A B S T R A C T

The human body constantly generates heat due to the metabolic processes and maintains its core body temperature close to 37 • C. To maintain the thermal balance, human body interacts with the surrounding thermal environment via different heat and mass transfer mechanisms. This interaction is naturally affected by clothing. Thermodynamically, clothing influences heat and mass transfer mechanisms by creating air layers between skin, clothing, and environment. Furthermore, fabric properties of clothing also influence the heat and mass transfer. Therefore, the function of clothing is not limited to appearance or social aspects, but it also affects the thermal balance and has major role in maintaining thermal comfort and protection of human body. The heat and mass transfer in skin-clothing-environment system can be analysed by experimental and modelling methods. The model of heat and mass transfer in skin-clothing-environment system with high degree of spatial resolution can be very time-and cost-efficient research and design tool compared to experimental methods.

In this Ph.D. project, the model is developed for heat and mass transfer that considers the effect of heterogeneous air layers on sensible heat transfer mechanisms, the effect of human movement on forced convection by considering the internal air movement (in an enclosed air layer) due to change in enclosed air volume, and ventilative heat transfer due to fabric's air permeability and clothing openings. The mathematical formulation of heat transfer in heterogeneous air gap fulfilled the research gap in existing analytical modelling approach and improved the overall modelling accuracy, by reducing the relative error in simulated heat flux from 22% to 9%. The consideration of human movement in the model has an advantage over existing models because it differentiates between individual heat transfer mechanism from local body parts including complex anatomic body shape and actual air layers. Finally, the heat and mass transfer due to phase change such as evaporation and condensation was included in the model as well as the effect of wet fabric on total thermal insulation. The detailed and systematic validation of this comprehensive model indicated its robustness and accuracy for variety of environmental condition and complexity of clothing. The applicability of model as research and design tool was demonstrated in a case study that addressed the design and effective application range issues of electro-osmosis based smart skiwear using the modelling approach.

Life is and will ever remain an equation incapable of solution, but it contains certain known factors.

-Nikola Tesla
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Chapter 1

I N T R O D U C T I O N 1.1 background
The metabolic activities in the human body constantly generate heat depending on the level of activity. The human thermo-physiological system continuously interacts with the surrounding thermal environment to maintain thermal balance [START_REF] Katić | Thermophysiological models and their applications: A review[END_REF]. The human body dissipates heat to the environment through the skin and respiration by various heat and mass transfer mechanisms. The thermal interaction between human body and environment is affected by the clothing layer since majority of skin-surface area is typically covered by clothing. The thermal properties of clothing depends on fabric, which consist of two components fibre and air. In fabric, fibre dominates the mass fraction, but majority of volume comes from entrapped air (usually >80% in non-woven fabric [START_REF] Mao | Chapter 13 -Fibre to Fabric: Nonwoven Fabrics[END_REF]) inside the yarns and between the fabric structures. The air and solid fibres have distinct thermo-physical properties that influence the material properties of fabric and eventually affect heat and mass transfer through fabric. Besides clothing layer, at least two distinct air layers in skin-clothing-environment system are created by clothing around human body, namely, enclosed air layer (air layer between skin and clothing) and boundary air layer (air layer between fabric and environment), as shown in Figure 1. The distribution of air layer between human skin and clothing layer (enclosed air layer) varies depending on body part, clothing design, material properties of fabric, and human activity (e.g. standing, sitting, and moving) [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF][START_REF] Mert | Contribution of garment fit and style to thermal comfort at the lower body[END_REF][START_REF] Mert | The effect of body postures on the distribution of air gap thickness and contact area[END_REF][START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. The clothing drapes around human body under gravitational force and touches the concave-shaped or inclined body parts (upper chest, shoulder, and buttocks) which have low air gap thickness and high contact area between skin and fabric compared to the convexshaped body parts [START_REF] Mert | Effect of air gap thickness and contact area on heat transfer through garments in real life situation[END_REF][START_REF] Psikuta | Development of an 'artificial human' for clothing research[END_REF]. The thermal properties of fabric and air layers around human body complicate the heat and mass transfer mechanisms from human body to surrounding thermal environment. Therefore, the function of clothing is not limited to appearance or social aspect, but it also affects the thermal balance and has major role in maintaining thermal comfort and protection. There are mainly two types of heat transfer mechanisms in skin-clothing-environment system, such as sensible heat transfer and latent heat transfer. The sensible heat transfer is based on temperature difference between human body and environment. The involved mechanisms in sensible heat transfer are conduction, radiation, and convection. The other pathway of heat transfer is through phase change which involves evaporation of liquid moisture and condensation of vapour depending on water vapour partial pressure in the skin-clothing-environment system. The mass transfer in skin-clothing-environment occurs through diffusion of water vapour and through wicking.

