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ABSTRACT 

Gyroscopes are devices used to measure the angular velocity of an object 

concerning an inertial frame of reference. It can be seen that gyroscopes have 

attracted tremendous attention from researchers and have emerged as useful 

devices in plenty of applications in abundant fields, such as robotics, military, 

aeronautics and astronautics, mobile phone, medical, smart home,… There are 

different approaches to the research and development of gyroscopes which can be 

listed as conventional mechanical gyroscopes, optical gyroscopes, 

microelectromechanical gyroscopes. Mechanical gyroscopes and optical 

gyroscopes have the advantage of high accuracy; however, these mentioned 

gyroscopes are too expensive and large to apply in some recently popular 

applications. Especially, optical gyroscopes which are bulky and require optical 

instruments are not easily integrated into MEMS systems. Due to the 

advancement of fabrication technology, the MEMS gyroscopes have the 

advantages of high performance, reasonable price, small size. Nevertheless, 

MEMS gyroscopes use proof mass as a vibrating element, leading to 

disadvantages of low shock resistance, fragility. In fabricating MEMS 

gyroscopes, the resonant frequency of two vibrating modes is one of the most 

important design factors. The unwanted vibration of mass also results in an 

undesired signal.  

To address these problems, fluid gyroscopes which employ gas or a liquid 

as moving and sensing elements have been proposed. In this thesis, corona 

discharge ionic wind is used as jet flow due to the advantages of stability, easy 

integration, no moving parts requirement, no impoverishment. The applied 

angular rate is sensed by the change of thermal distribution in the working 

chamber resulted from the deflection of jet flow. The asymmetric thermal 

distribution is measured by the thermosensitive effect using a bridge circuit. The 

principle of this dual-axis thermal convective gas gyroscope based on corona 

discharge ion wind is extensively studied in this thesis. A numerical study and 

simulation model are presented to confirm the phenomenon and working principle 

of this gas gyroscope. The simulation results show good agreement with our 

research group’s experimental results. This model is fundamental for the 

solidification and optimization of gyroscope structure.  
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CHAPTER 1. INTRODUCTION 

The first chapter presents an overview of gyroscopes and their applications 

in a variety of fields, the classification of gyroscopes, and the motivation and 

objective of this research. 

1.1. Gyroscopes and Applications 

Angular velocity is a quantity to measure how fast an object rotates 

concerning an inertial frame of reference [1]. Generally, the unit of angular 

velocity is radians per second or degree per second. The angular velocity is 

determined by indirect methods which convert it to measurable quantity, such as 

electric signal.  

 

Figure 1-1: Angular velocity measurement system diagram 

 

Figure 1-2: Gyroscopes applications [20] 

Figure 1-1 shows a diagram of an angular velocity measurement system. 

The sensor acquires and converts the change of the quantity to be examined to an 

output response. In some cases, the output response of the sensor is not 

conveniently calculated, thus signal conditioning is essential in a measurement 
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system to transform the sensor response to measurable quantity, generally electric 

signal such as voltage, current, frequency,... The signal processing is used to 

enhance the output signal of the system, change the output of the signal 

conditioning element to be more suitable for further presentation. For instance, 

the analog to digital (ADC) converter transforms analog voltage signal to digital 

form to be easily calculated and input to the computer. The data presentation 

element displays measured value to be easily perceived.  

Gyroscopes are devices used to sense the rotation rate of an object 

concerning an inertial frame of reference [2]. Gyroscopes play an important role 

in a variety of fields [3][4]. Firstly, gyroscopes are applied in automotive 

applications which can be listed as anti-rollover systems [5], electronic stability 

control [6][7]. Moreover, gyroscopes are also used in robotics applications [8][9], 

military applications [10][4] such as navigation [11][12], aeronautics, and 

astronautics [4]. Some other applications are mobile phone [13], virtual 

reality[14][15], digital camera [16], motion-sensing [17][18], medical , smart 

home [19],… 

1.2. Classification of Gyroscopes 

1.2.1. Mechanical Gyroscopes 

The gyroscopes mechanism was presented in 1852 by physicist Léon 

Foucault [21]. The conventional mechanical gyroscope typically comprises a 

massive rotor rotating around the spin axis [2]. The more complex design consists 

of a metal frame and rings around (also called gimbals) for a more accurate device 

(see Figure 1-3) [22]. The gimbals assisted bring about desired rotational freedom. 

The number of gimbals refers to the classes of gyroscope: gyroscope with two 

gimbals called two-degree-of-freedom (the spin axis has two degrees of rotation, 

gyroscope with three gimbals called three degree-of-freedom [22]. 

The working principle of these gyroscopes is based on the law of angular 

momentum conservation which proves that the spinning axis of the rotor tends to 

remain unchanged unless experienced change in direction [23] (see Figure 1-4). 

As a result, the spinning rotor tends to resist any changes in its rotations axis. 

Therefore, when the device rotates with angular rate  𝜔, or experiences a 

unchanged external torque, gyro precession motion acts on its rotation axis at a 

constant angular rate [2].  

𝐶𝑦 = −𝐼Ω𝜔𝑧 (1) 

𝐶𝑧 = 𝐼Ω𝜔𝑦 (2) 
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In which 𝐶𝑦and 𝐶𝑧 corresponds to torques exerting along 𝑦 and 𝑧 axis, 

𝐼 refers to the polar mass moment of spinning mass, Ω is the angular rate of the 

rotor along spin axis, 𝜔𝑦 and 𝜔𝑧 are precession velocities along 𝑦 and 𝑧 axis. 

