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ABSTRACT 

Microfluidics artificial olfaction systems are used for plant disease diagnosis 

in the agricultural field. In an electronic nose, the sniffer draws the air towards an 

array of gas sensors that detect volatile organic compounds corresponding to 

diseased plants. The currently available electronic noses involve a mechanical pump 

of moving parts prone to friction losses, limiting large-scale application. In this 

work, a microchannel that works on thermal transpiration principle to control the 

airflow inside it is proposed and designed. It has the potential to be employed as a 

sniffer component for electronic noses, designed using microelectromechanical 

systems. COMSOL Multiphysics simulation software is used to identify the design 

parameters of a three-dimensional microchannel and determine the airflow velocity 

resulting from the applied temperature using the Navier-Stokes and Energy 

equation. The heat transfer and fluid flow have been modelled for two different 

channel geometries (i.e., rectangular, and cylindrical) and two materials (i.e., pyrex 

and silicon). The proposed microchannel geometries are optimised to obtain the 

Knudsen number in the range of 0.001<Kn<0.1 corresponding to a slip flow regime, 

for a maximum temperature of 70℃ at the end of the microchannel, connected to 

the sensor array. The rectangular microchannel design was chosen to simplify the 

microfabrication step. The heat transfer capacity and airflow velocity studied by 

varying the microchannel wall thickness showed that they were unaffected by wall 

thickness. The influence of temperature on the microchannel and the volume of air 

pumped in by thermal transpiration is evaluated for four different temperatures, 

namely 40℃, 50℃, 60℃ and 70℃. It is observed that the temperature influences 

the velocity and volume of air pumped inside the microchannel and 70℃ projected 

the highest flowrate velocity with maximum air volume. Natural convection method 

is applied to calculate the cooling down time for the microchannel, which is in the 

range of 2.5 Wm-2K to 25 Wm-2K when exposed to external environment. The 

microchannel cooling rate is inversely proportional to the heat transfer coefficient. 

In conclusion, the optimal thermal transpiration effect inside a rectangular 

microchannel occurred at 70℃, and the material pyrex can serve as a candidate 

material for the microchannel fabrication. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

 The Canadian greenhouse vegetable industry is one of the large and rapidly 

evolving sectors in Canadian horticulture. Ontario continued to lead the greenhouse 

vegetable sector in 2019, representing 69% of the total production in Canada, followed by 

British Columbia and Quebec, with 18% and 6% respectively [1]. According to the report 

from the government of Canada, as of 2019, the nation has imported $1.6 billion worth of 

greenhouse grown vegetables which include tomatoes, peppers, cucumbers, and lettuce. 

Tomatoes accounted for 37% of the total greenhouse vegetable sales, followed by 

cucumbers and peppers, which accounted for 31% and 28%, respectively [2]. The top two 

greenhouse vegetable import sources were Mexico, accounting for 88% and the United 

States, accounting for 9% [3]. 

 Pest management is one of the major challenges faced in the greenhouse vegetable 

industries as the maintenance is very high considering the labour costs involved and the 

materials that can manage the pest [4]–[6]. Another major problem faced by the greenhouse 

industry is plant pest diagnosis as pests cannot be identified in their initial stages and 

becomes visible only after it has caused considerable amount of damage to the plant [7]–

[9]. All plants emit volatile organic compounds (VOCs) which are released from green 

foliage, reproductive structures such as buds, open flowers, and pollen, and even the roots 

of plants. The VOCs have high vapour pressure that enables to evaporation in the 

surrounding air. The VOCs can be sensed by other organisms such as insects [10], [11]. 

The role of VOCs in order to repel the pesticides and other environmental stressors that 

can be observed in the early asymptomatic stages. This can be implemented in development 

of VOC-based crop protection strategies. Early detection can help plan and execute 

preventive measures against the infection to save the plants. 

 The traditional methods for analysing the emissions of biogenic VOCs from plants 

are gas chromatography (GC)–based techniques such as gas chromatography–mass 

spectrometry (GC-MS), GC with flame ionization detector (GC-FID) [12], [13], and 
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thermal desorption–gas chromatography–mass spectrometry (TD-GC-MS) [14] and mass 

spectrometry based on soft chemical ionization, such as selected ion flow tube–mass 

spectrometry (SIFT-MS) [15] and proton transfer reaction–mass spectrometry (PTR-MS) 

[16]. However, rapid non-invasive methods using artificial intelligent noses or electronic 

noses are emerging as an efficient alternative recently. The artificial electronic noses are 

coupled with different types of sensor arrays, which transform the VOCs information into 

an electronic signal. The electronic nose consists of an array of sensors which is integrated 

with a probe to collect the samples and a Data Application Control (DAC) system which 

transforms the VOC information into electronic signal [22]. 

 The commercially available sensor systems are bulky and expensive which limits 

their usage for agricultural applications. There is a need for portable cost-effective 

Electronic noses (E-nose) based on a small (one-chip) or micro-level sensor array by using 

integrated circuit (IC) technologies [17]. Most of the devices are connected with an external 

pumping mechanism. The external mechanical pumping mechanism which comprises of 

moving parts are prone to malfunctions on constant exposure to environment. The 

sensitivity, stability and life span of these external pumping mechanism are not good due 

to the moving parts. In contrast, the non-mechanical micropumps which induces the 

pumping mechanism by non-mechanical energies such as electric energy, thermal energy, 

magnetic energy, and chemical energy. These pumps do not have moving parts. A non-

mechanical pumping mechanism where the gas flow is induced by thermal gradients in the 

walls is called Knudsen pump (KP) [18], [19]. The working principle of the KP is based 

on thermal transpiration effect. The advantages of this pump are that it has no-moving 

parts, simple structure, low energy consumption, their easy mass production and low 

energy consumption [20]. 

1.2 Thesis Contribution 

 This research focuses on investigating the critical design parameter of the 

cylindrical and rectangular microchannel to analyse the airflow and heat transfer by the 

applied temperature in the microchannel using the Navier-Stokes and energy equations. 

The microchannel is used as a sniffer by thermal transpiration effect. 
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 In this thesis, the microchannel geometries and types are investigated. The channels 

are classified based on the hydraulic diameter, which categorises the conventional channels 

and microchannel. The research also focuses on the commercially available sniffers and 

gas chromatographers which uses external mechanical and non-mechanical pumping 

mechanism. The gas flow in a microchannel based on the Knudsen number (Kn) is studied. 

From the baseline study, rectangular and cylindrical microchannels are most commonly 

used for transporting fluids such as heat sinks and heat exchangers. The rectangular and 

cylindrical microchannel have simple structure which simplifies the complication in the 

fabrication process, and they are cost effective. The gas flow based on the flow regimes are 

studied because the thermal transpiration effect becomes significant at slip flow regime.          

 The principle of operation to sniff the air through the microchannel is analysed to 

implement the thermal transpiration effect. The Kn which is used to calculate the degree 

of rarefaction is calculated using the hydraulic diameter and mean free path. The mean free 

path which depends on the intermolecular collision of the gas molecules is calculated based 

on the molecular spacing and molecular diameter of the gas molecules. In the 

microchannel, the gas flow causes an interaction between the gas molecules and 

microchannel’s walls which results in a formation of layer called Knudsen layer. In order 

to solve the velocity in the Knudsen layer, Maxwell’s and Smoluchowski’s boundary 

conditions are implemented. 

The finite element analysis using COMSOL Multiphysics has been implied to 

calculate the air velocity coupled with the applied temperature in the microchannel. The 

microchannel is modelled with silicon and pyrex materials to compare the velocity and 

heat transfer in the microchannel. The dimensions of the microchannel is investigated using 

finite element analysis by determining the Kn. The wall thickness of the microchannel is 

varied for both cylindrical and rectangular microchannel modelled using silicon and pyrex 

to investigate the air velocity and their impact in heat transfer. The volume of air which is 

following through the rectangular microchannel is analysed for pyrex material for the 

temperature of 40°C, 50°C, 60°C and 70°C. The back flow velocity is calculated for the 

cylindrical and rectangular microchannel modelled using pyrex material. 
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1.3 Thesis Outline 

 In chapter 2 basic working principles of an electronic nose system and 

commercially available gas chromatographers are discussed. The external pumping 

mechanism which is used to collect the samples to the E-nose system comprises of moving 

parts which are prone to malfunctions. Hence, a thermal pumping mechanism in a 

microchannel is utilized to collect the sample to the E-nose system. A comprehensive 

investigation of classification of channel is accomplished. From the literature it is evident 

that the fluid flow in a conventional channel is not recommended to simulate the thermal 

transpiration effect because of its diameter. In addition to that various microchannel are 

investigated based on their geometries. The advantages and disadvantages are analysed to 

select a candidate geometry that can be used as a sniffer. Finally, the gas flow regimes in a 

channel are discussed to understand the limits of the characteristic length of the 

microchannel that has to be modelled in order to fall within the slip flow regime for a 

maximum temperature of 70°C. 

 In chapter 3, the detailed study of the principle of operation of the gas flow in the 

microchannel by thermal transpiration mechanism is presented. The air velocity is caused 

by the temperature gradient at the walls of the microchannel. The temperature causes 

rarefaction effect in air. The air velocity is calculated using he Navier-Stokes equations 

and the temperature is calculated using the energy equation. The dimensions of the 

microchannels are in the range of micrometers. This causes the formation of thin layer 

adjacent to the wall. This layer is called Knudsen layer. The air velocity cannot be 

calculated using Navier-stokes equations. Thus, boundary conditions are applied to solve 

the air velocity in the layer.  

   In chapter 4, the finite element analysis is performed to investigate the cylindrical 

and rectangular microchannel with silicon and pyrex material. The Kn is calculated using 

the mean free path and the analytical values are compared with the COMSOL results in 

order to investigate the critical design parameters of the cylindrical and rectangular 

microchannel. The impact in air velocity due to the wall thickness of the microchannel is 

analysed using Navier-Stokes equations. The influence of wall thickness on the 

temperature distribution of the microchannel is analysed using the energy equation. The air 
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velocity is analysed with temperature of 40°C, 50°C, 60°C, and 70°C to understand the 

influence of temperature distribution in determining the air velocity. The backflow velocity 

is calculated for cylindrical and rectangular microchannel modelled using pyrex to compare 

the air velocity that sniffed into the channel and the air velocity that moves out of the 

channel. The volume of air which is being sniffed into the microchannel for the temperature 

of 40°C, 50°C, 60°C, and 70°C.  

Finally, chapter 5 summarizes the work done in the thesis along with the significant 

results obtained through this research. Then, potential future works to develop a fabrication 

procedure and experimental procedure to test the proposed and designed microchannel in 

this work is discussed. 
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CHAPTER 2 

MICROCHANNEL AS E-NOSE SNIFFERS AND GAS FLOW INDUCED IN 

MICROCHANNEL BY THERMAL TRANSPIRATION EFFECT 

2.1 Introduction 

Mammals have a complex physiological and anatomical arrangement of specialized 

cells forming the olfactory system, which functions to sense different odours in the 

environment. Artificial systems that mimic the olfactory system in mammals have been of 

interest for decades. These have the potential to detect and recognize individual odours or 

a mixture of odours in a gaseous sample. These systems are called E-noses [21]. An E-nose 

system comprises a sniffer, an array of chemical sensors, and systems for signal acquisition 

and processing, as shown in Figure 2.1. They can contain different arrays of chemical 

sensors, which are crucial components for detecting diverse gases [22]. The primary 

mechanism of these E-noses is to produce an electrical change in response to contact with 

any odour, which can then be compared by a pattern recognition system to identify the 

odour [23].  

A sniffer is a delivery system that transfers the odour from the sample to the sensor 

array. It is an integral part of an E-nose that exposes the gas sample to the array of sensors 

and controls the sample volume passing to the sensor. A commonly used aroma delivery 

system is headspace sampling. This is a procedure that involves the collection of volatile 

material from a sample. Headspace sampling can be classified into three different types: 

static headspace, dynamic headspace, and purge methods. In recent advancements of 

artificial olfaction technology, different kinds of channels are used as sniffers to collect the 

sample directly from the environment and transport it to the sensors [24]. 

 

 

 

Figure 2.1 Schematic diagram of an electronic nose 
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2.2 Microchannel 

Microchannels are gaining attention in various fields such as microelectronics and 

biotechnology. These come in circular and non-circular dimensions. Microchannels were 

initially implemented as heat sinks in electronic devices [25]. The rate of transport of 

coolant such as air, water depends on the surface area of the channel. The surface area 

varies with the diameter (D) for a circular channel and Hydraulic diameter (𝐷ℎ) (refer to 

section 2.3.2) for a non-circular channel. However, the flow rate of the fluid depends on 

cross-sectional area which varies linearly with the square of Diameter (D2). The surface 

area to volume ratio of a microchannel varies as 1/D which shows that the diameter 

decreases, the surface area to volume ratio increases. These are ideal for heat transfer 

applications as they have high ratio of surface area to volume because of the miniature size. 

As a result, it makes enhanced convection contrasted to macro-scale or conventional 

channels. The solid surface ratio is more significant when compared with liquid volume, 

thus making the heat transfer much higher than conventional channels [26]. It is evident 

from existing literature [27], [28] that the geometrical dimensions of a microchannel are 

crucial in deciding its thermal performance. The key feature is the design of the 

microchannel, which determines its performance such as fluid velocity, heat transfer, wall 

roughness. There are several designs of microchannels studied previously. However, there 

is still a need for novel designs for specific applications such as micro-heat exchangers, 

micro-fluidics, other biomedical applications such as drug delivery system [29]. 