Conduction

The conductive heat transfer is the result of energy transfer due to collision of hot (higher kinetic energy) and cold (lower kinetic energy) molecules. The conductive heat transfer takes place in solids or stagnant fluids, and it depends on thermal conductivity of material [START_REF][END_REF]. In skin-clothing-environment system, when fabric is in direct contact with the skin then heat is transferred from skin to fabric through conduction. Often the air layer between skin and clothing (enclosed air layer) is stagnant and in that case the heat is transferred through conduction [START_REF] Bird | Transport phenomena[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. The conductive heat transfer is also present within fabric in solid fibres and fabric pores. The thermal conductivity of fabric depends on the thermal conductivity of fibres and air, and porosity of fabric. The conductive heat transfer can be calculated by Fourier's law.

Convection

The convective heat transfer results from the movement of molecules in fluids. There are two types of convective heat transfer such as natural and forced convection. The natural convection occurs when fluid motion is not generated by external force but due to buoyancy force. The density of fluid decreases with increase in temperature due to volumetric expansion. This variation in density results in fluid motion under buoyancy force. When fluid motion is generated through external forces, the convective heat transfer is called forced convection. Typically, forced convective heat transfer has some contribution from the natural convection, which is often negligible. When the natural convection is not negligible than resultant convective heat transfer can be referred as a mixed convection. In skin-clothingenvironment system the heat transfer in a large enclosed air layer (larger than 8mm to 13mm) under steady state (no human movement) is the result of natural convection [START_REF] Gretton | Moisture Vapor Transport Through Waterproof Breathable Fabrics and Clothing Systems Under a Temperature Gradient[END_REF][START_REF] Spencer-Smith | The physical basis of clothing comfort part 2: heat transfer through dry clothing assemblies[END_REF]. In steady state, heat transfer in boundary air layer is due to either forced or mixed convection [START_REF] Garbrecht | Large eddy simulation of three-dimensional mixed convection on a vertical plate[END_REF]. In the case of human movement, heat transfer in enclosed and boundary air layers is the result of forced convection [START_REF] Frank | Fundamentals of Heat and Mass Transfer[END_REF]. The convective heat transfer depends on several factors such as velocity and viscosity of fluid, surface roughness, orientation of geometry, and type of fluid flow. Therefore, convective heat transfer is calculated empirically, often based on non-dimensional numbers.

Radiation

In radiative heat transfer, energy is transferred as electromagnetic wave. The radiative heat transfer depends on the emissivity of material, view factor (fraction of energy exiting from the one surface that will impinge on other surface), and temperature difference between surfaces exchanging radiant heat [START_REF] Yunus | Heat and mass transfer: fundamentals and applications[END_REF]. In skin-clothingenvironment system, the radiative heat transfer takes place between different body parts, between skin and clothing surface, and clothing surface to the surrounding environments and objects. The radiative heat transfer can be expressed by Stefan-Boltzmann law.

Evaporation

The evaporation occurs when liquid molecules have sufficient kinetic energy to overcome intermolecular forces of liquid phase and convert to the gas phase. As the molecule with higher kinetic energy escapes, the remaining molecules in liquid phase have lower average kinetic energy left, and this difference between higher and lower energy is called evaporative cooling. The major factors that affect the diffusion of water vapour and evaporation are the difference of water vapour pressure between skin and air in an enclosed air layer, and air speed over skin or clothing. In skin-clothing-environment system, the phase change of liquid moisture from skin to enclosed air layer in vapour form and convective mass transfer from the outer most clothing layer to environment represents the evaporation process [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. The diffusion of moisture from skin to enclosed air layer (evaporation) can be calculated by Fick's law, and convective mass transfer in boundary air layer is expressed by Lewis relation (empirical equation).