  

Figure 1-3: Mechanical gyroscopes structure [22] 

 

Figure 1-4: Mechanical gyroscopes [2] 

A spring system with known stiffness is used to calculate the output angle, 

making it possible to determine the applied input angular rate [2] (shown in Figure 

1-4). 

The conventional mechanical gyroscopes encounter several drawbacks 

which can be listed as large volume (macroscopic gyroscope), low efficiency 

because of the erosion of rotational coupling, thus reduce the sensor accuracy, 

expensive [24] 
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1.2.2. Optical Gyroscopes 

The optical gyroscopes working principle is based on the Sagnac effect, 

which was illustrated by a French physicist, G.Sagnac in 1913 [25]. Sagnac found 

out that in a closed-loop interferometer, a rotation around the axis of the loop 

results in different arrival time of two light beams traveling in the opposite 

direction, thus inducing phase shift between two beams [25][26] (Figure 1-5). The 

propagation times difference can be calculated using the following equation: 

∆𝜏 =
4𝜋𝑅2Ω

𝑐2
 

(3) 

 

In which 𝑅 is the path radius, 𝑐 relates to light beam velocity, Ω is the 

rotating rate.  With continuous waves of frequency 𝜔, the corresponding phase shift 

is:  

∆𝜙 = 𝜔∆𝜏 = 4𝜋𝑅2Ω (4) 

  

Figure 1-5: Sagnac effects [27]  
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Figure 1-6: Optical gyroscopes classification [2] 

The optical gyroscope is classified into active and passive configurations 

(Figure 1-6). Ring Laser Gyroscopes (RLG) [28][29] and Interferometric Fiber 

Optic Gyroscopes (IFOG) [30][31] are the most popular gyroscopes technology 

[2][32]. The ring laser gyroscopes operated based on a ring laser, in which, the 

rotation rate of cavity is measured by determining frequencies difference of two 

independent counter-propagating resonant modes over a similar path (Figure 1-7) 

[33]. These gyroscopes were initially presented by Macek and Davis in the US in 

1963 [34]. 

Generally, a laser ring gyroscope consists of a triangular glass block and 

several mirrors are set up at each corner to generate a triangular optical resonator. 

The angular rate can be detected by the change in the resonant frequency of the 

device or the interference pattern created by the two opposite direction laser 

beams. The ring laser gyroscopes possess the advantages of no moving part, high 

accuracy, and compact [33]. However, this gyroscope may experience an effect 

called the lock-in effect which occurs at a low rotation rate, weak mutual crosstalk 

between two laser beams leads to standing waves inside the structure [33][35]. 

Therefore, the device may inconsiderate to low rotation velocity. In recent years, 

attempts were made to obtain ring laser gyroscope optimization, performance 

enhancement. 
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Figure 1-7: Laser ring optical gyroscopes configuration [36] 

The Interferometric Fiber Optic Gyroscopes, whose working principle is 

based on an optical path. These gyroscopes consist of a proper laser source which 

generates laser light passing through a beam splitter, finally coupling at the ends 

of a single mode fiber (Figure 1-8). Due to the Sagnac effect, the induced angular 

rate can be determined by the phase difference of two light beams [37].   

 

Figure 1-8: Interferometric fiber optic gyroscopes working diagram [38] 

1.2.3. Micro-Electro-Mechanical (MEMS) Gyroscopes 

MEMS gyroscopes have the advantages of small size, low cost, robust, and 

low power consumption in comparison to conventional gyroscopes [39]. 

Therefore, MEMS gyroscopes are commercialized and applied in a variety of 
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applications including civil and military [10], smartphones, wearable equipment 

[40], vehicle navigation [41],… 

The working principle of MEMS gyroscopes is based on Coriolis 

acceleration which is described in Figure 1-9 [42]. If a mass moving in direction 

x with velocity �⃗� rotates around z axis with angular velocity Ω𝑧
⃗⃗ ⃗⃗ ⃗, it will experience 

Coriolis force in the direction which is orthogonal to both driving direction and 

rotation axis. The Coriolis force is proportional to the applied angular velocity.  

 

Figure 1-9: Coriolis effect [43] 

MEMS Gyroscopes consist of a vibrating proof mass as a sensing element 

attached to the sensor frame as shown in Figure 1-10. The applied angular rate 

can be measured by calculating the displacement of the proof mass which 

corresponds to the acquired signal from the capacitive sensing signal [44].  

 

Figure 1-10: MEMS gyroscopes [45]  

We have following Equations:  

𝑚�̈� = −𝑘𝑦𝑦 − 𝑐𝑦�̇� + 𝐹𝐷𝑟𝑖𝑣𝑒 (5) 

𝑚�̈� = −𝑘𝑧𝑧 − 𝑐𝑧�̇� + 𝐹𝐶𝑧
 (6) 

𝐹𝑧 = |2𝑚Ω × 𝑣| (7) 



13 

Where 𝑘𝑦and 𝑘𝑧 relate to elastic stiffness parameters proper of the frame, 

𝑐𝑥and 𝑐𝑦 correspond to damping coefficients. 

The development of MEMS gyroscopes attracts much attention from 

researchers. Recently, in 2017, Pyatishev et al. presented a comb-shaped drive 

with an extended capacity gradient that obtains a high efficiency performance 

[46].   