The application of microchannels is not limited to a heat exchanger for electronic 

systems, but over the years, they have been introduced in other fields such as automotive, 

biomedical engineering, refrigerator, and air-conditioning systems. In biomedical 

engineering, the microchannels are mostly used in drug delivery systems. There is a recent 

development to incorporate microchannels as a sniffer for E-noses, micro-gas 

chromatography, and mass spectrometry on a chip to detect different odours from the 

environment. 
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2.3 Classification of Channels Based on Dimensions 

The introduction of microchannels into various fields has created a need to classify 

them using standard definitions to provide clarity while referring to them in the scientific 

literature. There are many classification systems available based on different aspects of the 

channels. The classification based on the gas flow considerations and hydraulic diameter 

shown in Table 2.1 was provided by Kandlikar et al. [26]. 

Table 2.1 Classification of channels based on hydraulic diameter 

Channel Type Hydraulic diameter (Dh) 

Conventional Channel Dh > 33 mm 

Mini-Channels 200 µm ≤ Dh ≤ 33 mm 

Micro-Channel 10 µm ≤ Dh ≤ 200 µm 

Transitional Channels 0.1 µm ≤ Dh ≤ 10 µm 

Molecular Channels Dh ≤ 0.1 µm 

 

2.3.1 Conventional Channels 

The conventional channel classification provided by Kandlikar et al. based on the 

gas flow considerations is essential to identify and apply the channels in electronics 

appropriately [26]. The hydraulic diameter (Dh) of a conventional channel is of the range 

3mm and above [30]. It also comprises of mini channels under this class which have the 

hydraulic diameter (Dh) between the range of 200 µm to 3 mm. The conventional channel 

differs from microchannel by the nature of fluid flow and heat transfer. In a conventional 

channel fluid flow is categorised with no-slip boundary conditions that is the fluid velocity 

at the channel walls is considered as zero. The velocity of the fluid flow is calculated using 

Navier-stokes equation with no-slip boundary condition. In a conventional channel the 

inter-molecular collision is significantly greater than the gas molecules colliding at the 

wall. When dealing with liquid, the particles close to the surface do not move because 

adhesive force between solid and liquid is stronger than the cohesive force between the 

liquids. This imbalance in force causes the velocity at the walls to drop to zero. Hence, the 

no-slip boundary condition is applied. The nature of the gas flow will be compressible or 
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incompressible, laminar, or turbulent, Newtonian, or non-Newtonian. However, in a 

conventional channel stokes flow will not occur. Stokes flow occurs in microchannel. In a 

conventional channel the surface area to volume ratio decreases as the diameter of the 

channel increases. Thus, these channels are not useful to remove heat and can be used to 

transport gas or liquid in global scale through an external pumping mechanism.  

2.3.2 Microchannels 

The channels with the hydraulic diameter ranging between 10 µm to 200 µm fall 

under the microchannel class. This range of the hydraulic diameter is becoming very 

important for micro-electromechanical system (MEMS) applications. In order to calculate 

the diameter of a non-circular channel such as rectangular, square, circular, and trapezoidal 

the term hydraulic diameter is introduced. It is calculated by knowing the area and 

perimeter of the non-circular channel. It is used to define the nature of gas flow such as 

laminar, turbulent, creep or stokes flow in a non-circular channel. The hydraulic diameter 

is used to calculate the dimensionless number such as Reynolds number, Knudsen number 

[30]. The hydraulic diameter is calculated by four times the channel's flow area divided by 

the perimeter of the channel [29].  

It is given by Equation 2.1. 

 𝐷ℎ = 4 
𝐴

𝑃
 (2.1) 

   

where Dh is the hydraulic diameter, A is the cross-sectional area, and P is the perimeter of 

the channel.  

 

Microchannels are among the significant elements in MEMS micro-pumps, micro-

turbines, MEMS pressure sensor, temperature, and velocity measurement [31]. 

Microchannels are used in various engineering streams which are listed in Table 2.2. 
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Table 2.2 Application of microchannel in various engineering stream 

 

Branches of Engineering Application 

Electronics and 

mechanical 

Heat sinks, Heat exchangers [32], 

[33] 

Biomedical DNA analysis, blood, protein 

synthesis, Biomechanical 

applications [34]–[37] 

Chemical Electrochemistry, cell trapping, 

fluid mixing, lab-on-chip, drug 

delivery and drug screening [38]–

[40] 

 

The gas flow induced in a microchannel by tangential temperature causes 

rarefaction of the gases. The rarefaction effect causes the gas to move from a colder region 

to a hotter region under constant initial pressure. The rarefaction effect of gases occurs 

when the hydraulic diameter is less than 200 µm. The rarefaction effect occurs when the 

distance travelled by the gas molecules between two successive collisions is comparable 

with the hydraulic diameter [41]. Thus, rarefaction effect occurs in microchannels and not 

in conventional channel as the diameter of conventional channels are significantly higher 

than the mean free path (refer to section 3.3.2). The tangential temperature causes changes 

in gas density which causes rarefaction. It is necessary to study the gas flow in microscale 

because assumption of equilibrium will not be valid to control the flow in a microchannel. 

The flow pattern in a channel is dependent on the channel size, heat transfer, and pressure 

drop in the channel. The classification based on Kn is given in Table 2.3. The mean free 

path is the distance travelled by the gas molecules between successive collisions in a 

channel. The Kn, which is the ratio of the mean free path (refer to section 3.3.2) and the 

hydraulic diameter, influences the rarefaction of gases [42].  
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It is given by Equation 2.2. 

 

 

  

𝐾𝑛 =
𝜆

𝐷ℎ
 (2.2) 

where Kn is the Knudsen number, λ is the mean free path, and 𝐷ℎ is the hydraulic diameter 

of the mechanical system [42]. 

Table 2.3 Classification based on Knudsen number 

 

2.4 Types of Microchannels Based on Geometries 

 The geometry affects the gas flow in the microchannel. The microchannel geometry 

are based on the application in different fields of engineering such as mechanical, 

automotive, and biomedical. Based on the geometries the microchannel are broadly 

classified as follows, 

  

Range of 

Knudsen 

Number 

Type of 

Flow 
Rarefaction Effect 

Kn < 0.001 
Continuum 

flow 
No Rarefaction effect 

Kn = 0.001-0.1 Slip Flow 

Rarefaction effect can be modeled with a 

modified continuum theory with wall slip 

being taken into consideration 

Kn =0.1-10 
Transition 

flow 

Between slip flow and free molecular flow, 

treated statistically, by the Boltzmann 

equation 

Kn >10 

Free 

molecular 

flow 

The motion of individual molecules, that 

must be modeled and then treated 

statistically. 
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2.4.1 Straight Microchannel 

A straight microchannel can have different geometries such as rectangular, square, 

circular, trapezoidal, converging and diverging. The geometries describe the cross-

sectional area of the microchannel. Microchannels that do not consist of any bends in their 

design are termed as straight microchannels. The straight microchannels are studied in the 

literature for their simple configuration and application. The gas flow in a straight 

microchannel has been investigated in studies to understand the flow dynamics of gases 

and liquids. Numerous experimental and theoretical analysis on microchannel were 

performed with different assumptions such as slip and no slip boundary condition, 

compressible and incompressible flow, different Kn range, different gases and different 

analytical solutions derived from Navier stokes, Direct Simulation Mote Carlo (DSMC) 

method, Bhatnagr-Gross-Krook (BGK) method, Brunett and kinetic equation [43]. A 

representative diagram of a straight microchannel with a rectangular cross-section is shown 

in Figure 2.2. The traditional microchannel designs predominantly consisted of straight 

microchannels with variations in the diameter, hydraulic diameter length, width, and height 

of the channel. These microchannels are used as heat sinks, inlet, and outlet valves in 

micro-pumps. 

 

  

 

 

 

 

 

 

Figure 2.2 A straight microchannel with a rectangular cross-section 
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2.4.2 Microchannel with Bends 

 Microchannel became an essential component in the MEMS and microfluidics, 

facilitating the evolution of complex microchannels with bends. The designs and 

technological requirements of complicated, intricate systems raised a need for bends and 

curves in the microchannels. Microchannels with different bends such as T shaped, Y 

shaped, and X shaped are commonly used in microfabricated systems as shown in Figure 

2.3. These microchannel has two or more inlets which is used as fluid mixers. These 

channels are used for analysing the chemical reaction between more than two chemical 

components. These channels are used as Gas mixer, Lab-on-chip devices [44]–[46]. The 

gas flow dynamics in the bends, such as the mitre, curved and double turn has been 

investigated previously. The properties such as gas pressure, mass flow rate, and 

temperature were monitored in these microchannels. Among the channels, mitre bend was 

found to have the highest flow rate [47]. 

 

 

 

 

 

 

 

Figure 2.3 A microchannel with T shaped bend 

2.4.3 Other Microchannel Configurations 

There are several non-conventional types of microchannels in various other 

geometries, such as serpentine, rhombus, sinusoidal, elliptical, isosceles triangular, helical, 

twisted concentric [48], [49]. A serpentine gas mixer is shown in Figure 2.4. These 

microchannels are used as gas mixers and lab-on-chip devices. Many experimental and 
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theoretical studies were investigated in different geometries of the channel to understand 

the velocity profile and heat transfer for gases and fluids. These channels are also 

investigated to be used as heat sink. Analysis on three different channels such as hexagonal, 

and rhombus are investigated to check the temperature profile, heat transfer coefficient, 

pressure drop, friction factor, and thermal resistance. For the low hydraulic diameter, the 

hexagonal channel exhibits highest pressure drop and heat transfer co-efficient when 

compared with rhombus shaped channel [50]. The fabrication of these microchannel are 

complex when compared with rectangular or cylindrical microchannel [51], [52]. Most of 

these microchannels have a pressure-driven flow, and unbalanced pressure causes a 

possible backflow in them.  

 

 

 

 

 

 

 

Figure 2.4 A serpentine-shaped microchannel  

2.5 Advantages and Disadvantages of Microchannels 

In conventional channels, the surface area and volume ratio are less when compared 

with microchannel. Hence, the heat transfer rate of a microchannel is high when compared 

with conventional channel. The rarefaction effect becomes significant in a microchannel 

which is a core mechanism of thermal pumping using thermal transpiration effect. The 

rarefaction effect is not significant in conventional channel. The microchannels are cost 

effective when compared with conventional channels.  

The technological growth in MEMS and microfluidics has made microchannels an 

integral part of engineering applications. Microchannels have enabled a lower fabrication 
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cost and overall performance enhancement for various applications such as heat sinks, heat 

exchangers, and drug delivery systems. The one disadvantage of microchannels with bends 

is that they induce a secondary flow at the bend region of the channel, which causes a 

pressure loss [47]. Hence a straight microchannel is a candidate choice for being used as a 

sniffer in a MEMS-based electronic nose. 

2.6 Microchannel as a Sniffer System 

 E-noses detect the odour by sensing the chemical compounds present in the sample 

using an array of sensors. E-nose technology is implied in varies industries such as 

agricultural, environmental, food processing and manufacturing. A sniffer is a component 

that sniffs the odour from the sample and pass those samples to the sensor array of the E-

nose system.  

2.6.1 Introduction to Sniffers 

A sniffer is defined as a device that can inhale a specific volume of air in which 

different VOCs can be detected and differentiated. These utilize pumps to flow the air 

sample into the sensor compartment, which, based on pattern recognition, identifies the 

VOCs present. The sample air can be drawn inside by creating a vacuum for aspiration, or 

it can be injected inside by a syringe or peristaltic pump. The inlet channel that transports 

the sample to the detector or array of sensors can be macroscopic or microscopic [53]. 

MEMS-based microchannel sniffers can be an alternative to the existing commercial 

sniffers available. There are different commercial sniffers in the market currently [54]. 

2.6.2 Commercial Sniffers Types 

Most of the commercial sniffers are a large table-top setup of an analytical 

instrument. The Smith Detection Cyranose is one of such that has an internal pump to draw 

the sample through a wand-type inlet with a flared shape end that can be considered as a 

sniffer [54]. The sniffers can be of a single technology or combined technology type. The 

single technology sniffers work on sensors based on principles such as metal oxide sensors, 

surface acoustic, and bulk acoustic wave technology, colorimetric sensors, catalytic field-

effect sensors, and Electrochemical sensors. 
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 The combined technology sniffers work in combination with a traditional analytical 

technique such as gas chromatography and mass spectroscopy. 

Airsense Analytics [55] has developed PEN2 and PEN3 with intelligent sensors to identify 

the gases and vapours. It has a flow rate adjustment feature and uses an internal pump 

mechanism to sample air. There are other single technology sniffers such as FOX2000 from 

Alpha MOS, Artinose from Sysca, and Cybernose from CSIRO [56]. ZNose 4200 works 

on a Surface Acoustic Wave (SAW) sensor and gas chromatography technology with an 

internal pump to draw the sample. There are other combined technology sniffers such as 

GDA2 from Airsense Analytics, Area Monitor from Rae Systems [24]. 