Condensation

With evaporation of liquid moisture from skin to enclosed air layer, the water vapour pressure in an enclosed air layer increases. At given temperature air can hold limited amount of water vapour, which is referred as saturation pressure of water vapour. If water vapour pressure is higher than the saturation pressure, excess water vapour in air condenses and transform to liquid phase. Condensation process causes the latent heat release. The main parameters that affect the condensation is temperature (which also affects the saturation pressure of water vapour) and vapour pressure. In skin-clothing-environment system, the evaporated moisture from skin might condense on clothing layers and this can result in heat and mass transfer [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF].

Wicking

In wicking, the moisture is transferred from skin to clothing layer/s in a liquid form. When wet skin comes into contact with the fabric, the liquid moisture wets the fibre and pore structure of fabric which creates capillary pressure. The capillary pressure is result of surface tension between solid fibre and liquid interface. The liquid is dragged into the pores of fabric under the capillary pressure (acting as a capillary channels) [START_REF] Bhatia | Thermophysiological Wear Comfort of Clothing: An Overview[END_REF]. The wicking is a mass transfer process only. However, it affects the heat transfer indirectly because it modifies the location of evaporation from skin to other location. Wicking also spreads the moisture evenly on fabric surface allowing for faster evaporative cooling [START_REF] Parada | Dynamic Wicking Process in Textiles[END_REF][START_REF] Parada | Modeling wicking in textiles using the dual porosity approach[END_REF] 

Thermal conductivity of wet fabric (wet conduction)

The presence of moisture in fabric also affects the thermal conductivity. The thermal conductivity of dry fabric is a result of thermal properties of solid fibres and air in pores. In case of wet fabric, the air in fabric pores is partially or fully replaced by water, and therefore, resultant thermal conductivity of wet fabric will depend on thermal conductivity of water, air, and solid fibres. The thermal conductivity of water (0.598 W mK ) is higher than the thermal conductivity of air (0.025 W mK ) by a factor of 23. Therefore, under wet state the thermal insulation of fabric is decreased significantly [START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF], and the effect of wet clothing layer on the overall thermal insulation of skin-clothing-environment system should be considered.

The energy and mass balance in skin-clothing-environment system

The skin-clothing-environment system involves heat and mass transfer through phase change. Therefore, evaporated moisture from skin might condense on clothing layer and release the latent heat of evaporation and increase the temperature of clothing layer. This moisture from the clothing layer may or may not evaporate again depending on condition, and the rest of heat and mass is transferred without phase change (sensible heat transfer and wicking).

parameters affecting the heat and mass transfer

Effect of air layers

The clothing around human body creates air layers that affect the heat transfer. Most importantly, the size and shape of this air layer vary depending on clothing fit, body parts, movement, posture and material properties [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF][START_REF] Frackiewicz-Kaczmarek | Effect of garment properties on air gap thickness and the contact area distribution[END_REF][START_REF] Mert | Contribution of garment fit and style to thermal comfort at the lower body[END_REF][START_REF] Mert | The effect of body postures on the distribution of air gap thickness and contact area[END_REF][START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. Furthermore, the thermal conductivity of air is very low compared to fibres, therefore, majority of thermal insulation comes from the air layers and pores. The thickness of enclosed air layer influences the heat transfer mechanisms, e.g. if the thickness of air layer is higher than 8 mm then conduction is overruled by natural convection [START_REF] Gretton | Moisture Vapor Transport Through Waterproof Breathable Fabrics and Clothing Systems Under a Temperature Gradient[END_REF][START_REF] Spencer-Smith | The physical basis of clothing comfort part 2: heat transfer through dry clothing assemblies[END_REF]. The shape of enclosed air layer affects the radiative heat transfer as it affects the view factor of the surfaces involved in radiation. The shape of air layer also determines the mass transfer, e.g. if there is no contact between skin and fabric, then moisture transport is possible through diffusion only. However, in case of contact between skin and fabric layers the moisture is also transported through liquid wicking.

Effect of body movement

The movement of human body causes the compression and expansion of clothing layer, which results in the air movement inside an enclosed air layer. This movement of air causes higher heat transfer due to forced convection. Furthermore, relative movement between body parts and ambient air also affects the convective heat transfer in a boundary air layer [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. The human body movement changes the view factor and hence affects the radiative heat transfer. The movement of air does not only affect sensible heat transfer through forced convection, but it also affects the mass transfer due to air permeability of fabric and through clothing openings.