1.2.4. Fluid Gyroscopes 

The MEMS gyroscopes, with the use of proof mass, may encounter several 

drawbacks, for example, low shock resistance, fragility, complex manufacturing 

process [47]. To overcome these disadvantages, fluid gyroscopes use a gas or a 

liquid as moving and sensing elements. These gyroscopes are generally classified 

into two types: Jet flow gyroscopes [48][49] and thermal gas gyroscopes [50][51]. 

The jet flow gyroscopes work based on the Coriolis effect. These 

gyroscopes are comprised of a jet flow which is created by a pump and two 

symmetrically placed sensors (thermal sensors) (Figure 1-11) [52]. In case of no 

rotation, the temperature profile of the two sensors is identical. When the device 

rotates with an angular rate ω, a Coriolis force acts on the jet flow, leading to the 

deflection of jet flow. As a result, the temperature profiles of the two sensors are 

different [52]. The asymmetric temperature distribution can be converted into an 

electrical signal to determine the rotation rate. 

 

Figure 1-11: Jet flow gyroscopes [52] 

In these gyroscopes, the most fundamental factors are the temperature 

coefficient of resistance which have a considerable effect on the sensitivity of 

gyroscopes. Besides, the structure of gyroscopes and jet flow velocity must be 

intensively investigated to optimize the sensor performance. 

Jet flow gyroscopes appeared in the 1960s and have been applied in military 

field. The research group from Ritsumeikan University, Japan has improved a 

dual-axis jet flow gyroscope which contained a piezoelectric pump and four 
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thermistors as sensing elements, covered by an aluminum case (Figure 1-12). 

They optimized the fluid gyroscope by optimizing the design and geometry 

structure of the sensor and the material of thermistors. As a result, they achieved 

performance enhancement gyroscopes with a resolution of 0.5o/s and a bandwidth 

of 65Hz in 2006 [53]. However, the main drawbacks of the mentioned gyroscopes 

are large dimensions, inaccuracy due to the assembly limitation. To address this 

problem, the research group from Tsinghua University presented a monolithic jet 

flow gyroscope using only one chamber with a diagram pump to create jet flows 

[52]. 

 

Figure 1-12: Cut view of dual-axis jet flow gyroscope and graph of sensing 

element [53] 

The thermal gyroscopes structure contains a heater and four symmetrical 

thermistors used as sensing elements as illustrated in Figure 1-13. The heater is 

warmed up to a high temperature and creates a similar temperature distribution on 

two sides of the working region. When the sensor experiences an angular rate, due 

to the Coriolis effect, the thermal flows are deflected, thus the temperature profile 

is no longer symmetrical. The angular velocity then can be calculated by 

observing the difference between the two temperature profiles [52]. 

 

Figure 1-13: Thermal gas gyroscopes [54] 
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1.3. Contributions and Thesis Overview 

With the innovation of technology, mechanical gyroscopes, and optical 

gyroscopes (ring laser gyroscopes and interferometric fiber optic gyroscopes) 

obtain high accuracy; however, these mentioned gyroscopes are too expensive 

and large to apply in some recently popular applications. Especially, optical 

gyroscopes which are bulky and require optical instruments are not easily 

integrated into MEMS systems. Due to the advancement of fabrication 

technology, the MEMS gyroscopes have the advantages of high performance, 

reasonable price, small size. Nevertheless, MEMS gyroscopes use proof mass as 

a vibrating element, leading to disadvantages of low shock resistance, fragility. In 

fabricating MEMS gyroscopes, the resonant frequency of two vibrating modes is 

one of the most important design factors. The unwanted vibration of mass also 

results in an undesired signal. To overcome these drawbacks, researchers have 

designed and improved processing signal circuits. However, this may lead to a 

complex fabrication process, more expensive devices and instability acquired 

signals.  

In this thesis, a fluid gyroscope based on corona discharge ion wind and 

thermal convective effect has been presented, modeled, and simulated to measure 

the angular rate. The gyroscope working principle is extensively studied and 

analyzed.  Multiphysics simulations of fluid gyroscope were conducted using 

finite element method by COMSOL Multiphysics software for accounting for all 

relevant fluids, thermal aspect. The simulation results validate the phenomenon 

considered and show a good agreement with the experimental results of our 

research group. The numerical study is a fundamental and useful approach for the 

verification and optimization of the sensor. 
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CHAPTER 2. DESIGN AND PRINCIPLE OF 

PROPOSED GAS GYROSCOPE 

2.1. Corona Discharge Ionic Wind 

Figure 2-1 shows the I-V characteristics of a glow discharge. The voltage 

is a nonlinear function of electric current. The characteristics consist of three 

regimes: dark discharge, glow discharge, and arc discharge [55]. The corona 

discharge appears in dark discharge or Townsend regime, just before glow 

discharge regime.  

 

Figure 2-1: I-V Characteristics of glow discharge [55] 

The ionic wind was investigated in 1899 by Chattock [56], but have known 

even before and become popular with the research of Robinson which stated the 

capability of corona discharges to perfect blowers in the appearance of any 

moving mechanical part in 1961[57]. When a sufficiently high voltage is applied 

between two electrodes in atmospheric air, if the electric field is sharply non-

uniform (point-to-plane, wire-to-plane,… configuration), corona discharge is 

generated [58][59]. The air around the sharp tip electrode is ionized. Because of 

the electric field, the Coulomb force exerts on these ions, leading to the movement 

of ions from active electrodes to the grounded electrode. These total Coulomb 

forces are also known as electrohydrodynamics forces. The ions move inside 

space between two electrodes and many collisions between moving ions and 
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neutralized air molecules occur, leading to momentum transfer, forming a gas 

flow, which is called “ionic wind”(Figure 2-2) [60]. 