2.6.3 Microchannel Sniffers 

Microchannels are components of MEMS such as micro-pumps, micro-sensors, 

micro-turbines, and sensors for pressure. The study published by Bernardini et al. [57] 

described a microdevice consisting of a microchannel, including an integrated gas sensor 

with a heater. A rectangular microchannel was used to sniff the gas using a Thermal 

transpiration phenomenon, which is a gas movement from cold chamber to hot chamber 

caused by a force when a channel connects two chambers of the same pressure and different 

temperature. In this device, the heater acts as a sensor that is placed in the microchannel 

[57]. A representative image of a microchannel sniffer is shown in Figure 2.5. 

 

 

 

 

 

 

Figure 2.5 A microchannel sniffer showing the gas flow into the inlet  
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In a recent study [54], a micro gas chromatographer is developed with a pump and 

a gas chromatography compartment. In this method, a bidirectional KP intake the air. It 

avoids the need for an inlet valve. The pump functions by providing negative pressure in 

the separation module and by providing a positive pressure chromatographer module. The 

temperature gradient across the channel pumps the air to a preconcentration column before 

sending it to the chromatography columns. The gas intake using the KP is controlled using 

a flow meter. The gas flow diagram is shown in Figure 2.6. In another study [58], a chip-

scale micro gas chromatographer was designed with a T-shaped inlet to draw the gas 

sample. 

 

 

 

 

 

 

 

 

Figure 2.6 Schematic diagram of the micro gas chromatographer  

2.6.4 Advantages and Disadvantages of Sniffers 

The commercial sniffers are usually large and bulky. The analytical techniques are 

destructive, where they require to house the sample to be detected or diagnosed in a closed 

container and collect the gas sample by headspace sampling. There is a need for non-

destructive methods that can be portable and handheld to be used in the field, such as plant 

pathology diagnosis, explosives detection, and gas leak in industries. The MEMS-based 

microchannel sniffers can serve as candidate technology and help reduce the production, 
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maintenance, and per-unit cost. They can provide quick real-time detection without 

reagents and laboratory space for analysis [24]. 

2.7 Thermal Transpiration in a Microchannel Sniffer 

 The principle of non-mechanical micro pumping mechanism where the gas flow is 

induced by temperature gradients was proposed by Knudsen. The pump works on the 

principle called Thermal transpiration effect which is explained in section 2.7.1.  

2.7.1 Introduction to Thermal Transpiration 

 Thermal transpiration or Thermal creep is a phenomenon discovered by Reynolds 

in 1878 [59], according to which when a microchannel connects two chambers without any 

pressure difference, then the gas from the cold chamber will move towards the hot chamber 

through the channel [59]. The working principle is illustrated in Figure 2.7. Thermal 

transpiration has significant effects on the pressure, velocity, and temperature of the gases 

in a microchannel. The tangential temperature across the solid walls of the microchannel, 

provokes a force that makes the gas move from colder place to a hotter place. The 

investigation was carried using plaster-of-Paris plug separated using two reservoirs (1 and 

2) [59]. The investigation showed that at low densities the equilibrium pressure on the two 

sides of the microchannel is given using the equation 2.3. 

 𝑃2

𝑃1
= (

𝑇2

𝑇1
)

1
2⁄

 (2.3) 

where, P2 and P1are the pressure at the hot and cold sides of the microchannel and T2 and 

T1 are the temperature at the hot and cold reservoir. 
𝑃2

𝑃1
 is called as the thermomolecular 

pressure difference (TPD). The KP or compressor concept, which works on the principle 

of thermal transpiration, was discovered by Knudsen [60]. 
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Figure 2.7 Thermal Transpiration working principle illustration 

2.7.2 Thermal Transpiration Effect in Closed System 

The thermal transpiration effect is experimented using nitrogen and helium gas in 

a closed system by Rojas.et.al [61]. The experiment was conducted using a pyrex 

microtube as shown in Figure 2.8. The hydraulic diameter (refer to chapter 3.3.2) of the 

microchannel is 490±  1 µm and the length of the microtube is 3.053±  1 cm. Three 

different temperature difference of 50°C, 60°C and 70°C are maintained between the hot 

and cold chambers between the two chambers. The imposed temperature gradients were 

monitored using the IR camera which showed that the temperature difference is linear on 

the microtube’s surface. The hot and cold reservoir are connected with a high-speed 

capacitance diaphragm gauge (CDG). The temperature difference is maintained stable 

during the whole experiment. The internal rings which are connected with the microtube’s 

end are connected with valve A to dampen pressure oscillation produced by the vacuum 

system. The external opening ring which is connected with two butter-fly valves which is 

connected with two high pressure tanks containing nitrogen and helium. The experiment 

comprises of four stages. 

 

➢ Stage 1: After imposing the gas into the chamber and stabilizing the pressure inside 

the chamber, valve B and C are closed. These two valves will remain closed for the whole 

experiment. The valve A remains open in order to distribute the pressure throughout the 

microtube. A stationary macroscopic displacement of gas occurs from cold chamber to the 
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hot chamber through the microtube. The temperature gradient creates the gradient of 

density in the direction of the microtube’s axis. The gas motion reduces the density 

gradient. Thus, the gas flows from higher density to lower density region from cold 

chamber to hot chamber. The cold chamber is considered as the gas source volume and the 

hot chamber is considered as the gas storage volume. 

➢ Stage 2: This stage is called as the first phase of transitional stage. The pressure 

varies with time linearly. The pressure variation increases at the hot reservoir while 

decreasing in the cold reservoir. The pressure gauges monitor the pressure variation with 

time. The pressure variation is linear. 

➢ Stage 3: This stage is called the second phase of the transitional stage. The pressure 

varies non-linearly with time. The pressure-variation speed (pvs) decreases, and it depends 

on the continuous increase of pressure difference between the two reservoirs. Thus, the 

pressure difference creates a counter flow which is a reverse thermal transpiration flow. 

This flow is called pressure driven flow. 

➢  Stage 4: The counter flow will completely balance the thermal transpiration flow 

at the final stage of the experiment. The mass flow rate of gas becomes zero when the 

pressure difference increases. Thus, the system is reaches final equilibrium stage where the 

mean mass flow rate is zero. At this stage, the TDP is less than 1 at the cold chamber and 

TDP is greater than 1 at the hot chamber. 

Thus, from the experiment, the TDP and pvs depends on the gas physical properties. Due 

to different molecular mass, helium has a higher pvs and TDP than nitrogen. The 

temperature difference is a key factor in determining the mass flow rate. Higher 

temperature difference leads to increased value of the mass flow rate intensity. Helium 

which is lighter than nitrogen has high mass flow rate.  
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Figure 2.8 Experimental setup of a circular microtube connected to hot and cold reservoir to compare the 

Mass flow rate, PVS and TPD for Nitrogen and Helium (adopted from [61]) 

2.7.3 Thermal Transpiration Effect in The Microchannel 

The basic knowledge of flow and thermal properties at the microscale is essential 

in understanding the differences between macroscale and applying it to technological needs 

[62]. The Thermal transpiration in a microchannel caused by temperature gradient 

generated across the wall that causes movement of the gas, which is shown in Figure 2.9. 

The microchannel is etched in a silicon substrate and a microheater is placed at the outlet 

of the microchannel’s surface. Thus, the temperature gradient induces a flow from the 

microchannel’s inlet to the microchannel’s outlet where the microheater is positioned. 

According to classical fluid dynamics, there is no time-dependent flow induced by virtue 

of only temperature field without any external forces such as gravity and pressure. 

However, when the Kn number is greater than equal to 0.0001, the temperature gradient 

influences a flow. Thus, making the temperature field an important parameter to induce a 

time-dependent flow. This gas flow caused by temperature can be classified as the 

following types: Thermal transpiration flow, inverted Thermal transpiration flow, thermal 

stress slip flow, thermal edge flow, and radiometric flow, as shown in Figure 2.10 [63]–

[65]. 

The recent advancement in MEMS microchannel sniffers has brought attention to 

various kinds of micropumps that work based on different actuating principles. These 
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pumps can be mechanical or non-mechanical, and the thermal transpiration based non-

mechanical pump. The non-mechanical pumps do not contain any moving parts. 

Microchannels are crucial in the KP based on thermal transpiration [62]. The microchannel 

dimensions influence the gas to be in a rarefied state and determine the performance of the 

KPs. There are KPs already in use for flow delivery in micro gas chromatography. The 

application of KPs can be classified as vacuum generation, flow delivery, and gas 

separation [66]–[68]. 

 

 

 

 

 

  

Figure 2.9 Thermal pump in a microchannel 
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Figure 2.10 Classification of thermally induced flow a) Thermal transpiration flow, b) inverted Thermal 

transpiration flow, c) thermal stress slip flow, d) (nonlinear) thermal stress flow, e) thermal edge flow, f) 

radiometric flow (adopted from [63]–[65])  

2.8 Types of Flow Induced by Temperature 

 Thermal flows are induced by temperature gradient. The thermal flows becomes 

significant in micro-scale devices such as microchannel and two parallel plates separated 

by micrometer distance. As shown in Figure 2.10, the thermally induced flow becomes 

significant when the Kn ranges from 0.001 to 0.1. The types of thermally induced flows is 

as follows,  

2.8.1 Thermal Edge Flow 

The thermal transpiration effect, which is discussed in section 2.7.1, the 

microchannel’s boundaries are assumed to be smooth without any edges in the inner walls 

of the microchannel. The microchannel boundaries are assumed to have a non-isothermal 

surface to induce a flow. In thermal edge flow and in radiometric flow an isothermal surface 



24 

 

triggers the flow. The thermal edge flow was discovered by Aoki et al. [64] and 

experimentally verified by Sone and Yoshimoto [69]. The thermal edge flow occurs in a 

channel comprising of parallel heated and unheated plate as shown in Figure 2.11 [69]. The 

isothermal plates near the edge of the cold plates triggers the flow as shown in Figure 2.11.  

 

 

 

 

 

Figure 2.11 Model of Thermal Edge flow (adopted from [69]) 

2.8.2 Radiometric Flow 

The radiometric flow is obtained by changing the accommodation coefficient of the 

adjacent walls. It is obtained by adjusting the temperature of the ratchet walls as shown in 

Figure 2.12 [70]. It is a thermalizing process of gas molecules that colliding at the walls. 

The gas molecules possess weak or zero thermalization when colliding at the cold side of 

the ratchet walls which is the specular surface. On the contrary the gas molecules collide 

with the hot surface which enhances the thermalization of the gas molecules. As a result, 

gas flow occurs from cold side to hot side. The radiometric flow is implied in Crooke’s 

radiometer [71], [72]. 

 

 

 

 

 

Unheated 

Plates 

Microchannel wall 

Heated Plates 



25 

 

 

 

 

 

 

Figure 2.12 Model of Radiometric flow. The sizes of the circular symbols depict the gas velocity, and their 

colours depict the gas temperature (adopted from [70]) 

2.8.3 Advantages and Disadvantages of Thermal Induced Flow 

The thermal pump based microchannel sniffers have the advantage of not consisting 

of any moving part and hence will last longer. They are simple to design and construct with 

low energy consumption for gas sample delivery systems, making them sustainable. A 

straight microchannel appears to be a potential candidate for a thermal pump-based sniffer 

as it will have low cost, less fabrication complexity and high performance [73]. The 

Thermal edge flows can be formed on constant temperature walls, eliminating the need for 

temperature gradients necessary in Thermal transpiration flow. This reduces the 

requirement of temperature control and therefore makes thermal edge flow easier to apply 

in practise. However, in terms of fabrication it is complex to fabricate ratchets shaped wall 

and heat plates which are adjacent to each other in a small dimension of the microchannel. 

Hence, thermal transpiration flow is chosen as a candidate choice to induce gas flow in a 

microchannel.  

2.9 Analysis of Gas Flow Induced by Temperature in Microchannel  

The gaseous flow through a microchannel has different properties than conventional 

channels due to the miniaturized size [62]. Usually, slip-flow regimes are modeled based 

on Navier-Stokes and energy equations by considering boundary conditions in order to 

include rarefaction effects on the velocity and temperature fields. The rarefied gas flow in 

the microchannel is because of its small characteristics dimension and the density change 

of the gas at the inlet and outlet of the channel. Hence, the gas flow and heat transfer in the 
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microchannel should be investigated because of its applications in MEMS devices. The 

degree of rarefaction depends on Kn where the flow regime of the gas is classified as shown 

in Figure 2.13 [74]. The KP are commonly used in MEMS applications which has no 

moving parts and operates in a slip flow regime with gas flow as their primary functionality. 

The flow in a microchannel is determined by the rarefaction of the gases. The 

increase in rarefaction effects can cause the Kn to increase, and the continuum assumption 

collapses [75]. Thus, the increase in the rarefaction of a gas causes a decrease in the mass 

flow rate. It affects the flow of the gases through the channel. The Navier -stokes equations 

ideally deals with the nonlinear pressure, temperature, and velocity distribution that are 

integrated with time used to calculate the gas flow rate with time. The pressure in the 

channel decreases to overcome the friction at the walls of the channel. Friction at the walls 

and pressure are inversely proportional. For a constant temperature gradient, the pressure 

in the channel drops down, and the velocity of the gas increases with an increase in time 

[76]. 