Effect of moisture on thermal insulation and fabric properties

The latent heat transfer from wet skin poses several challenges as it involves both simultaneous heat and mass transfer. Furthermore, moisture in clothing also alters the material properties such as thermal conductivity and air permeability [START_REF] Akcagun | Thermal insulation and thermal contact properties of wool and wool/PES fabrics in wet state[END_REF][START_REF] Holmér | Prediction of Wind Effects on Cold Protective Clothing[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. The heat and mass transfer process in skin-clothing-environment requires the energy and mass balance in the system.

Effect of fabric properties, clothing design, and ambient conditions

The fabric properties such as evaporative and thermal resistance, affect the heat and mass transfer in skin-clothing-environment system by affecting the conduction of heat and diffusion of water vapour. The air permeability of the fabric has an effect on the ventilated volume of air through fabric, which causes extra heat loss in skin-clothing-environment system. The emissivity of fabric influences the radiative heat transfer through clothing. The hydrophilic material can adsorb and hold more amount of moisture compared to the hydrophobic material and this can also affect the heat and mass transfer by affecting evaporation and thermal conductivity in wet state. Therefore, material properties of fabric have direct impact on heat and mass transfer in skin-clothing-environment system.

The ease allowances of clothing (tight, medium, and loose fit) affect the enclosed air layer thickness, and hence, the clothing fit affects the heat and mass transfer. The functional parameters such as electric heating or cooling, usage of phase change material (PCM) influences the temperature and water vapour distribution due to additional heat source/sink in skin-clothing-environment system. The clothing design with openings of clothing (at lower arm, lower leg, and neck), and slits for ventilation has an effect on ventilated air volume which causes additional heat loss in skin-clothing-environment system.

Besides the fabric properties and clothing design, ambient environmental conditions also have an influence on heat and mass transfer. The ambient air speed affects the convective heat transfer in boundary air layer and ventilation of air through pore structure of fabric (resulted from pressure gradient). The ambient air temperature, solar radiation, and relative humidity affects the sensible and latent heat transfer from human skin to environment through clothing.

methods to analyse heat and mass transfer in skin-clothing-environment system

The heat and mass transfer in skin-clothing-environment system can be analysed by two approaches, experimental methods and modelling methods as follow:

Experimental methods for the analysis of heat and mass transfer

Traditionally, the heat and mass transfer from human body to environment through clothing is analysed using sweating guarded hot plate, sweating thermal cylinder and thermal manikin, and human subject studies. The measurements on sweating guarded hot plate or thermal cylinders are based on assumption of simplified geometry of body and air layers, and they give limited information about realistic clothing thermal insulation [START_REF] Astmf | Standard Test Method for Thermal and Evaporative Resistance of Clothing Materials Using a Sweating Hot Plate[END_REF][START_REF] Holmér | Thermal manikin history and applications[END_REF][START_REF] Zimmerli | Protection and comfort -a sweating torso for the simultaneous measurement of protective and comfort properties of PPE[END_REF]. They give more input about the fabric properties such as thermal and evaporative resistance than about the overall effect of heat and mass transfer on the body. The measurement on sweating guarded hot plate and thermal cylinder has advantages in benchmarking, product development, characterising and generating database for material properties (e.g. thermal and evaporative resistance) of fabric. However, the major limitation is that it does not provide any information about body specific thermal and evaporative insulation.