Figure 2-2: Corona induced ionic wind principle [60] 

 

Figure 2-3: Needle-to-ring configuration [61] 

The ion wind has attracted tremendous attention from researchers. The 

publications of Matthew Rickard et al. in 2005 presented that when an electric 

field is generated between a high voltage induced sharp object and a grounded 

electrode, air surrounding the electrodes move and the ionic wind created by 

corona discharge flows from a sharp nozzle to a grounded plane with velocity up 

to approximately 10 m/s. When flowing between two electrodes, ions collides and 

transfers momentum to other neutral air molecules. The characteristics of the ionic 

wind have been examined [58].   
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 Moreau et al. generated ionic wind in a tube or on a plate surface. The 

corona ionic wind velocity was up to 25 m/s and its influence on airflow was 

observed and investigated [60][62][63].  

Several research groups examined the numerical studies of the corona 

discharge effect. Cagnoni et al. used a staggered solution algorithm to resolve the 

partial differential equations of electrohydrodynamics flow, approaching corona 

ion wind estimation [60].  

The different configurations to generate ionic wind have been presented. 

However, the most popular configurations are needle-to-plate [64] or needle-to-

ring configurations [65]. 

Despite the complexity of the nature physics of corona discharge, the 

implementation of ionic wind generation is not difficult. With the advantages of 

self-sustained, small size, low weight, moving part elimination, simple operation, 

the ion wind is applied in a variety of fields in commercial and industrial. For 

example, they are utilized in photocopy devices, ozone production [66], pollutants 

removal from emission [67], surface treatment [68], thrust production [69], 

unwanted electron removal in airplane surfaces, … Moreover, corona discharge 

ionic wind is applied in different types of sensors such as MEMS sensors, pressure 

sensors [70], inertial sensors [71],… 

2.2. Coriolis Effect 

The proposed fluid gyroscope working principle is based on Coriolis force 

which is illustrated in Figure 17. The Coriolis effect was presented in the 19th 

century by a French engineer-mathematician Gustave-Gaspard Coriolis in 1835. 

When an object moves in a rotating frame of reference, an inertial accelerometer, 

known as the Coriolis accelerometer acts on an object, leading to the appearance 

of inertial Coriolis force, resulting in the deflection of the object moving direction. 

The Coriolis force exerts to the right of moving direction in case of 

counterclockwise rotation of reference frame or to the left in case of clockwise 

rotation.  

Consider �⃗⃗⃗� is the angular rate of the rotating frame, �⃗� corresponds to the velocity 

of the object. The Coriolis accelerometer can be calculated as:  

𝑎𝑐⃗⃗⃗⃗⃗ = 2 × �⃗⃗⃗� × �⃗� (8) 

 

The Coriolis force is:  
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𝐹𝑐
⃗⃗⃗⃗ = 2 × 𝑚 × �⃗⃗⃗� × �⃗� (9) 

 

 

Figure 2-4: Coriolis effect [79] 

 

2.3. Thermal Convection 

Heat transfer is a mechanism of thermal energy transfer between two 

physical systems. Heat transfer contains different mechanisms: thermal 

conduction, thermal convection, thermal radiation. 

 

Figure 2-5: Forced convection and natural convection [81] 
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Thermal convection is the heat transfer between an object and its 

surrounding environment when the temperature of the object differs from the 

surrounding fluid. This effect contains molecular diffusion and fluid movement 

by means of force (forced convection) or free (natural convection) (see Figure 

2-5). 

The heat flux can be determined by Newton’s law: 

𝑞 = ℎ𝐴∆𝑇 (10) 

Where 𝑞 is convective heat on the surface, 𝐴 relates to the cross-section of 

boundary surface, ℎ corresponds to heat transfer coefficient, ∆𝑇 is the temperature 

difference. 

 

2.4. Bride Measurement Circuit 

A thermistor is a thermal resistor whose resistance depends on temperature. 

The thermistor is classified into Negative temperature coefficient (NTC) and 

Positive temperature coefficient (PTC). When using NTC, an increase in 

temperature leading to a decrease in resistance. In contrast, with PTC, an increase 

in temperature resulting in increase of resistance (Figure 2-6). 

 

Figure 2-6: Thermistor temperature characteristics curve [80] 



21 

 

Figure 2-7: Wind sensor based thermal resistors schematic and temperature 

distribution of sensor [72] 

Thermal resistors are applied in a variety of fields, especially in wind 

sensors. The wind sensor based on the thermal resistors schematic is shown in 

Figure 2-7. The hotwire (thermistor) is warmed up by applying an electric current 

due to the Joule effect. When wind flows through the hot wire, the hot wire 

temperature reduces. The heat brought by the wind follows the Equation:  

𝑃 = (𝐴 + 𝐵𝑈0.5)∆𝑇 (11) 

In which 𝑃 is the heat taken away by the wind, 𝑈 corresponds to wind 

velocity, ∆𝑇 is the temperature difference between the hot wire and surrounding 

environment, 𝐴 and 𝐵 are parameters depending on the fluid property and sensor 

dimension. 