In a continuum approach, the flow of the gas or fluid is continuous, whereas, in the 

molecular approach, the flow varies depending upon the rarefaction of the gas. The 

rarefaction is caused by the temperature gradient, which causes the non-isothermal flow 

[77]. The flow rate at the outlet of the channel is always greater when compared with the 

inlet because of the heat source. The aspect ratio and pressure ratio in a microchannel have 

an impact on the temperature gradient. The aspect ratio and pressure ratio are inversely 

proportional to the temperature gradient [77]. The flow rate depends on the temperature 

gradient at the walls of the channel. 

For example, air passing through channels of different dimensions experiences different 

flow regimes, as shown in Table 2.4. 
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Figure 2.13 Flow regimes of gas in a microchannel based on Knudsen number (adopted from [74]) 

Table 2.4 Flow regimes of air through channels of different dimensions 

Channel Dimension in µm 

Gas 

Continuum 

Flow  

(in µm) 

Slip Flow  

(in µm) 

Transition 

Flow  

(in µm) 

 Free Molecular 

Flow  

(in µm) 

Air  > 67 0.67-67 0.0067-0.67 < 0.0067 

 

2.10 Conclusion and Summary 

The literature has shed light on the microchannels and their potential in MEMS 

technology and how they are crucial for thermal pump performance. The existing artificial 

nose technology works primarily on mechanical pumps to inject the gas sample into the 

sensor array for identification. Thermal pump-based sniffing is applied for micro gas 

chromatography, which is not equivalent to the electronic nose as it can only detect single 

gas components. There is a need for MEMS-based microchannel sniffers as they can be 

portable and cost-efficient, along with the potential to be used on the field. In conclusion, 

MEMS-based microchannel sniffers that work on the thermal pump have not been explored 

previously and have high potential to serve as novel sniffers for electronic nose systems.  
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CHAPTER 3 

MECHANISM OF OPERATION OF THERMAL TRASNPIRATION EFFECT IN 

MICROCHANNEL 

3.1 Introduction  

MEMS microchannel is a candidate technology for gas transport in devices such as 

micro-heat exchanges, air separation units, lab on chip [78]. In this work, the characteristics 

of gas flow and heat transfer in a microchannel need to be studied in order to properly 

design the device that allows the passage of a controlled volume of fluid over a sensor. 

Since the dimensions of the channel are in few tens to hundreds of micrometres, the term 

“microchannel” has become an accepted classifier for engineering which is associated with 

processes at this scale [30]. However, as the channel size becomes smaller, the gas flow in 

a channel will transform from no-slip to slip at the walls which has to be analysed. The 

fluid flow in a channel with smaller diameter may be subjected to a deviation from 

continuum assumption of gas flows, influence of external forces such as electrokinetic 

force, pressure force, gravitational force and uncertainty of the empirical factors including 

entrance and exit loss of coefficient for fluid. Hence, the theories and assumptions 

predicted in a conventional channel for gas flow and heat transfer will not be adequate for 

the microchannel [79]. 

In order to model the gas flow in a MEMS microchannel, it is required to consider 

the change in the gas density. The effects of change in gas density are generally referred to 

as rarefaction and compressibility effects. They are quantified in terms of non-dimensional 

parameters, Knudsen number (Kn) and Mach number (Ma) [80]. Thermal transpiration is 

a rarefaction effect which triggers the gas flow by the tangential temperature gradient along 

the channel surface. The factors that cause the thermal transpiration phenomenon are 

rarefaction effects, the compressibility of the fluid, velocity slip and heat transfer in the 

walls, and the gas's nature [81]. Chapter 3 discuss about the gas flow in the microchannel 

and heat transfer in the microchannel. 
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3.2 Heat Source Operating Conditions  

The microheater is assumed to be placed at the outlet of the microchannel. It placed 

in such a way that a uniform temperature is generated to the entire outlet of the 

microchannel. The heater is designed to operate at a maximum temperature of 70℃. The 

initial time taken by the microheater to reach maximum temperature of 70℃ is neglected 

because the sensor is assumed to be turned off. The sensor is turned on when the 

temperature of the microheater is 70℃. The maximum temperature of 70℃ is selected 

because it is considered as the feasible temperature of the microheater. 

3.3 Basic Principle and Mechanism of Operation 

 The gas flow in a microchannel depends on the properties of the gas such as the 

molecular spacing between the gas molecules, the molecular diameter of the gas molecules, 

the mean free path of the gas molecules, the compressibility of the fluid and the wall effects. 

3.3.1 Microchannel Design and Principle 

Microchannels are usually made of materials with low thermal resistance in order to 

enhance the heat removing properties of the fluid. Their design also considers nature of the 

fluid [82], which in this work is air. Therefore, the microchannel should be designed such 

that it falls within the slip flow regime which is in the range of 0.001<Kn<0.1 because the 

rarefaction effect that causes Thermal transpiration flow becomes significant. In order to 

design the microchannel to fall under slip flow regime the parameters to be considered are 

the thermal conductivity of the material, thickness of the microchannel, the molecular 

diameter and spacing of the gas molecules at room temperature. In modelling a gas flow in 

MEMS microchannel, the continuum model and assumptions of thermodynamic 

equilibrium start to breakdown as the size of the channel is decreased. 

3.3.2 General Properties of Gas Flow 

For a diluted gas, the intermolecular interaction is binary collision where the 

molecules collide with another molecules. However, for a dense gas the rarefaction effect 

is compromised [83]. When the ratio of molecular spacing and diameter of the fluid is less 

than 1 then the fluid is said to be dilute. For a rarefied gas flow, since the gas density is 
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low, the mean free path can increase up to or even higher than the macroscopic scale length 

of the channel, and the mean molecular spacing becomes larger than the molecular 

diameter 𝛿>>d [84]. In order to determine whether the fluid is dense or dilute, the mean 

molecular spacing (𝛿) of the fluid (air) and the diameter of the gas molecules has to be 

considered such that the condition in equation 3.1 is satisfied [84], 

 
𝑑

δ
≪ 1  (3.1) 

where d is the diameter of the gas molecule and 𝛿 is the molecular spacing between the gas 

molecules.  

The number density is an intensive quantity that describes the degree of 

concentration of countable molecules present in a chosen volume which is shown in Figure 

3.1. The arrow near gas molecules represents the direction in which it is moving. The unit 

of number density is m-3. The gas molecules comprises of single gas species with same 

structured molecules. The number density is given by the equation 3.2. 

 𝑛 = δ−3  (3.2) 

Thus, the mean free path depends on the diameter of the gas molecules and the number 

density. Mean free path (𝜆) is the average distance travelled by the molecules between two 

successive collisions and it is given by the equation 3.3,  

 

 

𝜆 =
1

√2𝜋𝑛𝑣𝑑2
 

 

(3.3) 

where 𝜆 is the mean free path, 𝑛𝑣 is the number density and d is the molecular diameter of 

the gas molecules. The number density can be calculated using the Avogadro’s number 

(𝑁𝐴) and Ideal gas law. The equation 3.3 can be re-written as given by the equation 3.5, 

 

 
𝑛𝑣 =

𝑛𝑁𝐴

𝑅𝑇
𝑃⁄

 (3.4) 

where n is number of moles 
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𝜆 =
R ∗ T

√2𝜋NA𝑑2
 

 

(3.5) 

where R = universal gas constant = 8.3145 J/mol K, NA = Avogadro's number = 6.0221 

×1023 /mol. 

For air in standard condition (STP) that is at a temperature of 273.15 K and pressure of 

P=1.013×05 Pa, the molecular diameter (d) is 0.37 nm, molecular spacing (δ) is 3.3 nm, the 

density number is 2.7×1025 m-3, and the mean free path is 65 nm [84]. The characteristic 

length of the control volume should be greater than the mean free path of the air so that the 

flow of the gas molecule can be modelled by continuum approach.  

 

 

 

 

 

 

 

             Figure 3.1 Mean free path, diameter, molecular spacing of gas molecules in a chosen volume 

3.3.3 Microchannel Design and Material 

The investigation of microchannel design and principle presented in the section 3.3.2 

indicates that besides Kn, there are other influencing parameters such as the material of the 

microchannel and the temperature of the heat source that have to be considered while 

modelling the gas flow. However, in order to precisely differentiate the gas flow regimes 

the Kn classification is used [85]. For a microchannel the Kn should fall in the range of 

0.001 < Kn < 0.1 in order to trigger the thermal transpiration effect. In this work, two 

microchannels are investigated with cylindrical and rectangular geometries in order to 
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understand the influence of the geometry in the flow of air by thermal transpiration effect. 

The dimension of the cylindrical and rectangular microchannels are designed to be 60 μm 

in hydraulic diameter and 1 cm in length with 10 μm thickness. The temperature is set to 

maximum of 70℃ because it is considered as the maximum feasible temperature of the 

microheater. The dimension is designed to remain within the slip flow regime and 

discussed in chapter 4. The microchannels are commonly made of silicon as it is the cost 

effective and widely used MEMS substrate that allows micromachining. Apart from 

silicon, in this work, pyrex is also considered which is another candidate material in 

micromachining. These materials have low thermal conductivity and high thermal 

difference. The thermal conductivities of the materials investigated in this work are listed 

in Table 3.1 [86]–[88]. 

Table 3.1 Materials and Thermal Conductivity 

Material Thermal conductivity  

at room temperature W/m.K 

Silicon 130 

Pyrex 1.143 

 

3.3.4 Wall Effects in The Microchannel  

Microchannel inner walls play a crucial role in determining the gas flow. In order 

to understand the heat transfer, it is necessary to investigate the velocity and temperature 

of the gas in the designed microchannel. The wall-adjacent layer effects are incorporated 

into the continuum-based mathematical model by imposing values of the variable viscosity 

along the microchannel walls and thermal conductivity of the material close to the channel 

walls, for solving the momentum and energy conservation equations [89], [90]. The 

velocity slip and the temperature jump occur when the momentum and energy is transferred 

between the colliding gas molecules impinging on the surface of inner walls. Increasing 

surface roughness increases the heat transfer performance, however it introduces flow 

resistance, which makes the friction coefficient rise sharply. As a result, surface roughness 

has a great influence on the flow and heat transfer performance. Hence, to model a gas flow 

in a microchannel within a slip flow regime to trigger the thermal transpiration effect, the 
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slip boundary conditions have to be taken into account which will be discussed in section 

3.7.  

3.3.5 Compressibility Effect in The Fluid  

The term compressibility means the pressure or temperature changes due to a flow 

which is large enough to cause significant density change. The Mach number is used to 

measure the flow compressibility of the fluid. Mach number is defined as the ratio of the 

velocity of the fluid to the speed of sound in the fluid [91]. 

 

𝑀𝑎 =
𝑢

𝑐
 

 

(3.6) 

where u is the velocity of the fluid and c is the speed of the sound in the fluid. 

If the Mach number is less than 0.3, then the flow is said to be incompressible. If 

the Mach number is greater than 0.3, the flow is said to be compressible. Gases are 

generally considered as compressible while liquids are considered as incompressible. A 

gas flow in a microchannel by thermal transpiration effect happens when air creeps from a 

cold side to a hotter side due to the temperature gradient. The velocity of air and the 

Reynolds number (refer to section 4.4) defines that the flow is stokes flow. The velocity is 

in the range of mm/s. Hence, the density and pressure on air inside the microchannel does 

not change significantly because of the meagre volume of air. Thus, the air flow is 

considered as incompressible [92], [93]. 

3.4 Fluid Flow Analysis Using Navier Stokes Equation  

Navier-Stokes equation can determine the velocity of the fluid flow in ducts, pipes, 

and channels. It is derived from Newton’s second law of motion. The Navier-Stokes 

equations can be derived from conservation of momentum and continuity equations applied 

to properties of fluids. The Navier-Stokes equations are represented in the form of equation 

of states which are associated with the pressure, temperature, and density of the fluid [94]–

[97]. 
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Newton’s second law of motion states that the force acting on the body is directly 

proportional to the mass of the body and acceleration of the body. 

 

 

𝐹⃗=m𝑎⃗ 

 

 

(3.7) 

The acceleration term in the equation 3.7 is the time derivative of velocity. Hence, equation 

3.7 can be written as equation 3.8. 

 ∑ 𝐹⃗ = 𝑚 
𝑑𝑢⃗⃗

𝑑𝑡
 (3.8) 

The term mass in the equation 3.8 refers to the total mass entering and leaving the system 

in a controlled volume which means the mass is conserved and it can be represented as 

mass per unit volume, which is the density (𝜌) of the fluid. Hence, equation 3.8 can be re-

written as equation 3.9. 

 ∑ 𝐹⃗ = ρ 
𝑑𝑢⃗⃗

𝑑𝑡
 (3.9) 

The velocity is the change in acceleration with time. In fluid, there are two types of 

accelerations: a temporal acceleration and a convective acceleration. A temporal 

acceleration is the rate of change of velocity per time at a given point. The convective 

acceleration is the rate of change of velocity due to change in position of the fluid particles 

in a fluid flow. Hence, the mass and acceleration term are written as equation 3.10. 

 ∑ 𝐹⃗ = ρ (
𝜕𝑢⃗⃗

𝜕𝑡
+ u⃗⃗. ∇𝑢⃗⃗ ) (3.10) 

where ρ is the density of the fluid, u⃗⃗. ∇𝑢⃗⃗ is the of the convective acceleration of the fluid, 

𝜕𝑢⃗⃗⃗

𝜕𝑡
 is the temporal acceleration of the fluid and ∇ is the nabla operator or divergence which 

is a vector quantity. 
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The force acting on the fluid in a controlled volume is given in equation 3.1. When a fluid 

flows through a confined geometry it exhibits viscous force due to shear stress at the fluid 

and solid boundary and the pressure force acting on the fluid. 