The more realistic thermal and evaporative resistance of skin-clothing-environment system can be measured either on anatomically shaped sweating thermal manikin or through human subject study. The measurement on sweating thermal manikin represents realistic air layers around human body to analyse evaporative and thermal resistance of single-or multi-layer clothing ensembles. The development of agile thermal manikin can produce simple human movement such as walking, and dynamic clothing thermal insulation can also be studied. Usually, the measure-ments on thermal manikins are performed under steady state condition (surface temperature of manikin and ambient condition) with predefined sweat rate to analyse thermal and evaporative resistance. The measurement methods on thermal manikin to analyse heat and mass transfer is well defined and standardised according to standards, such as ASTM F 1291-05, ASTM F 1868-02, ISO 15831, and ISO 9920 [3,[START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF][START_REF] Astmf | Standard Test Method for Thermal and Evaporative Resistance of Clothing Materials Using a Sweating Hot Plate[END_REF][START_REF] Psikuta | Thermal manikins controlled by human thermoregulation models for energy efficiency and thermal comfort research -A review[END_REF]. By coupling thermal manikin with thermal physiology model effect of surrounding thermal environment on human physiology can also be analysed [START_REF] Koelblen | Human simulator -A tool for predicting thermal sensation in the built environment[END_REF][START_REF] Psikuta | Development of an 'artificial human' for clothing research[END_REF]. Therefore, the usage of anatomically shaped thermal manikin became more frequent due to the requirement of detailed and standardized measurement methods [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF], which is supported by the development of more advanced manikins (e.g. development of movable, sweating and actively cooled thermal manikin). However, there are several limitation with the measurement on thermal manikin, such as agile thermal manikin can produce very limited human movement only (e.g. walking or bicycling), no surficial sweating (sweating through discret number of nozzles only) which requires additional fabric layer to spread the moisture on manikin skin surface, manikin can replicate limited postures only (standing, sitted) due to rigid structure. Besides, the cost (initial and maintenance), space (climatic chambers), and time factors are also major limitation along with the requirement of clothing prototype for measurement. Furthermore, the major disadvantage of the above mentioned all experimental methods is that it provides very limited information, for e.g. with the experimental methods user can have information about total heat flux but it is not possible to obtain the details about each heat transfer mechanisms in an individual layer. Therefore, optimization process using experimental methods can require large number of experiments. Due to all these limitations the human physiological study and clothing research (optimization and product development) by experimental methods is still cumbersome process.

The human subject study in clothing research has several limitations such as the ambient condition and exposure is very limited because of health and safety reasons and requires approval from ethical committee. Additionally, variability between subjects is often large which requires a certain number of human subjects and experiments to obtain reliable results, which makes it time consuming and expensive. In human subject study, the data regarding temperature and heat flux can be measured by using temperature and heat flux sensors. However, the obtained data represents the measured value at given spot only (e.g. temperature, sweat rate, and heat flux) instead of entire surface.

Modelling methods for the analysis of heat and mass transfer

There are several modelling approaches based on different methods such as numerical models based on partial differential equations (PDE), analytical models based on algebraic equation, and statistical models based on experimental data base, as shown in Figure 2. These models can be further classified into micro and/or macro scale model based on their length scale. The micro level models mainly focus on fabric pores and details regarding the fibre structure, but often neglect the effect of air layers on total thermal insulation [START_REF] Fan | Heat and Moisture Transfer with Sorption and Phase Change Through Clothing Assemblies: Part II: Theoretical Modeling, Simulation, and Comparison with Experimental Results[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. The macro level model considers the heat and mass transfer in air layers and material layer of clothing, but simplifies the clothing layer based on their material properties such as evaporative and thermal resistance, air permeability and emissivity. The detailed classification of models along with their advantages and limitations is presented in Figure 2.

The recent advances in computing power and numerical methods enabled researchers to model heat and mass transfer in skin-clothing-environment system by solving partial differential equations of fluid flow and heat transfer. The sorption, diffusion, and convection process of heat and mass transfer in porous structure of fabric were modelled by Gibson [START_REF] Gibson | Multiphase heat and mass transfer through hygroscopic porous media with applications to clothing materials[END_REF] and Fan et al. [START_REF] Fan | Heat and Moisture Transfer with Sorption and Phase Change Through Clothing Assemblies: Part II: Theoretical Modeling, Simulation, and Comparison with Experimental Results[END_REF] using numerical model. The local radiative and convective heat transfer around human body was analysed using numerical model by Yousaf et al. [START_REF] Yousaf | Numerical Simulation of Human Radiation Heat Transfer Using a Mathematical Model of Human Physiology and Computational Fluid Dynamics (CFD)[END_REF]. The analysis of heat transfer mechanisms under high heat exposure was performed with detailed information about natural convection, and scattering and exchange of radiation between gas particles can be analysed using numerical methods [START_REF] Miao Tian | 3D numerical simulation of heat transfer through simplified protective clothing during fire exposure by CFD[END_REF][START_REF] Udayraj | Heat and mass transfer through thermal protective clothing -A review[END_REF]. The existing numerical models indicate that the numerical method provides much detailed information about the fundamental physics behind the heat and mass transfer mechanisms, which makes it ideal research and design tool. The heat and mass transfer in skin-clothing-environment system consist of non-isothermal flow (pressure and density driven flow), transport of species (mass transfer), and structural mechanics (human movement), therefore, the numerical model requires multi-physics approach. However, numerical modelling is often computationally very expensive and time consuming for the complex geometry and multi-physics problem. Additionally, numerical methods require advanced computational infrastructure and numerical solvers. The heat and mass transfer in skin-clothing-environment system can be analytically modelled for simplified geometries [START_REF] Lotens | Heat transfer from humans wearing clothing[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. The complex multi-physics problems such as heat and mass transfer considering the non-isothermal flow, transport of species and structural mechanics (human movement), can also be analysed using analytical modelling approach [START_REF] Ghaddar | Integrated human-clothing system model for estimating the effect of walking on clothing insulation[END_REF][START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF], which is difficult to solve by numerical methods. The analytical model is not limited to macro scale only but it also applied to micro scale to analyse the effect of moisture on material properties such as thermal conductivity and air permeability [START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. The existing analytical models oversimplify the enclosed air layer and assume it to be homogeneous, which affects the accuracy of modelling approach [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF]. The analysis of complex spatial geometries such as anatomic body shape with actual heterogeneous air gap is challenging to model with analytical approach. The analytical modelling is time efficient and requires very low computational power. However, analytical model is often based on several assumptions (simplifying the geometry and usage of empirical equations) and has low spatial resolution of physical variables, for e.g. computed variable presents the average value, and heterogeneous ambient condition could be challenging to address in detail. The applicability of analytical model is also very limited, because most analytical models are not validated in detail specifically for complex geometries and applications related to clothing research.