The wind sensor contains two temperature sensors which can be thermal 

resistors placed on two opposite sides of the heater. The wind velocity can be 

calculated by temperature difference measurement as illustrated in Figure 2-7. 

The hot wire with extremely small size (diameter approximately several 

micrometers) can be used to measure the flow velocity and have almost no 

influence on the flow. Besides, the thermistor has advantages of high sensitivity, 

immediate responses to temperature change. 

Figure 2-8 shows the Wheatstone Bridge Circuit to measure the output 

signal. The bridge circuit which is used to measure unknown resistance consists 

of four resistances. 

The output of the circuit can be calculated:  

𝑉𝑜𝑢𝑡 = (
𝑅1

𝑅1 + 𝑅2
−

𝑅3

𝑅3 + 𝑅4
) 𝑉𝑖𝑛 

(12) 

The circuit is a null or balanced condition when  
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𝑅1

𝑅2
=

𝑅3

𝑅4
 

(13) 

The dependence of output voltage on the change of resistance 𝑅4 (sensitivity of 

bridge circuit) can be expressed by:  

∆𝑉𝑜𝑢𝑡

∆𝑅4
=

𝑅3

(𝑅3 + 𝑅4)2
𝑉𝑖𝑛 

(14) 

The whole sensitivity of the bridge circuit is:  

∆𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝑅2∆𝑅1 − 𝑅1∆𝑅2

(𝑅1 + 𝑅2)2
−

𝑅4∆𝑅3 − 𝑅3∆𝑅4

(𝑅3 + 𝑅4)2
 

(15) 

 

Figure 2-8: Wheatstone bridge circuit [73] 

 

2.5. Gas Gyroscopes Working Principle 

The gyroscope working principle is described in Figure 2-9. The gas gyroscope 

structure consists of two primary chambers: the jet flow generation chamber and 

the working chamber. In this work, the jet flow is created by the corona effect. It 

is due to advantages of corona discharge ionic wind such as stability, easy 

integration, no moving parts requirement, no impoverishment. A sufficiently high 

voltage is applied between pin-ring configuration electrodes, leading to the 

generation of an ionic wind. A pin acts as an ion emission electrode, a ring served 

as a grounded electrode. The average velocity of ionic wind can be determined by 

the following Equation:  

𝑈 = 𝑘√𝐼/𝜌𝜇  [57] (16) 

In which 𝜇 = 1.6 × 10−4𝑚2𝑉−1𝑠−1 is the ion mobility, 𝜌 =

1.2041𝑘𝑔. 𝑚−3 is air density, 𝐼 corresponds to current which around several 
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𝜇𝑚, 𝑘 is a parameter which depends on distance and environment between 

electrodes. 

The higher current, the faster the ion wind. Thus, to increase the velocity of 

flow, applied voltage between two electrodes needs to become higher to increase 

current. However, if the applied voltage is too high, the system may become 

instability. 

 

Figure 2-9: Gas gyroscope working principle 

The ionic wind is guided directly to the working chamber. In the working 

chamber, four hot wires are placed downstream and symmetrically to sense the 

angular velocity change of the device. The four hot wires are heated by an electric 

current. Without rotation, ionic wind flows straights into the middle of the 

working chamber. The temperature distribution is symmetric between four 

thermistors. In contrast, when an angular rate is applied, due to the Coriolis effect, 

the jet flow is deflected. As a result, the influence of the ionic wind on the 

symmetric hot wires is different, thus the temperature distribution inside the 

working chamber is no longer symmetric. The change in temperature of hot wires 

can be observed by the change in their resistance, which is then converted to an 

electric signal and measured by a circuit. 

The principle of the presented gyroscope is investigated by simulation 

approach using finite element method (FEM). The FEM technique and procedure 

are illustrated in the following Chapter. Chapter 3 also refers to simulation study 

which contains numerical model, simulation model, and boundary conditions. 
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CHAPTER 3. SIMULATION STUDY 

3.1. Finite Element Method 

The Finite Element Method (FEM) was firstly introduced by Clough in the 

early 1960s [74]. To extensively understand the natural phenomena and predict 

the physics phenomena that happen in the time domain and space domain of a 

design, researchers can mathematically model and numerically express by partial 

differential equations (PDEs). For example, conservations laws such as the law of 

conservation of energy, conservation of mass, conservation of momentum can be 

demonstrated by PDEs. However, it is difficult to resolve most of these PDEs by 

analytical methods. Therefore, an approximation of these PDEs is used by 

discretizations. The FEM is a procedure applied to discrete, approximate, and 

solve these equations. FEM emerged as a powerful tool for multiphysics 

problems, especially in fluidics, mechanics, structural [75].  

 

Figure 3-1: A three-dimensional finite element mesh generator [78] 

FEM starts with the determination of PDEs describing the physical 

phenomenon. Then the PDEs are expressed in weak formulation by taking integral 

of both sides to increase the differential order.  

The second step is discretization. The discretization is the division of 

domain to be analyzed into a finite number of points known as “nodes” and 

subdomains corresponding to “elements”. Node is the corner point of each 

element. The group of these non-overlapping elements and nodes is defined as 

mesh, the act of contributing mesh is call meshing. Then, the local approximate 
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solutions are assigned to each subspace. The approximate solution is a linear 

combination of basic functions be included in subspace.  

