maw montor apes=d in HEM
15 leration im REMS =
16 / Time in seconds
17 f/ Direction of rotation (true for CW , £flass for CCH)
B
20 f/ Motor =pe=d
za roid mecup () {
s Jf Imitizaiime
26 Serial begin(Sc00);
2 pinMode (EN PIN, OOTFUI) ;
digitalWsite(EN PINH, HIGH) ;
pinMode (DTR_PTH, OUTEOT) ;
digitalWrite (TR PTH, LOW) ;
stepper setSpeed({speed min)
Smt the imitial position of the =mtepper mosox
ffacepper sstCurrentPosiction (O) 7
if (CR—ftxmue=){
diz = .;
Jelzel
dixr = —
¥
¥
wvoid loop() 1
Ff Boccelaration
= lcop— Loop =tasts =t an RPH of speesd =in and accsleratss at & cate of

apesd incr HPM/= until mpeed i= sgual to =peed mams/
for (=peed = =peed min;spesd < speed man;spesd=speed + =peed incc/10)(
[/ Set new =mpeed after incceasing speoed
atepper _asetSpeedispesd) ;
ff Move the corresponding mo. of steps to =3intain stasdy accelaracion
stepper_stepi{diz ® =0 * speed/s0);
3}
ff Steady =cac
foxr (inc i= ; i€ =m= tdme cEia)d
stepper.atep{diz * 0 ® apeed/El);
¥

62 ff Decelaration

f* For loop— Loop =tarts at an RPH of apeed min and acceleratea at a rase aof
spesd_incr ROM/s until specd i= cgual to spoed manms/

54 for (=peed = =peed max;=peed > =peed min;=peed=speed — =speed incc/ 1004

= F{ Set new =peed after iacressing =pee=d

stepper. setSpeed (speed) ;

Ff HMowve the corresponding no. of steps to =aintain stasedy accelazation
atepper._atep{diz * S0 * apeed/f&0);
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B.2 MATLAB code

The following MATLAB code presents signal processing calculations applied to the raw torque

data to find ensemble-averaged torque.

M=z surem=nts
with the actua irectory path
% Brplace with your £ile name

5 % Coshine the directory and filenome

g fullFacth = fullfile(directory t, filename];
E % Load the Excel file as a table

& t = readtable (fullPath]) ;

[S=]

% Specify the directory containing the Excel files
1z directory =

[
B

e

% directory =
"o \Tesersinavidn i Documenta \WATIAR \ Hegsurements \ Transient Y\ FT-10%18-05-23 LA
—=lpha=0_25, n=5\2—E=pty Tank';

srationll

in

% Get a liat of all Emcel files in the direckory
1 fileliat = dir{fullfilel{directory, "*.=mlax"}); & HModify "* _mlsn" based on your file

exteansion

I
1

E

§ Imitiglime a cell grray to store the values for each file
¥ = cell {nomel {(£ileliat]) , 1] ;

% Specify the column noe
columnNames = | "Troachking

tO0 COpY
< T oT

}; & Replace with your desirsd colusn nomes

% Loop through cach Fmeosl £i35e

26

27T for i = |l oaumel (fileli=sc)

28 B et the file azme

25 filename = FEileLiat{i) . name;

& Read the Excel file a= a table
tablelats — readtable(fullfile|{directory, filenzme)] ;

% Emxtract the deaired colusmns from the table
selectedColumns = tablelatal:, colusnNames)

%2 et the column data from the table
colurmame = "AFM"; & Replace "HEH" with the naers of the desdired column
AP = =melectedColumn=. (coluen¥HName=) ;

Ri{i} = RPM{:-,1);

He

43 colunniame = '"TrackingValus="; % Replace "'TrackingWalues" with the name of the
desired columm
44 T = seleactedColumns . ([columnMame]) ;

4 & Perform your desired oporation=s with the valuea (e.g.. finsd the Dow indew]

47 B = [RPH, T];

4E colummTader = 1;

40

S % rowlnderx — find{all{B(:, columnIndewx:end} == 0, 2], 1};

51 rowlndem = find{B(:, columnlIndex) < 277, 1);

52 B Fe=t the value from another colu=m, 40 rows before the found Dow

53 anotherColusnTadesw — I; & Replace 5 with the indew of the desired colusm
targetRowlindex = rowlndem —-12400; & Cglculate the row Index I0 mows before

c d,z};

% Store the values in & cell array or strocture for the corrent file

T{i} = DIz, 2);
R{i} = D= ,1);
=nd
€3
o4
85

123



= i

s s I ]
m

] =] w] =] md =] =]
i m &0 s B3 B2 £ 0

1
m

5l

& onom

L |
L)

[T T T T T T
1 £n W= B3 f4

nom

i
]
(=]

i@ omom

4
e B ba b

£n

m

& Create pnew variables
for i = 1l:numel [(¥)

eval{["'T', numPatrii), " = T{i};'1);
mnd

B Creats o new variahle and concatenate Tl to T

T &= [1;

for § = 1:24i
variahlelame = ['T", oomZ=txr(j)]; & Create the variable name dynamically
Tt =I[T &, eval {[variablefame]]; & Concate=nate the variables

end

B Create new variables
for i = 1l:-pums=l{R]}

eval (["AEH"' sumPser{i), "' = R{1i;'7);
end

BRPM avg= [];

for j = 1:1
variableflame = ["EFH' , mmT=tr(j)]; % Create the variable name dynamically
BPH avg = [APH awvg, e=val {variableName)]; 2 Concatenate the varighles

end

[ou H} = =ize{RFM avg) ;

if am > N

HAMM gvg = RPM avg’;
end

B avg = mean({RPH awg) ;

densemble Averaging
=amples rate = I5;
£3 = L/ {l/==mple rate];
% Specify the range of row nombers
=tartRow = 1 % Starting row mumber
endBow = =x; ¥ Ending row number
& Access the data from the table array
dt = t.dE{starcRow:endBow, ) ;
[ou H} = =size {dt);
if ou > H

dt = dt*;
end
[om H] = =ime {'.T.‘_tI;
if ou > H

Te=TI%";
end

B plot one of the records
=ubplot {1,I,1}

plot {d&, T &{Z, :}};
Bralrnlate snssmhls arerage
avg = me=an (T &) ;

& plot the avrerage

=ubplot (1,2, I)
plot [dt, avg);
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% Specify the directory and file name
Sdirertoryd = directory; % Beplace with your desined directory path

Efilenams = "auvgll mat®;

% HEeplace with your desired file mome

& Combhine the directory and file path

EfullPath = fullfile (directory,

Filename) -

& Save the variable to the specified directory and £file

Bsgve (fullPath, "awvg"];

mave [ "workspace mat')
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