The statistical models are often developed based on large database of results obtained through experiments and by performing regression analysis on it. Based on detailed experimental study, Havenith et al. [START_REF] Havenith | Resultant clothing insulation: a function of body movement, posture, wind, clothing fit and ensemble thickness[END_REF] has developed a statistical model that gives clothing insulation as a function of body movement, posture, wind, ensemble thickness, and clothing fit. Similarly, the resultant clothing thermal insulation can be calculated for stationary and dynamic (human movement) condition including ventilative heat transfer for wide range of clothing ensemble using ISO 9920:2007(E) standard [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF]. The statistical model is good alternative to the experimental methods and can provide time and cost efficient solutions. However, the application range of statistical model is often very limited depending on the range of database based on which it was developed. The statistical models do not provide detailed information about the physical phenomenon behind the process, therefore, these models do not provide any real advantages over experimental methods.

The modelling approach has several advantages over experimental methods, such as time and cost efficiency, detailed information about fundamental physical parameters, and ease of parametric or optimization studies without prototypes. However, the usage of modelling approach in the area of clothing research is very limited due to lack of robustness and accuracy resulted from the poor validation. The experimental methods are frequently used for the analysis of heat and mass transfer in skin-clothing-environment system because of available infrastructure and standardised measurement procedure. The clothing is very important boundary condition for the modelling of thermal physiology and thermal comfort, and often these models lack of detailed accurate boundary conditions. Therefore, the analysis of thermal sensation and thermal comfort also majorly depends on human subject studies or by coupling the thermal comfort/physiology model with thermal manikin to create thermal human simulator [START_REF] Koelblen | Human simulator -A tool for predicting thermal sensation in the built environment[END_REF][START_REF] Psikuta | Development of an 'artificial human' for clothing research[END_REF]. The robust and accurate model of heat and mass transfer in skin-clothing-environment system can serve many disciplines such as clothing research, modelling of thermal physiology and thermal comfort, energy efficiency in automotive and indoor environment, and occupational safety.

aim and objectives

Aims of the doctoral thesis

The major research gap in existing models of heat and mass transfer in skinclothing-environment system is that they do not consider the spatial complexity resulted from the anatomic human body shape such as spatial heterogeneity of air layers. Furthermore, the effect of human movement on air layers and forced convective heat transfer is not addressed in detail due to oversimplification of statistical approach.

Therefore, the aim of the thesis is to develop a comprehensive analytical model for the detailed analysis of the heat and mass transfer in skin-clothing-environment system by considering following aspects:

• To consider the effect of air layers on various sensible heat transfer mechanisms. The developed model should consider heat transfer from the precisely measured actual air gaps in stationary (no human movement) condition.

• To analyse the effect of body movement on forced convective heat transfer in air layers. The model should also consider the heat transfer due to ventilation for local body parts and whole body.

• Heat and mass transfer in skin clothing environment system considering the phase change (evaporation and condensation) with energy and mass balance in the system. The model also considers the material properties of fabric under wet state. Finally, to demonstrate the application of model as a design tool, in designing of smart skiwear as case study with validation.