After meshing and setting up boundary conditions, the whole system 

equation is expressed by a matrix equation. The calculation of the system 

algebraic equations results in the estimation of actual PDEs solution. If the mesh 

is finer, the approximated solution is more accurate.  Figure 3-1 shows the most 

popular two dimension and three dimension elements. Triangular elements are 

mostly used in the simulation. Rectangular elements are usually utilized in 

structural mechanics analyses or boundary layer meshing.  

 

Figure 3-2: Node geometry for two dimensions and three dimension elements 

[78] 

 

Figure 3-3: Second-order elements [78] 

Finally, the complex outputs of FEM are displayed in a format to be 

understood which can be listed as color fringe, color isocontour, flat shade, slice 
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model, isosurface, vector plots, streamlines, …[76] Figure 3-4 illustrates the mesh 

adaption and simulation results of a droplet movement from an inkjet using 

COMSOL Multiphysics software. 

 

Figure 3-4: Mesh adaption to the droplet movement [78] 

3.2. COMSOL Multiphysics Software 

COMSOL Multiphysics Sofware is a finite element analysis platform, 

providing us an interface and environment for modeling and simulation of physics 

phenomena toward engineering applications. This software can be applied in 

multiphysics simulation, such as electromagnetics, structural mechanics, 

acoustics, fluidics, heat transfer, chemical engineering. COMSOL Multiphysics 

is used to model, simulate and predict the working processes and natural 

phenomenon in a variety of fields, helping engineers and researchers to 

understand the natural physics behind operation devices, optimize the design and 

avoid errors in manufacturing.  

 

Figure 3-5: COMSOL Multiphysics software user interface [78] 
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COMSOL Multiphysics compacts all FEM steps in a modeling workflow: 

building device geometry first, material properties defining, physics selection, 

resolving boundary conditions, postprocessing for reliable results. This simulation 

software provides multiphysics analyses, a variety of material library, flexible and 

adaptive meshing, robust solvers to calculate problems more speedily and 

trustworthy, plenty of post-processing techniques. COMSOL Multiphysics 

software has an easy-to-use user interface (Figure 3-5). 

3.3. Simulation Model 

In this work, the simulations were carried out in three-dimensional (3D) 

geometry. 

 

Figure 3-6: Simulation model 

The simulation model is shown in Figure 3-6. The simulation model 

consists of a nozzle in which the ionic wind is guided and flowed straight into the 

working chamber. The two hot wires are placed symmetrically downstream of the 

working chamber. The working chamber dimension is 14mm diameter and 20mm 

length. The hot wires are 0.1mm diameter and 3.5mm length, placed 15mm from 

the nozzle. 

3.4. Numerical Model 

The gyroscopes working principle is illustrated by a multiphysics 

simulation in which the movement of ion wind is described by Navier-Stokes 

equations for laminar flow and the thermal influence of ionic wind on two hot 

wires is tracked by Fourier’s law of heat conduction.  

The Navier-Stokes equations are fundamental partial differentials equations for 

illustrating the conservation of mass, conservation of momentum, conservation of 

energy; governing the movement of the fluid. These equations which were coined 
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by Navier, Poisson, Saint-Venant, and Stokes in the early 1800s are known as 

Newton’s 2nd law of motion.  The Navier-Stokes equations can be expressed:  

𝜌 (
𝜕𝐮

𝜕𝑡
+ 𝐮. ∇𝐮) = −∇𝑝 + ∇. (𝜇(∇𝐮 + (∇𝐮)𝑇) −

2

3
𝜇(∇. 𝐮)𝐈) + 𝐅  

 

(17) 

Where 𝐮 corresponds to fluid velocity, 𝑝 is the fluid pressure, 𝜇 is fluid 

viscosity, 𝜌 is the fluid density. The left-hand term corresponds to inertial forces. 

The right-hand term is the combination of pressure gradient, internal stress forces, 

and external forces such as gravity, electric forces,… 

The average velocity of ion wind is estimated based on the discharge 

current as 𝑈 = 𝑘√𝐼/𝜌𝜇 where 𝜇 = 1.6 × 10−4 𝑚2 ∙ 𝑉−1 ∙ 𝑠−1 is the ion mobility, 

𝜌 = 1.2041 𝑘𝑔 ∙ 𝑚3 the air density, 𝐼 the discharge current in 𝜇𝐴, and 𝑘 a 

coefficient and depends on the electrode discharge area and the inter-electrode 

distance. 

When the device rotates with angular rate 𝜔𝑋, due to Coriolis effect, 

Coriolis acceleration �⃗�𝜔𝑋
 is generated, which is calculated by: 

�⃗�𝜔𝑋
= 2�⃗⃗⃗�𝑋 × �⃗⃗� (18) 

Where �⃗⃗� is flow velocity vector, 𝜔𝑋⃗⃗ ⃗⃗ ⃗⃗   corresponds to angular rate around X-

axis.  