Force = Surface force + body force 

The surface force is the pressure force and viscous force acting on the fluid and the body 

force is the external forces such as gravitational force, and electrokinetic force, 

 ∑ 𝐹⃗ = −∇p + ∇. τ (3.11) 

where ∇p  is the pressure force acting on the fluid and the negative sign denotes 

compression. ∇. τ is the viscous force acting on the fluid. 

The viscous force is represented by stress tensor which has nine components, defined as 

𝜏(𝑥, 𝑦, 𝑧) in the cartesian plane shown in Figure 3.2. The viscous force acting within the 

fluid and it is given by Newton’s law of viscosity. The shear stress between the fluid layers 

is proportional to velocity gradient of the fluid, given by the equation 3.12, 

 𝜏𝑥𝑦 = 𝜇(
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
) (3.12) 

where 𝜏 is the shear stress, 𝜇 is the viscosity of the fluid, 
𝜕𝑢

𝜕𝑦
 and 

𝜕𝑣

𝜕𝑥
 are the velocity gradient 

of the fluid. 

 

 

 

 

 

 

Figure 3.2 The nine components of tensor 
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On applying the equation 3.12 on 3.10 and by implying constitutive relation between shear 

stress of the fluid flow and shear rate of the fluid under stress (Newton’s Law of Viscosity) 

equation 3.13 is given by 

 ∑ 𝐹⃗ = −∇p + ∇. (μ∇v⃗⃗). (3.13) 

The equation 3.13 can be re-written as 

 ∑ 𝐹⃗ = −∇p + (μ∇2v⃗⃗). (3.14) 

Thus, from equation 3.10 and 3.14 we obtain the volumetric forces acting on the fluid in a 

closed volume. The momentum equation is represented as, 

 ρ (
𝜕𝑢⃗⃗

𝜕𝑡
+ u⃗⃗. ∇𝑢⃗⃗ ) = −∇p + (μ∇2v⃗⃗) + F⃗⃗ (3.15) 

where F⃗⃗ is the external force acting on the fluid. 

Equation 3.15 has three variables for velocity (x,y,z) and one variable for variable for 

pressure [97]. In order to solve the equation mathematically continuity equation is used 

which is given by equation 3.16. 

 (∇. u⃗⃗) = 0                  (3.16) 

In order to solve the Navier-Stokes equation in a microchannel, velocity slip and 

temperature jump boundary conditions are used. From 3.15 the velocity of the fluid at a 

particular point can be solved. However, in a rarefied gas flow, there is a tangential 

temperature gradient which induces the gas flow by a phenomenon called thermal 

transpiration. The convective heat transfer from the solid boundary to the liquid boundary 

is solved using energy equation described in the section 3.5. 

3.5 Temperature Distribution in Microchannel Using Energy Equation  

The Energy equation denotes the conservation of energy in a fluid flowing in a 

confined geometry. The energy equation is derived from first law of thermodynamics. 

According to the first law of thermodynamics the internal energy of a closed system is 
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equal to the amount of heat supplied to the system minus work done by the system [98] 

given by equation. 3.17. 

(
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 

𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑠𝑖𝑑𝑒 𝑎 𝑓𝑙𝑢𝑖𝑑 
) = (

𝑁𝑒𝑡 𝑓𝑙𝑢𝑥 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛 
𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

) − (
𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑏𝑦 

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑏𝑜𝑑𝑦 𝑓𝑜𝑟𝑐𝑒𝑠
) 

  

Δ𝑈 = 𝑄 − W 

 

 (3.17) 

The internal energy equation is written as in terms of scalar transport equation because the 

fluid is being moved due to temperature gradient. The transport equation is also called as 

convection-diffusion equation. So, the equation is written as equation 3.18 [98], 

 𝜕(𝜌𝑒)

𝜕𝑡
+ ∇. (𝜌𝑈𝑒) = −∇. 𝑞 + 𝑆𝑒 

                 (3.18) 

where 
𝜕(𝜌𝑒)

𝜕𝑡
 is the unsteady term characterized as internal energy, ∇. (𝜌𝑈𝑒) is the diffusive 

term, U is the velocity of the particles which is being transported. The velocity term is 

derived from Navier-Stokes equation (3.15), ∇. 𝑞 is the diffusion of the internal energy and 

𝑆𝑒 is the external source of internal energy. 

In order to get the temperature from the internal energy equation. The internal energy (e) 

can be written as equation 3.19,  

 𝑒 = 𝐶𝑝𝑇 (3.19) 

where 𝐶𝑝is the specific heat capacity and T is the temperature field. 

From substituting the equation 3.19 in 3.18 we get 

 
𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
+ ∇. (𝜌𝑈𝐶𝑝𝑇) = −∇. 𝑞 + 𝑆𝑒 (3.20) 

By applying Fourier’s law, we know that the heat flux is proportional to the negative 

gradient of the temperature field. The negative sign denotes the temperature from hot to 

cold. It is given as equation 3.21, 
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 𝑞 = −𝐾∇𝑇 (3.21) 

where K is the coefficient of thermal conductivity of the material and ∇𝑇 is the temperature 

gradient. 

Now, by substituting the equation 3.21 in 3.20 we get, 

 
𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
+ ∇. (𝜌𝑈𝐶𝑝𝑇) = ∇. (𝐾∇𝑇) + 𝑆𝑒 (3.22) 

Equation 3.22 is the temperature equation or the internal energy equation. The unsteady 

term (
𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
) denotes the rate of change of temperature of the moving liquid. The 

convection term (∇. (𝜌𝑈𝐶𝑝𝑇)) denotes the rate of change of velocity of the fluid which is 

derived from the momentum equation or Navier-Stokes equations. The diffusion term 

(∇. (𝐾∇𝑇)) is in the form of conduction as we have the coefficient of thermal conductivity 

(K) of the material.  

3.6 Knudsen Layer Formation in The Microchannel 

The Knudsen layer is a kinetic layer which is formed when a fluid is flowing over 

solid boundary as shown in Figure 3.3 [99]. Even for a small Kn, there is a domain adjacent 

to the wall of the channel in which the gas is out of equilibrium. The domain is considered 

as Knudsen layer which is in the order of mean free path. However, in a continuum flow 

regime the influence of the Knudsen layer is negligible because the mean free path is 

significantly smaller than the hydraulic diameter of the channel. The effect of the Knudsen 

layers must be taken into account in the slip flow regime where the Kn ranges from 

0.001<Kn<0.1 because the number of gas molecules colliding with the wall becomes 

significant. But, in a slip flow regime the thickness of the Knudsen layer is small and can 

be neglected by providing boundary condition which are expressed as velocity slip and 

temperature jump at the walls. This is explained in detail in section 3.7. However, for high 

Knudsen number, that is when Kn >1, the Knudsen layer dominates the flow passage of 

the channel where the intermolecular collision between the gas molecules is negligible and 

the interaction between the walls of the channel and gas molecules becomes significant. 

This happens in the transitional regime and free molecular regime where the Knudsen 

number range is 1 < Kn < 10 and Kn > 10. From Figure 3.3 it is seen that the actual slip 
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velocity is smaller than the slip velocity obtained using Navier-Stokes equations with first 

order slip boundary conditions [99]. Hence, the microchannels in this work are designed 

within the slip flow regime where the Knudsen layer thickness is small when compared 

with free molecular regime. The boundary conditions in section 3.7 are used to solve the 

velocity in the Knudsen Layer. 

 

 

 

 

 

 

 

 

Figure 3.3 Schematic diagram of Knudsen layer (adopted from[99]) 

3.7 Boundary Conditions to Determine The Fluid Flow 

 The formation of Knudsen layer in the microchannel causes the Navier-Stokes 

equation to fail because the equations are valid when the gas molecules collide with another 

gas molecules. In order to solve the fluid velocity in the Knudsen layer, the boundary 

conditions are implemented which is discussed in section 3.7.2 and 3.7.4. 

3.7.1 Introduction to Boundary Conditions 

The flow regimes in a microchannel are classified based on the Kn and hydraulic 

diameter of the channel. The slip flow regime falls under the Kn range of 0.001 < Kn < 

0.1. The boundary conditions are used in a slip flow regime because in the Knudsen layer 

the collision of gas molecules are not adequate to reach the quasi thermodynamic-

equilibrium condition which causes the Navier-Stokes equation fail to explain the gas 

slippage in the walls of the microchannel [100]. The actual velocity within the Knudsen 

layer is smaller than the macroscopic slip velocity derived from the Navier-Stoke solutions 

shown in Figure 3.3. Thus, the first order slip boundary condition which includes Maxwell 

Solid 

boundary 

Knudsen layer 

Bulk Flow 

Actual 

Velocity 

NS 

Equation 
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slip boundary and Smoluchowski temperature jump boundary conditions should be used 

for gas flows within Kn<0.1. When the Kn increases, the higher-order boundary condition 

is required to capture the slip-velocity at the walls. 

3.7.2 Maxwell Velocity Slip Boundary Condition 

Maxwell introduced the first order slip model which assumes that the velocity at the 

wall is equal to the velocity at the mean free path. The velocity at the wall is directly 

proportional to the Kn. The series of experiment conducted by Kundt and Warburg showed 

that the gas slip at the walls occurs in a microchannel when the hydraulic diameter is 

comparable to the mean free path of the intermolecular collision [100]. The slip velocity is 

written as, 

 𝑢𝑠𝑙𝑖𝑝 =  𝑢𝑠 −  𝑢𝑤𝑎𝑙𝑙 =  𝜉
𝑑𝑢𝑠

𝑑𝑛
|

𝑠
 (3.23) 

 

where 𝑢𝑠 is the velocity of the fluid, 𝑢𝑤𝑎𝑙𝑙is the velocity of the at the wall, 𝜉 is the slip 

length also called the coefficient of slip, n is the direction of the flow and s denotes the 

surface variable. 

The aim of Maxwell’s experiment is to derive a condition for the gas molecules 

which comes in contact with the solid boundary. In the slip flow regime, the collision 

between the wall and the gas molecules is considered and the intermolecular collision 

between the gas molecules is almost negligible. Maxwell proposed that for every unit area 

of the wall a fraction of gas molecules is absorbed by the surface due to wall roughness or 

condensation and evaporation process and it is remitted with the velocity corresponding to 

the gas and temperature at the wall whereas other fraction is perfectly emitted at the wall 

as shown in Figure 3.4. Hence a part of the gas molecules experiences specular reflection 

and other part of the gas molecules experience diffusive reflection as shown in Figure 3.4. 

The fraction of the molecules that are absorbed by the wall is given by Tangential 

Momentum Accommodation Coefficient ( 𝜎 ) (TMAC) which is a dimensionless 

coefficient. Thus, the Maxwell slip boundary condition is given as [98], [99] equation 3.24, 
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 𝑢𝑠 − 𝑢𝑤 =
2 − 𝜎𝑣

𝜎𝑣
 
𝜆

𝜇

𝜕𝑢𝑠

𝜕𝑛
|

𝑤

+
3𝜇

4𝜌𝑇

𝜕𝑇

𝜕𝑠
|

𝑤

 (3.24) 

where 𝑢𝑠 is the fluid axial velocity, uw is the surface axial velocity, 𝜎𝑣 is the tangential 

momentum slip coefficient, 𝜆 is the mean free path of the gas molecules and 𝜇  is the 

dynamic viscosity, 𝜌 is the density of the fluid and 
𝜕𝑇

𝜕𝑠
 is the change in temperature with the 

surface of the wall. The first term on the right in equation 3.24 represents the slip due to 

the velocity gradient normal to the surface and the second term in equation 3.24 is due to 

the temperature gradient along the surface, also known as thermal transpiration. 

Thus, the equation 3.24 is used to solve the velocity of the fluid at the solid boundary with 

the initial conditions such as temperature at the wall, viscosity of the fluid and the density 

of the fluid. 

 

 

 

 

 

 

Figure 3.4 (a) Perfect (specular) reflection of a fraction of the molecules; (b) Absorption and diffuse 

reemission of a fraction of the molecules. The circle denotes the gas molecules impinging on the surface 

(adopted from [102]) 

3.7.3 Assumption of Maxwell’s Tangential Momentum Accommodation Co-efficient  

The value of tangential momentum accommodation coefficient TMAC is required 

while prescribing the boundary condition for flow of gases in the slip and transition flow 

regimes. The value of TMAC is dependent on a number of parameters including nature of 

the gas, pressure of the gas, material of the surface, surface cleanliness and roughness, and 
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surface temperature. There are different approaches in measuring the TMAC which are as 

follows, 

1) Oil drop experiment of Millikan [101] 

2) Rotating cylinder method [102], [103] 

3) Spinning rotor gauge method [104] 

4) Molecular beam technique [105] 

5) Flow through microchannels [106], [107] 

6) Direct Simulation Mote Carlo Simulation [108] 

Based on the literature, the TMAC value for diatomic gases like air over a silicon 

and pyrex smooth surface is in the range of 0.87-0.9 [109]–[111]. When 𝜎𝑣 = 1 the gas 

molecules are reflected back from the wall with zero average tangential velocity resulting 

in diffusive reflection. Thus, the TMAC is assumed to be 0.9 resulting in diffusive 

reflection and the surface of the material is assumed to have some roughness surface.  