Objectives of the doctoral thesis

To achieve the aim of comprehensive model for heat and mass transfer in skinclothing-environment system, the following objectives were defined based on various parameters that affect the heat and mass transfer mechanisms:

Objective 1: Effect of air layers on heat transfer

• To provide detailed literature review of existing models and their approach of modelling air layers, and findings of previous experimental studies.

• To consider realistic heterogeneous air layer and provide detailed insight on how each sensible heat transfer mechanism is affected by heterogeneity. Since, the recent advance in technologies (such as 3D scanning and garment simulation software in fashion industry) made it possible to analyse air layers in details, which provided accurate input data for the advanced modelling. Finally based on these data, to develop an approach to solve the sensible heat transfer in heterogeneous air gap.

• Systematic validation of model with increasing level of spatial complexity (homogeneous air gap, heterogeneous air gap, and anatomic shape of human body) and wide range of ambient conditions.

• To evaluate the effect of several influential parameters on each heat transfer mechanisms by performing parametric study.

Objective 2: Effect of body movement on heat transfer

• To provide detailed literature review of existing analytical and statistical models that consider human movement and its effect on heat transfer. To analyse the findings of previous human subject studies and experimental studies.

• To quantify the change in air volume caused by body movement using 3D garment simulation software.

• To compute the internal air velocity resulted from body movement and change in air volume, to analyse the fluid flow characteristic in an enclosed air layer, and to derive the forced convective heat transfer coefficient for the enclosed and boundary air layers.

• To analyse the heat transfer due to ventilation of air through clothing (due to air permeability) and through clothing openings.

• Systematic validation of the model for the heat transfer from the local body parts and whole body, considering human movement. To compare the simulated data with the experimental data and data obtained from the ISO 9920:2007 standard (statistical model).

Objective 3: Effect of moisture on heat transfer and thermal resistance of fabric

• To provide detailed literature review of existing micro and macro scale models that consider the heat and mass transfer in air layers and effect of moisture on fabric properties and total thermal insulation.

• To consider the evaporation and condensation in single and multi-layer clothing and maintain energy and mass balance in skin-clothing environments system during phase change process, and to compute the condensed moisture in individual layer of clothing and total evaporated moisture from the system.

• To evaluate the reduction in thermal insulation of fabric in wet state and its effect on total thermal insulation.

• Systematic validation of model on homogeneous and heterogeneous air layers for single and multi-layer garments.

• To perform a case study for the designing and development of electronic skiwear and demonstrate the applicability of modelling approach as an efficient design tool.

Objective 4: Detailed verification of analytical model using numerical model

• To provide overview about the numerical modelling approach with description of conservation equations of mass, momentum, and energy.

• To perform numerical simulation of heterogeneous air gap around thermal cylinder and its validation against the experimental data.

• To extend the verification of analytical model by comparing analytically and numerically modelled heat transfer mechanisms.

• To validate the numerically modelled mass transfer data with experimental data measured on sweating thermal cylinder, and comparison of analytical modelled data with numerically modelled data.

thesis structure

Each objective is addressed as specific topic in individual chapter, which includes dedicated introduction and literature review, with detailed description of mathematical formulation of heat and mass transfer mechanisms in methods. To prove the robustness and accuracy of the model, systematic detailed validation of model under wide range parameters are presented in results section, with key observations provided in discussion section. Finally, each objective is concluded at the end of each chapter. The summary of major outcome from each objective, applications and limitations of the presented model, along with outlook about future work is presented at the end of this doctoral thesis.

Chapter 2

E F F E C T O F A I R L AY E R S O N H E AT T R A N S F E R 1 2.

introduction

Thermoregulation of human body aims at maintaining body core temperature in a narrow range and depends on metabolic heat production and the exchange of heat between skin and environment. When the human body is covered with clothing, it affects human physiological regulation mechanisms. Thus, the design and material aspects of functional clothing (e.g. protective or sport clothing) requires a detailed understanding of heat transfer processes. In the clothing research, heat transport is usually assessed by hot plates, thermal cylinders or thermal manikins in steady-state measurements. The experimental methods of assessing heat transfer require the availability of prototypes and testing facilities (e.g. climatic chambers) [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF], which can be costly and time-consuming. On the other hand, the theoretical modelling provides many advantages over experimental measurements, such as no prototype requirement, modelling of wide range of ambient conditions, detailed insight to the heat transfer process, and a time-efficient optimization of the product through parametric study.