The ionic wind flow velocity in the deflected direction �⃗⃗�𝜔𝑋
 is expressed by 

the equation: 

�⃗⃗�𝜔𝑋
= ∫ �⃗�𝜔𝑋

𝑑𝑡 = ∫ 2 �⃗⃗⃗�𝑋 × �⃗⃗�𝑑𝑡 
(19) 

The flow deflection 𝛿𝑋 is: 

𝛿𝑋 = ∬ �⃗�𝜔𝑋
𝑑𝑡 = ∬ 2�⃗⃗⃗�𝑋 × �⃗⃗�𝑑𝑡 

(20) 

The Coriolis force is: 

�⃗�𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 = 2𝑚(�⃗⃗⃗�𝑋 × �⃗⃗�) (21) 

𝑉 is the velocity, which is calculated by: 

𝑉 =
𝐿

𝑡
 

(22) 

𝐿 is the distance between ring electrodes and the plane containing hot wires, 𝑡 is 

the ionic flow traveling time. Therefore, the deflection of airflow in the working 

chamber from the normal direction is:  

𝛿𝑋 = 𝜔𝑋

𝐿2

𝑉
 

(23) 

Likewise, if the gyroscopes rotate around Y-axis with angular rate 𝜔𝑌, the gas 

flow deflection is:  
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𝛿𝑌 = 𝜔𝑌

𝐿2

𝑉
 

(24) 

The more deflected of ionic wind, the more temperature difference between 

two hot wires. As a result, the obtained voltage is higher.  

If the device is simultaneously affected by three components of angular rate 

around X-axis, Y-axis, Z-axis. The Coriolis acceleration is expressed as:  

𝑎𝑋 = 2[𝜔𝑍𝑉𝜔𝑋
− 𝜔𝑌𝑉𝑍] = 2[𝜔𝑍(2𝜔𝑋𝑉𝑍 × 𝑡𝐿) − 𝜔𝑌𝑉𝑍] (25) 

𝑎𝑌 = 2[𝜔𝑋𝑉𝑍 − 𝜔𝑍𝑉𝜔𝑌
] = 2[𝜔𝑋𝑉𝑍 − 𝜔𝑍(2𝜔𝑌𝑉𝑍 × 𝑡𝐿)] (26) 

In which 𝑎𝑋 and 𝑎𝑌 correspond to Coriolis accelerations around X-axis and 

Y-axis. 𝑉𝑍 is flow velocity around the Z-axis of the sensor.  

The flow deflection from the normal axis 𝛿𝑋 and 𝛿𝑌 is the double integration of 

Coriolis acceleration. We have:  

𝛿𝑋 = −
𝜔𝑌𝐿2

𝑉
+

2

3
𝜔𝑋𝜔𝑍

𝐿3

𝑉2
 

(27) 

𝛿𝑌 =
𝜔𝑋𝐿2

𝑉
−

2

3
𝜔𝑌𝜔𝑍

𝐿3

𝑉2
 

(28) 

It can be seen that the second term of the above equations is the influence 

of the other two axes on the remaining axis, which is known as cross-sensitivity 

of the gyroscope. When no rotation applied on Z-axis or flow axis, 𝜔𝑍 = 0, the 

cross-sensitivity is removed. In other words, the gyroscope can determine two 

components of the angular rate at the same time.  

The thermistor is heated by an electric current. The heat of hot wires is 

transferred through several mechanisms: conduction, convection, radiation.  In 

this case, the temperature of hot wires is not much high, the thermal radiation is 

ignored.  

For heat convection, Fourier’s law states that:  

𝑞 = −𝑘∆𝑇 (29) 

Where 𝑞 is convective heat flux, 𝑘 is thermal conductivity, ∆𝑇 is 

temperature different. 

The ion wind flows through the hot wires, leading to thermal convection. 

This is classified into forced convection. The convection coefficient is then 

defined as: 

𝑁𝑢 = 1.1𝐶 (
𝑉𝑑

𝑣
)

𝑛

𝑃𝑟0.31 
(30) 

ℎ = 𝑁𝑢
𝜆

𝑑
 

(31) 

where 𝐶 and 𝑛 are empirical constants, 𝑃𝑟 is Prandtl number calculated by 
𝑐𝑝𝜇

ℎ
, 

ℎ is the convective coefficient, 𝑑 is thermistor diameter, 𝑣 is the kinematic 
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viscosity, 𝜇 is the viscosity, 𝜆 is thermal conductivity, and 𝑐𝑝 is the specific heat 

of gas flow.   

 

Figure 3-7: Meshing model and boundary condition 

The simulations were conducted for the cases the investigated device 

rotates around X-axis. The angular rate is varied from 0 o/s to 450 o/s. The ionic 

wind is introduced to the working chamber at a velocity of 4 m/s. The hot wires 

are heated by an electric current and the heat rate of thermistors is 40 mW. By 

using this meshing model and boundary condition, the results are illustrated in the 

following chapter. 
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CHAPTER 4. RESULTS AND DISCUSSION 

In the previous chapter, the numerical study, simulation model, and 

conditions are presented. This chapter shows the simulation results, discussion, 

and comparison with the experimental investigation. 

4.1. Simulation Results and Discussion 

4.1.1. Velocity Profile 

The cut view of the velocity contour of the working chamber is illustrated 

in Figure 4-1.  In this work, the ionic wind is injected at a velocity of 4 m/s. In 

case of no angular rate applied, the ionic wind flows straight into the working 

chamber. In other cases, when the device rotates, the Coriolis force acts on 

airflow, leading to the flow deflection. The higher the angular rate, the longer 

distance between normal flow direction and deflected airflow. 