3.7.4 Smoluchowski Temperature Jump Boundary Condition 

 Temperature jump occurs due to imperfect accommodation of internal energy in 

the gas-solid boundary which is analogous with gaseous slip. The temperature jump theory 

was developed by Smoluchowski which is developed from Maxwell slip velocity [112] . 

The distance of the temperature jump is proportional to the pressure of the fluid and it is 

equivalent to the mean free path of gas molecules. Thus, like Maxwell’s slip velocity, the 

thermal accommodation coefficient (𝜎𝑡) represents the fraction of gas molecules which are 

reflected and re-emitted and possess the same amount of heat energy that of the wall. It can 

be expressed as [113] given in equation 3.25, 

 𝐸𝑖 − 𝐸𝑟 =  𝜎𝑡(𝐸𝑖 − 𝐸𝑤) (3.25) 

 

where 𝐸𝑖 is the total energy of the incident molecules, 𝐸𝑟is the total energy reflected and 

re-emitted molecules, 𝜎𝑡 is the thermal accommodation co-efficient, 𝐸𝑤 is the energy of 

gas molecules emitted at wall temperature. 
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The temperature jump occurs in a thermal transpiration flow. Since the rarefied gas flow 

which is triggered by the tangential temperature variations along the surface, the 

momentum and energy equations are coupled through the Thermal transpiration effects. 

Thus, at the wall the gas experiences a slip velocity and temperature jump that makes the 

gas move from cold to hot region which also results in pressure variation subjected to a 

tangential temperature gradient. 

The incident and reflected energy is represented as temperature, which is given by equation 

3.26 [98], 

 
𝐸𝑖 − 𝐸𝑤 =

𝑘

2

𝜕𝑇

𝜕𝑛
+

𝐶𝑣𝑝(1 + 𝛾)

2√2𝜋𝑅𝑇
(𝑇𝑜 − 𝑇𝑔) 

 

(3.26) 

 𝐸𝑖 − 𝐸𝑟 = 𝑘
𝜕𝑇

𝜕𝑛
 (3.27) 

where k is the thermal conductivity of the material, 𝐶𝑣 specific heat per unit volume, p is 

the pressure of the fluid, 𝛾 is the ratio of specific heat, R is the gas constant, T is the 

absolute temperature, 
𝜕𝑇

𝜕𝑛
 is the change in temperature at the surface of the solid and liquid 

boundary, 𝑇𝑜 is the temperature at the wall surface and Tg is the temperature of the gas. 

On rearranging the equations 3.26 and 3.27, the temperature jump is represented as [98], 

 𝑇𝑜 − 𝑇𝑔 =
2 − 𝜎𝑡

𝜎𝑡

2𝛾

1 + 𝛾
 

𝑘𝜆

𝜇𝐶𝑝

𝜕𝑇

𝜕𝑛
 (3.28) 

where 𝐶𝑝is the specific heat capacity at the constant pressure, 𝜇 is the viscosity of the fluid.

 The boundary conditions derived in equation (3.24) and (3.28) are applied in the 

Navier-Stokes equations. The Navier-Stokes equations fails in the Knudsen layer because 

of the absence of intermolecular collision of the gas molecules. The collision occurs 

between the gas molecules and the solid boundary. Hence, momentum and energy are 

exchanged between the gas molecules and the solid boundary. This leads to formation of a 

layer called Knudsen layer which is the thickness of mean free path of the gas molecules. 

In slip flow regime (0.001<Kn<0.1), the flow in the Knudsen layer cannot be analysed as 
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continuum. Hence, the (3.20) and (3.24) boundary conditions are used to solve the velocity 

at the Knudsen layer. 

3.8 Conclusion and Summary 

In this chapter the properties of gas flow, basic physics involved in the gas flow 

and design of the microchannel are studied. The derivation of the governing equations, 

Navier-Stokes and Energy equation provide the understanding on the velocity, the direction 

of the fluid flow and heat transfer from the walls to the fluid in the microchannel. The slip 

velocity and temperature jump boundary conditions which are used to determine the fluid 

and the heat transfer near the microchannel walls are explained in this chapter. The 

dimensions of the microchannel and the fluid flow and heat transfer are discussed, but they 

need to be analysed for optimising the microchannel such that the gas flow passage of the 

microchannel falls within the slip flow regime. These are discussed in chapter 4.  

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

CHAPTER 4 

CRITICAL DESIGN PARAMETERS AND AIR FLOW ANALYSIS IN THE 

PROPOSED MICROCHANNEL 

4.1 Introduction 

The nature of the gas such as the molecular weight, molecular diameter (d), the 

molecular spacing between the gas molecules (𝛿), mean free path of the gas molecules (𝜆), 

pressure of the gas molecules and temperature characterises the velocity flow rate due to 

rarefaction effect in the microchannel [114]. Hydraulic diameters ranging from 30-90 µm 

are considered to model a gas flow in cylindrical and rectangular microchannels with in 

the slip flow regime at a temperature of 70℃ as mentioned in section 3.1. The analytical 

modelling can be used to calculate the velocity of the moving fluid in the microchannel by 

using the momentum equations. However, to couple the Energy equation and Navier-

Stokes equations along with the boundary conditions, finite element analysis is performed. 

[115]. Thus, this chapter will focus on factors such as critical design parameters including 

the influence of hydraulic diameter of the cylindrical and rectangular microchannel, the 

impact of temperature, the impact of different material, the sniffing time, volume of air 

during the sniffing time and time taken for the channel to cool down at room temperature.  

4.2 Finite Element Analysis of Fluid velocity and Heat Transfer in Microchannel 

 Finite element analysis simulates a predefined physical phenomenon using a 

numerical technique. The finite element analysis technique is used to study the different 

aspects of the design, such as discretization errors, rates of convergence and stability for 

different types of finite element approximation [116]. The flow diagram in Figure 4.1 

shows the methodologies to approach a problem in finite element analysis.  
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 Figure 4.1 Main Stages of Finite Element Analysis [116] 

In the case of microfluidics, where the fluid flow and heat transfer are coupled to solve the 

problem, the nature of the flow is calculated with change in time. So, a time-dependent 

study is performed to investigate the influence of temperature in the fluid velocity. Hence, 

the need to understand the flow as a function of time, the temperature change, which 

impacts the flow along with different material properties and the influence of the geometry 

can be modelled and investigated using the finite element analysis method. 

The finite element analysis is used to calculate the velocity of the fluid which is 

triggered by the applied temperature. The analytical modeling can be used to calculate the 

velocity of the fluid using the slip boundary conditions by applying the Navier-stokes 

equation but in order to couple the heat transfer (energy equation) with the Navier-stokes 

equation, finite element analysis is implied to solve the problem. The temperature applied 

at the outlet of the microchannel causes the fluid to move from cold side to the hot side of 

the microchannel. The microchannel's wall thickness and the impact of the microchannel 

materials (silicon and pyrex) in determining the fluid velocity and temperature distribution 

in the entire microchannel volume are analysed using finite element analysis 

4.2.1 COMSOL Multiphysics 

COMSOL Multiphysics combines multiple physics-based environments by setting 

complex boundary conditions in multi-dimensional forms and build detailed geometrical 

structures for analysis [117]. The design and modelling of microelectromechanical systems 

(MEMS) at small length scales must consider the effects of several physical phenomena in 

their working principle and COMSOL software is ideally suited for MEMS application. 

The microfluidics module in COMSOL Multiphysics is used to model the cylindrical and 
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rectangular geometry of the microchannel with materials such as silicon and pyrex. With 

the assistance of this comprehensive modelling tool, meshes can be built. The tool has a 

wide range of studies and options of post-processing the results with high precession. 

The fluid flow in the microchannel is trigged by the thermal transpiration effect. For 

this reason, the Slip Flow interface involves the heat flow equations and the Navier-Stokes 

equation [118],[119]. In the microchannel, the slip flow rate is inversely proportional to 

the channel dimension [120].  

4.2.2 Meshing Characteristics of The Microchannel 

In COMSOL Multiphysics, after modelling the geometry, the next important step is 

to mesh the modelled geometry. Meshing is performed after assigning the physics to the 

respective geometry and adding the boundary conditions with appropriate loads (such as 

temperature, thermal insulation and slip wall) and constraints (such as open boundary, 

close boundary, inflow, and outflow condition). The meshing plays a significant role in 

how the geometry with boundary conditions is going to be solved. The mesh determines 

the number of elements and element-types (such as triangular, tetrahedral, and 

quadrilateral) that the geometry is divided, the size of each element, and the density of the 

elements. These factors determine the geometry's computation time, the space required for 

the model to be solved. The mesh can be divided into two types based on the sequence. 

They are physics-controlled and user-controlled mesh. The physics-controlled meshes are 

set with pre-defined meshing qualities such as extremely fine, extra-fine, finer, fine, 

normal, coarse, coarser, and extra coarser. The microchannel has a thickness of 10 μm 

which causes the element size of the triangular finer mesh greater than the domain of the 

microchannel as shown in Figure 4.2. Thus, mesh warnings are generated shown in Figure 

4.2, and it is time consuming because of the element size and density. Thus, in order to get 

the results in the best possible minimal time, the user-controlled meshing characteristics of 

the COMSOL is conducted on the basic geometry of the cylindrical and rectangular 

microchannel. 
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Figure 4.2 Finer meshing sequence of (a) cylindrical and (b) rectangular microchannel 

The customised mesh is used to generate detailed meshing in the specific domain 

in the geometry where the fluid flow needs to be computed and generate a coarser mesh in 

the rest of the domain to reduce the number of elements while meshing. Since the 

microchannel does not have any deforming domain, the swept mesh is used to specify the 

distribution of the elements and specify a distribution sub-feature to the non-uniform 

element size in the thickness and the length of the microchannel [121]. Since the 

microchannel cross-section is uniform, the swept mesh is used to sweep from the inlet, 

which is the microchannel's source face, to the outlet, which is the destination face, by 

covering the entire domain of the microchannel as shown in Figure 4.3 [122]. 

 

 

Mesh warning indicating that 

element size is greater than 

domain 

(a) 

Mesh warning indicating that 

element size is greater than 

domain 

(b) 
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Figure 4.3 Swept meshing sequence of (a) cylindrical and (b) rectangular microchannel 

The number of elements in the physics-controlled finer mesh is 2,975,245 whereas 

the number of elements in the user-controlled swept mesh is 104,000. Thus, the number of 

elements and computation time are reduced when compared with physics-controlled mesh. 

The parameters of the cylindrical and rectangular microchannel for mesh analysis are set 

in below Table 4.1 and 4.2. 

Table 4.1 Dimension of the Cylindrical Microchannel for mesh analysis 

Parameters Value Unit 

Length of the microchannel 1 cm 

Hydraulic Diameter of 

microchannel 60 μm 

Thickness of the wall 10 μm 

Swept mesh from the inlet to 

the outlet of the microchannel 

Swept mesh from the inlet to the outlet 

of the microchannel 

(a) 

(b) 
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Table 4.2 Dimension of the Rectangular Microchannel for mesh analysis 

Parameters Value Unit 

Length of the microchannel 1 cm 

Hydraulic Diameter of 

microchannel 

60 μm 

Width of the microchannel 72 μm 

Breadth of the microchannel 52 μm 

Thickness of the wall 10 μm 

 

4.3 Analysis of Boundary Conditions in The Microchannel 

The boundary conditions are constraints given to model a fluid flow and heat transfer 

within the domain geometry. A boundary condition is set based on how the momentum and 

energy equation is solved which serves as the purpose of the simulation. By varying the 

boundary condition, the simulation results changes. The boundary conditions for the 

cylindrical and rectangular microchannel is shown in Figure 4.4. 

 

 

 

 

 

 

 

 

 

 

Inlet, Open boundary, Room 
temperature 25℃  

Slip wall  

Outlet, Temperature of 70℃  

(a) 
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Figure 4.4 The boundary conditions of the (a) Cylindrical and (b)Rectangular Microchannel 

 

4.3.1 Open Boundary in The Microchannel 

The open boundary conditions depict the boundaries in the geometry, which are in 

contact with the large fluid volume. In an open boundary condition, the fluid can enter and 

exit the domain on the boundaries. The microchannels inlet as shown in Figure 4.4 are open 

boundary because it is exposed to an open environment to collect the sample. Hence, an 

open boundary is provided at the inlet.  

4.3.2 Outlet in The Microchannel 

 The outlet boundary condition is used on boundaries where there is a net outflow 

from the domain. Unlike an open boundary, the outlet boundary condition will only allow 

the fluid to exit the domain and not enter the domain. The microheater is placed at the outlet 

of the microchannel (refer to section 3.2). The outlet of the microchannel is assumed to be 

connected with another chamber which comprises of an array of sensor. The air which is 

sniffed inside the channel is passed through the outlet and is delivered to the sensors which 

is positioned inside the chamber. The outlet boundary condition ensures that the air is 

delivered to the sensors in the chamber, and it is not allowed to enter the microchannel 

from the chamber. 

Inlet, Open boundary, Room temperature 25℃  

Outlet, Temperature of 

70℃  

Slip wall  

(b) 
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4.3.3 Temperature Distribution on The Microchannel 

The temperature of 70℃ is given at the outlet domain. The heater is assumed to be 

placed at the microchannel outlet, and it provides uniform heating all over the outlet 

boundary. A time-dependent study is performed, and the heater is assumed to generate 

maximum of 70℃ at time t = 0 s (refer to section 3.2). Thus, a uniform temperature is 

maintained at the outlet, and the temperature is distributed from the outlet to the 

microchannel’s inlet. The temperature is maintained throughout the microchannel's surface 

and volume. The energy equation (refer section 3.5) is solved based on the input 

temperature (70℃). A 3-D analysis is made as shown in Figure 4.5 to validate the heat 

flow with the function of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 3-D Analysis of the temperature distribution in (a) Cylindrical (b) Rectangular microchannel 

Temperature of 70℃ at the outlet 

Inlet 

(a) 

Temperature of 70℃ at the outlet 

Inlet 

(b)

) 
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4.3.4 Slip Walls on The Microchannel 

In the microchannel boundary layer, the inner walls are given slip boundary 

conditions as shown in Figure 4.4. Maxwell's slip boundary condition and Von 

Smoluchowski temperature jump boundary conditions are applied at the microchannel's 

inner walls (refer to section 3.7.2 and 3.7.3). The boundary conditions solve the velocity 

and temperature jump of air in the Knudsen layer. In Maxwell's slip model, the TMAC (𝜎𝑣) 

determines whether the gas molecules exhibit a diffusive reflection or specular reflection 

when they come in contact with the microchannel's inner wall. In COMSOL Multiphysics, 

TMAC is 0.9 by default which depicts the diffusive reflection. The TMAC value ranges 

from 0 to 1. It depends on the fluid and the material of the microchannel. For silicon and 

pyrex material the TMAC of air ranges from 0.87 to 0.9 (refer to section 3.7.3). When 𝜎𝑣 =

0 there is no momentum exchange between the fluid and microchannel’s wall as a result 

the flow becomes inviscid and the viscous stress zero. Thus, resulting in specular reflection 

of the air molecules. When 𝜎𝑣 = 1 the gas molecules are reflected back from the wall with 

zero average tangential velocity resulting in diffusive reflection. In diffusive reflection the 

momentum is exchanged between the gas molecules and the microchannel’s wall [123]. 

Diffusive reflection is more likely to occur on a rough surface. The thermal accommodation 

coefficient is the energy that the gas molecules possess when they incident or reflect from 

the wall surface per unit time. The tangential momentum accommodation coefficient and 

thermal accommodation coefficient depend on the gas molecules, the surface roughness of 

the microchannel's inner walls, local pressure, and the gas flow direction [124].  

4.4 Reynolds Number in Microchannel 

Reynolds number is a dimensionless number that is used to categorise the nature of 

the flow. The Reynolds number defines the fluid system in which the fluid's velocity is 

controlled with the effect of the fluid's viscosity. Based on the Reynolds number, the flow 

is categorised as laminar, transition and turbulent flow, shown in Table 4.3. Reynolds 

number is the ratio of inertial forces to the viscous force that is exhibited in the fluid. The 

nature of the flow is proportional to the velocity and characteristic length of the 

microchannel. It is given by [125], 
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 𝑅𝑒 =
𝜌𝑈𝐿

𝜇
 (4.1) 

where, 𝜌 is the density of the fluid, U is the velocity of the fluid, L is the characteristic 

length and 𝜇 is the viscosity of the fluid. 

Table 4.3 Classification of Flow based on Reynolds Number [125] 

Reynolds Number Nature of the Flow 

Re<1 Stokes Flow 

Re= 1 to 2300 Laminar Flow 

Re=2300 to 4000 Transitional Flow 

Re >4000 Turbulent Flow 

 

In the microchannel, the fluid velocity is very slow, and the microchannel 

dimension is in the range of 𝜇m. The velocity of the air reduces with increase in time. The 

maximum velocity of the cylindrical microchannel modelled using pyrex is 0.294 mm/s at 

t = 0 s and the velocity of the rectangular microchannel modelled using pyrex is 0.297 

mm/s at t = 0 s. The Reynolds number is calculated in COMSOL Multiphysics for 

rectangular and cylindrical microchannel modelled using pyrex material. Figure 4.6 depicts 

that the Reynolds number is less than 1. When the Reynolds number is less than 1, the flow 

is categorised as stokes or creeping flow [126]. In stokes flow, the viscous force dominates 

the inertial force because the fluid's velocity is streamlined. Thus, the inertia term in the 

Navier Stokes equation is neglected when dealing with stokes flow.  

 

 

 

 

 

 

(a) 
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Figure 4.6 COMSOL simulation to indicate Reynolds number less than 1 for (a) Cylindrical Microchannel 

(b) Rectangular Microchannel 

The Knudsen number can be related to the Mach number and Reynolds number. The 

relation is given by, 

 𝐾𝑛 =
𝑀𝑎

𝑅𝑒
√

𝛾𝜋

2
 (4.2) 

where, Ma is the Mach number, Re is the Reynolds number and 𝛾 is the ratio of specific 

heat. The Knudsen number can also be calculated using the equation (4.2). 

4.5 Investigation of Knudsen Number in The Microchannel 

In order to analyse the slip flow regime of air for a temperature of 70°C in the 

microchannel, hydraulic diameter of 30-90 µm dimensions were modelled to study the Kn 

of the air molecules. The hydraulic diameters of 30-90 µm based on Table 2.1 in section 

2.2. The Kn is investigated based on the hydraulic diameter and the heat source at the 

microchannel’s outlet (maximum of 70°C) for the wall thickness of 10 µm. The mean free 

path for the investigated dimensions is 0.0769 µm for analytical calculation and 0.079 µm 

in COMSOL results. The analytical values do not vary significantly with COMSOL values. 

The Kn varies with the dimensions.  

Figure 4.7 shows that the Kn increases with a decrease in the microchannel 

dimension for a temperature of 70°C because the Kn is directly proportional to the mean 

free path and inversely proportional to the hydraulic diameter. The Kn is 0.0026 for the 

(b) 
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hydraulic diameter of 30 µm and 0.0009 for the hydraulic diameter of 90 µm. The Kn for 

the microchannel of hydraulic diameter of 60 µm and 70 µm are 0.0013 and 0.0011. The 

hydraulic diameter of 70 µm falls exactly on the slip flow regime of Kn = 0.0011. Hence, 

the hydraulic diameter of 60 µm is chosen because it falls with in the slip flow regime. 

 

 

 

 

 

 

 

 

Figure 4.7 Comparing the Knudsen Number for 60 µm Cylindrical Microchannel with COMSOL 

calculation and Analytical calculation 

4.6 Investigation of Velocity in The Microchannel 

 The velocity of air in the silicon and pyrex microchannel of hydraulic diameter 60 

µm is analysed with the wall thickness of 10 µm, 20 µm and 30 µm for cylindrical and 

rectangular geometry. The impact in the velocity due to change in wall thickness is 

analysed to understand the influence of temperature (70℃) (refer section 3.2) in the wall 

thickness. Table 4.4 and Figure 4.8 depict that the influence of wall thickness, material 

selection and geometry does not influence the velocity of air in the microchannel. 

 Silicon and pyrex material are chosen because of their thermal conductivity (refer 

to section 3.33) and simplifying the micromachining process. From Figure 4.8.c and 4.8.d 

the sniffing in time (which is the duration of the thermal transpiration effect) for the 

microchannel modelled using pyrex is about 300 seconds. The sniffing in time for the 
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microchannel modelled using silicon is 7 seconds as shown in Figure 4.8.a and 4.8.b. Thus, 

from the analysis the thickness of the microchannel does not influence the velocity of air 

and the sniffing time for the cylindrical and rectangular microchannel modelled using 

pyrex is significantly longer than silicon. However, the material does not influence the 

velocity of the air. The velocity of air decreases with decrease in temperature difference 

from the outlet to the inlet of the microchannel. 

Table 4.4 Maximum Velocity of air in the cylindrical and rectangular microchannel modelled using silicon 

and pyrex 

 

 

 

 

 

 

 

 

 

 

 

 

Thickness of 

the  

microchannel 

Maximum Air 

Velocity of Silicon 

Cylindrical  

Microchannel 

Maximum Air 

Velocity of Silicon 

Rectangular 

 Microchannel 

Maximum Air 

Velocity of 

Pyrex 

Cylindrical  

Microchannel 

Maximum 

Air Velocity 

of Pyrex 

Rectangular 

Microchannel 

10μm 0.32315 0.35435 0.29469 0.29732 

20μm 0.2964 0.33113 0.29469 0.29372 

30μm 0.30992 0.31547 0.28634 0.29322 

(a) (b) 
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 Figure 4.8 Comparing the velocity of a cylindrical and rectangular microchannel of hydraulic diameter 60 

µm with varying thickness of 10 µm, 20 µm and 30 µm at 70°C modelled using (a) silicon-cylindrical, (b) 

silicon-rectangular, (c) pyrex-cylindrical and (d) pyrex-rectangular. 

4.7 Investigation of Temperature Distribution in The Microchannel 

A maximum temperature of 70℃ outlet of the cylindrical and rectangular 

microchannel modelled using silicon and pyrex of thickness 10 µm, 20 µm, and 30 µm. 

The analysis is made to understand the ability to endure the microchannel's temperature 

difference for both cylindrical and rectangular geometries modelled using silicon and 

pyrex.  

 From Figure 4.9.a and 4.9.b, the time taken to reach the temperature of 70°C from 

the microchannel’s outlet to inlet is given in Table 4.5 for cylindrical and rectangular 

geometries modelled using silicon.  

 

 

 

 

(c) (d) 



59 

 

Table 4.5 Time taken to reach 70℃ from the outlet to inlet for cylindrical and rectangular microchannel 

modelled using silicon material. 

 

 

 

From Figure 4.9.c and 4.9.d, the time taken to reach the temperature of 70°C from 

the microchannel’s outlet to inlet is given in Table 4.6 for cylindrical and rectangular 

geometries modelled using pyrex.  

Table 4.6 Time taken to reach 70℃ from the outlet to inlet for cylindrical and rectangular microchannel 

modelled using pyrex material. 

 

 

 

 

Figure 4.9.a and 4.9.b depicts the temperature difference from the outlet to inlet of 

the cylindrical and rectangular microchannel modelled using silicon. Figure 4.9.c and 4.9.d 

depicts the temperature difference from the outlet to inlet of the cylindrical and rectangular 

microchannel modelled using pyrex. The temperature difference decreases with increasing 

time which shows that the heat's direction is from the outlet to the inlet. From the analysis, 

the microchannel's thickness and geometry do not have a significant influence in 

determining the heat flow in the microchannel. The temperature is given from the outlet to 

the volume of the microchannel. The time taken for the temperature to reach 70°C at the 

microchannel inlet is greater for pyrex than silicon. Hence, pyrex material is chosen as the 

candidate choice and rectangular geometry is selected to simplify the fabrication steps. 

 

 

 

Thickness of the  

microchannel 

Microchannel modelled using silicon 

Cylindrical Rectangular 

10μm 9.5 s  7.1 s 

20μm 10.4 s 7.3 s 

30μm 11.6 s 8.2 s 

Thickness of the  

microchannel 
Microchannel modelled using pyrex 

Cylindrical Rectangular 

10μm 278 s 280.9 s  

20μm 298.6 s 300.1 s 

30μm 385.4 s 317 s 
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 Figure 4.9 Comparing the temperature of a cylindrical and rectangular microchannel of hydraulic 

diameter 60 µm with varying thickness of 10 µm, 20 µm and 30 µm at 70°C modelled using (a) silicon-

cylindrical, (b) silicon-rectangular, (c) pyrex-cylindrical and (d) pyrex-rectangular 

4.8 Investigation of Back Flow Velocity of Pyrex Cylindrical and Rectangular 

Microchannel 

When the microchannel’s volume and surface reach 70°C, the air is moved out from 

the outlet to the microchannel inlet, as shown in Figure 4.10.a and 410.b. The time taken 

for the air to move from the outlet to the inlet of the microchannel is called sniffing out 

time. In this section, the air velocity from the outlet to the inlet of the cylindrical and 

(b) 

(d)

) 

(c)

) 

(a) 
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rectangular microchannel of thickness 10 µm is modelled using pyrex material is analysed. 

The air velocity from the outlet of the microchannel to the inlet is called the backflow 

velocity.  

After the threshold time of 280.9 s is reached, the air will be sniffed out from the 

microchannel because of zero temperature difference maintained from the outlet to the inlet 

of the microchannel. The pressure-driven force is triggered which causes the back flow. 

The backflow velocity commences when a temperature of 70°C is transferred from outlet 

to inlet, causing the entire microchannel to be heated to 70°C as shown in Figure 4.10 and 

4.11. 

The following analysis is made for the rectangular and cylindrical microchannel 

modelled using pyrex material because the sniffing time for the pyrex microchannel is 

280.9 s which is higher than the silicon microchannel which has the sniffing time of 7.1 s 

as shown in Table 4.5 and 4.6. From Figure 4.12.a and 4.12.b the velocity of air being 

sniffed out of the microchannel is in the range of 10-4 mm/s and from Figure 4.8 the air 

being sniffed inside the microchannel at time t = 0-1 s is in the range of 0.3 to 0.255 mm/s. 