 

Figure 4-1: Cut view of velocity contour shows the deflection of generated flow 

at inflow velocity 4 m/s 

The value of the velocity at the nozzle is highest and decreases with the 

increase of distance from the nozzle. The dash blue line and dash green line 

corresponds to velocity profile in two cases: without and with the applied angular 

rate of 360 o/s. It is noteworthy that with no applied rotation rate, the velocity 

profile is symmetrical. In contrast, when the device rotates around X-axis, the jet 

flow is deflected which is clearly showed by the deflection of velocity profile peak 

to the left side. This trend is more distinctly at a further distance from the nozzle 
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Figure 4-2: Velocity profile in the working chamber at different positions from 

the nozzle 

4.1.2. Temperature Distribution 

 

Figure 4-3: Cut view of the velocity field of ion wind (a) and temperature 

contour on the cross-section of two hot wires in case of angular rate 360 o/s (b) 

To observe the sensor working principle more obviously, the simulations 

were conducted with increasing applied angular rate from 0 o/s to 450 o/s. Figure 
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4-3 illustrates the cut view of temperature contour and velocity field of ionic wind 

(described by red arrow) with an angular rate of 360 o/s. The ionic wind is 

deflected to the first hot wire. As a result, the first hot wire is cooled down and 

has a lower temperature than the remaining. This phenomenon is shown by the 

cut view of temperature contour in a semi-plane of two hot wires.  

For more details, the different temperature between two hot wires is calculated.  

∆𝑇 =
1

𝑉ℎ𝑤2
∫ 𝑇 𝑑𝑉

𝑉ℎ𝑤2

−
1

𝑉ℎ𝑤1
∫ 𝑇 𝑑𝑉

𝑉ℎ𝑤1

 
(32) 

 

Where ∆𝑇 is the temperature difference between two hot wires, 𝑉ℎ𝑤1, 𝑉ℎ𝑤2 

are volume of first and second hot wire, respectively, 𝑇 is the temperature of each 

unit volume.  

 

Figure 4-4: The temperature difference between two hot wires at t = 0.5s with 

angular variation 

The increase of temperature difference is associated with the increase of 

angular rate (Figure 4-4). With an applied angular rate of 450 o/s, the temperature 

difference reaches 13.8o at t = 0.5s. The sensor has a sensitivity of 0.03 o/deg/s. 

The simulation results also show the dependence of temperature difference 

between two hot wires versus time (Figure 4-5). At first, without the introduction 

of airflow, the temperature is similar between the two thermistors. After that, the 
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deflection of airflow leads to a change in temperature distribution. The 

temperature difference increases versus time and relies on the applied angular 

rate. 

 

Figure 4-5: Temperature between two hot wires versus time with different 

angular rate 

4.2. Experimental Verification 

The experiments were carried out by our research group. Corona discharge 

ion wind is generated by a pin-ring configuration fabricated by stainless steel 

SU304. The pin diameter is 0.4 mm and the tip diameter is 160 µm is placed at a 

proper distance from the ring whose inner diameter is 5 mm, outer diameter is 10 

mm and thickness is 0.1 mm. The fabricated gyroscope is shown in Figure 4-6.  

 

Figure 4-6: Experiment setup and manufactured gyroscope [77] 
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The experiment setup is illustrated in Figure 4-6. The angular rate is applied 

on the device through a rotation platform called turntable. The output voltage is 

measured by an outer bridge circuit. High voltage is generated by EMCO CB 101 

and applied to pin-ring electrodes.   

 

Figure 4-7: Influence of output voltage measured on hot wires on applied 

angular speed [77] 

The measured output voltage versus applied angular rate shows a 

homologous trend compared to simulation results which illustrate temperature 

difference between two hot wires with increase angular rate. The estimated 

sensitivity obtained 4.7 µV/o/s. The analytical and numerical approaches show a 

good agreement with experimental results. This simulation model is a useful tool 

for confirmation of the working principle of gas gyroscope and optimization of 

inertial sensor structure for specific applications. 
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CONCLUSION 

This thesis presents a design and working principle of a dual-axis thermal 

convective gas gyroscope based on corona discharge ion wind. A multiphysics 

simulation of the model which relates to the behavior of airflow inside the 

working chamber and the heat transfer between objects is carried out. The 

analytical and numerical methods are used to simulate the phenomenons and 

confirm the principle of the gyroscope. The simulation results show the deflection 

of ion wind due to Coriolis force evidence by velocity profile inside the working 

chamber and the temperature difference between the two symmetric placed hot 

wires. To observe sensor principle, simulations are conducted with the variation 

of rotation rate. The higher the angular rate of the device, the more deviant of jet 

flow from the intended direction. With an applied angular rate of 450 o/s, the 

temperature difference obtains 13.8o at 0.5s. The calculated sensitivity of 

gyroscopes is 0.03 oC/deg/s. The experiments were carried out by our research 

group and show a good agreement with simulation results.  

The presented gyroscope possesses the advantages of robustness owing not 

to require any vibrating, lower cost and energy consumption inherited from 

corona discharge approach, tidy and light, and simple operation, no mass 

production requirement compared with those by other methods. The simulation 

model can be used to extensively understand the working of the device, analyze 

the performance efficiency and optimize the sensor design parameter. In the 

future, there is plenty of room to develop in this research direction. The design of 

the jet flow gyroscope is improved to be close which means the ion wind is 

circulated and redistributes the airflow network inside the device. Multiple point-

ring electrodes can be used to generate a synthetic jet flow. The geometry 

parameters of gyroscopes are optimized for efficient performance for specific 

applications. More experiments are conducted to investigate the working of the 

device. The gyroscope-based corona discharge and thermal convective effect is a 

promising tool for low response frequency and flexible design requirement 

applications, especially ships, ferries,... This jet flow inertial sensor can be 

integrated into a micro-fluidic, micro-bio, or lab-on-a-chip system. 
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