From the analysis it is evident that the air velocity being sniffed inside the microchannel is 

greater than the air velocity sniffed out from the microchannel. 

 

 

 

 

 

 

 

 Figure 4.10 Air being sniffed into the microchannel at 69.99°C 

 

Microchannel 

outlet, Heat source 

of 70°C 
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 Figure 4.11 Air being sniffed out from the microchannel at 70°C 

 

 

 

 

 

 

 

Figure 4.12 Comparing the backflow velocity of a cylindrical and rectangular microchannel of hydraulic 

diameter 60 µm with varying thickness of 10 µm, 20 µm and 30 µm at 70°C modelled using (a) pyrex-

cylindrical and (b) pyrex-rectangular 

Microchannel 

outlet, Heat source 

of 70°C 

(a) (b) 
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4.9 Velocity and Temperature Analysis of Pyrex Rectangular Microchannel for 

Temperature of 40°C, 50°C and 60°C 

The following analysis is made to understand the impact in the velocity by changing 

the heat source temperature at the outlet to 40°C, 50°C and 60°C. From Figure 4.13.a, the 

time taken to reach temperature of 40°C and 50°C from the outlet to the inlet of the 

microchannel is greater than 500 second. The time taken to reach the temperature of 60°C 

is 304.5 s. Thus, the sniffing time increases when the heat source temperature is reduced. 

From Figure 4.13.b, the air velocity of the microchannel is 0.133 mm/s, 0.172 mm/s 

and 0.233 mm/s for 40°C, 50°C and 60°C. The air velocity at 70°C is 0.297 mm/s from 

Table 4.4.  

From the analysis the temperature and the air velocity are directly proportional. 

Thus, the temperature influences the air velocity. So, it is necessary to use the heater at the 

maximum temperature of 70°C. The velocity increases with temperature and the time taken 

by the heat source to generate heat from the outlet to inlet increases with decrease in 

temperature. So, a volumetric study is accomplished to understand the influence of 

temperature in sniffing the volume of air into the microchannel. 

 

 

 

 

 

 

Figure 4.13 Comparing the (a) Temperature and (b) velocity of a rectangular microchannel of hydraulic 

diameter 60 µm at 70°C modelled using pyrex 

(a) (b) 
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4.10 Volume of Air for Temperature of 40°C, 50°C, 60°C and 70°C 

The volume of air being sniffed in is calculated analytically based on the results 

from the COMSOL simulation. The Navier-Stokes equation is used to solve the velocity 

of air during the sniffing in time. The width and breadth of the rectangular microchannel 

is 72 µm and 52 µm, respectively which is used to calculate the velocity. The volume of 

air can be calculated by, 

 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑖𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =  [𝑣 ∗ 𝑊 ∗ 𝐵 ∗ 𝑡] 

 
(4.3) 

where v is the velocity of air, W is the width of the microchannel, B is the breadth of the 

microchannel and t is the sniffing time 

From Figure 4.14, the volume of air sniffed in the microchannel increases with 

time. Even though the velocity of air decreases with time (refer section 4.6), the highest 

volume of air sniffed into the microchannel is 0.02 mm3 at a temperature of 70°C. Hence, 

the quantity of the sample exposed to the sensor is higher irrespective of the velocity of the 

air. Table 4.7 shows that the volume of air sniffed inside the microchannel is more for 70°C 

than other temperature. Hence, the heat source has to be used in its maximum temperature. 

 Table 4.7 Volume of air sniffed into the microchannel for a temperature of 40°C, 50°C, 60°C and 70°C 

 

Temperature of the Heat 

source 

Maximum Volume of 

air sniffed  

40°C  0.0084 mm3 

50°C  0.01302 mm3 

60°C  0.017366 mm3 

70°C  0.02196 mm3 
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Figure 4.14 Comparing the volume of air sniffed in a rectangular microchannel of hydraulic diameter 60 

µm at 40°C, 50°C, 60°C and 70°C modelled using pyrex 

4.11 Convective Heat Transfer in Microchannel 

Heat transfer is a physical phenomenon of exchanging energy in a system from high 

temperature to low temperature. The heat transfer relies on a heat source that is the source 

of temperature and heat flow, which is the thermal energy direction. When the 

microchannel is heated, the heat energy is transferred from the microchannel outlet to the 

inlet as shown in Figure 4.4 and 4.5. The temperature from the heat source is assumed to 

be constant at 70°C. Thus, at one point, the temperature from the outlet will reach the 

temperature of the inlet, which makes the entire microchannel to reach a temperature of 

70°C. The heat source is assumed to be turned off (refer section 3.2), and the microchannel 

cools down.  

The heat energy is transferred from the microchannel which is at 70°C to the external 

environment which is assumed to be at room temperature 25°C through a process called 

convection. Newton's law of cooling states that the convection rate is directly proportional 
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to the object's area being cooled, the difference in temperature of the surrounding fluid, 

and the object's surface temperature. It is given by the equation, 

 𝑄̇𝑐𝑜𝑛𝑣 =  ℎ𝐴(𝑇∞ − 𝑇𝑠) (4.4) 

where, 𝑄̇𝑐𝑜𝑛𝑣 is the convective heat transfer rate, h is the heat transfer co-efficient, A is the 

surface area of the object, 𝑇∞ is the temperature of the external fluid and 𝑇𝑠 is the surface 

temperature of the object. 

Convection is of two types which are  

1) Natural convection 

2) Force convection 

4.11.1 Natural Convection of the Rectangular Pyrex Microchannel 

Natural convection takes place due to difference in temperature in the microchannel 

and external environment. It occurs due to the natural circulation of air due to buoyancy 

and gravitational field. The heat transfer coefficient of air through natural convection is 2.5 

to 25 W/(m2.K) [127]. 

4.12 Investigation of Cool-Down Time Through Natural Convection 

The rectangular microchannel's surface temperature is set to 70°C to find the cool-

down time of the microchannel. COMSOL provides the heat transfer coefficient of air. 

Figure 4.15 depicts that the time taken by the microchannel to reach room temperature of 

25°C is approximately 5 seconds. Further analysis is made by giving the heat transfer 

coefficient from 2.5 to 25 W/(m2.K) shown in Table 4.8. 

Table 4.8 Cool-down time of the microchannel for different heat transfer co-efficient 

Heat transfer co-efficient  Cooling time of the microchannel 

2.5 W/(m2.K) 19 s  

10 W/(m2.K) 4 s 

25 W/(m2.K) 3 s 
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From the analysis, the heat transfer coefficient is inversely proportional to the rate 

of cooling—the heat transfer coefficient increases as the time taken to cool down the 

microchannel decreases. Thus, the cool-down time of the microchannel depends on the 

external factors such as velocity of the air, temperature of the air.   

 

 

 

 

 

 

 

 

Figure 4.15 Comparing the cool-down time of a rectangular microchannel of hydraulic diameter 60 µm at 

70°C modelled using pyrex material for the heat transfer coefficient of 2.5 W/ (m2.K),10 W/ (m2.K),25 W/ 

(m2.K)) 

4.13 Conclusion and Summary 

 In this chapter the physics and boundary conditions behind the finite element 

analysis is presented. Since analytical modelling cannot be applied to study the velocity by 

coupling the temperature in the entire domain of the microchannel, finite element analysis 

has been employed. The swept meshing is used because unlike tetrahedral and triangular 

meshes, swept mesh creates less elements that accounts for the distorted domains in the 

geometry. During the analysis it is observed that the temperature influences the velocity 

and volume of air pumped inside the microchannel. The geometry and thickness of the 

microchannel does not have major impacts on the velocity and temperature of the 

microchannel. Hence, a rectangular microchannel design was chosen to simplify the 

microfabrication step. Natural convection method is applied to calculate the cooling down 
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time for the microchannel, which is in the range of 2.5 W/(m2.K) to 25 W/(m2.K) when 

exposed to a real-time environment. The microchannel cooling rate decreases with increase 

in the heat transfer co-efficient. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

 

The odors of plants are complex mixture of chemically heterogenous VOCs. More 

than 30000 different compounds emitted by plants in physiological conditions. Plants can 

synthesize and store the VOCs. Plants have a broad range of defense mechanisms for 

combatting infections, attacks by herbivorous insects, and mechanical damage. One of 

these protection strategies involves emitting specific VOCs to fight potential attackers. 

These defenses are often divided into direct defenses and indirect defenses. In direct 

defenses, plants emit repellent VOCs to reduce insect attacks, while, in indirect defenses, 

VOCs can attract predators to battle pests. It is clear that VOCs play significant roles in 

plant communication and present promising functionality for improving crop protection. 

The VOCs provide functional information about the growth rate of the plants and the status 

of their health. Thus, enhancing the possibilities of using non-invasive detection to monitor 

the plant status. Compared with traditional gas chromatography–mass spectrometry (GC-

MS) techniques, electronic noses are non-invasive and can be a rapid, cost-effective option 

for several applications. E-nose comprises of an array of sensor and pattern recognition 

algorithm to detect the VOCs.  

The external pumping mechanism is used to collect the samples from the plant to 

deliver them to the array of sensors in the E-nose. The main drawback of the external 

pumping mechanism is that it has movable parts which are prone to damage on exposing 

to the external environment. The movable parts in a mechanical micropump which works 

on actuating principle are complex in fabrication and requires high maintenance. In order 

to overcome the drawback non-mechanical pumping mechanism which involves collecting 

the sample through a microchannel which is induced by temperature gradients is one of the 

ideal solutions. This has the advantages of having no moving parts, simple structure, and 

less power consumption. 

This research focuses on the gas flow induced by the thermal transpiration effect. 

The critical parameters of the cylindrical and rectangular microchannels are investigated 

and modelled using silicon and pyrex material because of its simplifying fabrication 

procedure. The maximum temperature generated from the heat source is assumed to be 
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70°C. Hence, the microchannel’s hydraulic diameter should be designed such that it falls 

within the slip flow regime of 0.001<Kn<0.1. Due to the temperature source at the outlet 

of the microchannel, the air becomes rarefied, and it starts to creep towards the heat source 

from the inlet. This is called thermal transpiration effect and it is the basic principle of 

operation of the device. Furthermore, the Navier-stokes equations is used to analyse the air 

velocity that creeps towards the temperature source at the outlet. The temperature applied 

at the outlet is analysed using the energy equation. The thermal gradients at the walls of 

the microchannel causes a formation of a thin layer adjacent to the microchannel’s walls 

where the velocity is analysed by using maxwell’s slip boundary and Smoluchowski 

temperature jump conditions. 

5.1 Conclusion and Summary 

The E-nose system comprises of an array of sensors and the pattern recognition 

system connected with an external pumping mechanism. The thermal transpiration effect 

is used as a pumping mechanism to pump the air into the microchannel and deliver it to the 

sensor array. The microchannels are used in several disciplined of engineering such as a 

heat sink and heat exchangers in mechanical and automotive industries and lab-on-chip in 

chemical industries. Based on the requirements and applications, the geometries of the 

microchannel are designed  

The performance of the E-nose system depends on the temperature gradient 

generated from the microheater which delivers air sample to the sensor array. The air 

velocity depends on the air density, impurities in the air and humidity in the air. Hence, 

these factors can be considered only after fabrication of the microchannel. These factors 

are verified experimentally. In this work, the microchannel is implemented as a sniffer. So, 

the rectangular and cylindrical geometry are considered which are the widely used designs 

for gas transportation. 

By using the mean free path values of the gas molecules and the hydraulic diameter 

of the microchannel, the Kn is calculated. The analytical calculated values of the Kn are 

compared with the values from COMSOL simulation. Thus, critical design parameters are 

analysed by comparing the Kn values in the slip flow regime. The velocity profile in the 

microchannel is analysed by varying the wall thickness of the microchannel to understand 
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the relationship between the velocity and wall thickness. The simulation results depict that 

air velocity in the microchannel is independent of the wall thickness. The relation between 

temperature and is analysed by changing the wall thickness of the cylindrical and 

rectangular microchannel. From the simulation results, the wall thickness is independent 

of the applied temperature. The relationship between the temperature and velocity revealed 

that the velocity does not increase drastically however, the volume of air which is sniffed 

into the microchannel increases with temperature. The investigation in the backflow 

velocity or reverse thermal transpiration effect revealed that the velocity of air which is 

sniffed out from the microchannel is less than the backflow velocity. When the 

microchannel is heated to the maximum temperature the time taken by the microchannel 

to cool-down in natural convection is inversely proportional to the heat transfer coefficient. 

The rate of cooling depends on the temperature of air in the external environment. 

5.2 Future Work 

 The major problem with the external pumping mechanism that involves moving 

parts is overcome by the principle of thermal transpiration effect in a microchannel. The 

analysis of the material such as silicon and pyrex revealed that the material with low 

thermal conductivity has better control in temperature and air velocity. Hence, material like 

Polyether ether ketone (PEEK) and Polydimethylsiloxane (PDMS) which has the thermal 

conductivity of 0.25 W/m.K and 0.56 W/m.K can be implemented to analyse the air 

velocity and temperature distribution in the microchannel as these materials have 

simplifying fabrication procedures. A detailed fabrication procedure should be 

implemented to design the proposed microchannel. The TMAC value should be further 

investigated for PEEK and PDMS. 
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