The thermal conductivity of stagnant air (0.026 W m K at 300 K) is very low compared to most of the fibres, which makes it a good thermal insulator. Therefore, the enclosed air layer (air layer between skin and clothing layers) has a more pronounced effect on total heat transfer than actual fabrics constituting the garment. Depending on the thickness of enclosed air layer and the temperature difference between clothing layers and skin, natural convection may reduce the insulation of the air layers due to buoyancy effect. The density difference in fluid due to temperature gradient results in onset of buoyancy force and hence fluid motion (natural convection). The natural convection inside a cavity is complex phenomenon and depends on its size and shape (aspect ratio is a ratio of height to width), orientation of geometry, and temperature difference between enclosing walls (e.g. skin and clothing temperatures). For horizontal and vertical cavity, the natural convection was observed for minimum enclosed air layer thickness of 13mm and 8mm, respectively [START_REF] Gretton | Moisture Vapor Transport Through Waterproof Breathable Fabrics and Clothing Systems Under a Temperature Gradient[END_REF][START_REF] Spencer-Smith | The physical basis of clothing comfort part 2: heat transfer through dry clothing assemblies[END_REF]. Most of the theoretical clothing models have neglected natural convection in an enclosed air layer [START_REF] Farnworth | A Numerical Model of the Combined Diffusion of Heat and Water Vapor Through Clothing[END_REF][START_REF] Lotens | Calculation of clothing insulation and vapour resistance[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF][START_REF] Wu | Study of heat and moisture transfer within multi-layer clothing assemblies consisting of different types of battings[END_REF]. For example, the only mathematical model considering natural convection in boundary air layer but neglecting it in enclosed air layer was developed by Min et al. [START_REF] Min | Heat and moisture transfer from skin to environment through fabrics: A mathematical model[END_REF]. Since, the thickness of enclosed air layer in clothing was not addressed till recently, it was not possible to characterize the magnitude of natural convection heat transfer properly. Recent developments of 3D scanning methods made it feasible to determine the thickness and its spatial distribution of the enclosed air layer with great accuracy [START_REF] Psikuta | Validation of a novel 3D scanning method for determination of the air gap in clothing[END_REF][START_REF] Hwa | Development of Automated Custom-Made Pants Driven by Body Shape[END_REF]. A detailed distribution of enclosed air gap enables the computation of local heat transfer for individual body parts.

Until now, all the theoretical models assume either full contact area or homogeneous air layer between skin and different layers of clothing [START_REF] Farnworth | A Numerical Model of the Combined Diffusion of Heat and Water Vapor Through Clothing[END_REF][START_REF] Ismail | Improving local ventilation prediction by accounting for inter-segmental ventilation[END_REF][START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF][START_REF] Lotens | Calculation of clothing insulation and vapour resistance[END_REF][START_REF] Min | Heat and moisture transfer from skin to environment through fabrics: A mathematical model[END_REF][START_REF] Udayraj | A three-dimensional conjugate heat transfer model for thermal protective clothing[END_REF][START_REF] Udayraj | Heat and mass transfer through thermal protective clothing -A review[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. This assumption contradicts a realistic scenario of skin and clothing layer system and affects the accuracy of the simulated heat flux by the theoretical model. Therefore, consideration of only average air gap thickness is not sufficient (as thermal resistance of air layer is non-linearly related to the air gap thickness) and orientation of air gap and contact area affects the heat flux. As shown in Figure 3 (b), heat flux can vary up to 26-28% for the same average air gap thickness [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF]. Another model attempting investigation of the effect of heterogeneous air gap on thermal protective clothing was reported by Udayraj et al. [START_REF] Udayraj | Numerical investigation of the effect of air gap orientations and heterogeneous air gap in thermal protective clothing on skin burn[END_REF]. However, only small folds in a large distance from the horizontal plate (as opposed to realistic large and small folds and accompanying contact with skin) were investigated and results were not validated against the experimental data. The accuracy of clothing model largely depends on the input data and especially accuracy of the air gap thickness input as the majority of thermal insulation is due to the low thermal conductivity of enclosed air. Ismail et al. [START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF] also developed a model that predicts the segmental heat loss in static and dynamic condition. However, their assumption of air gap thickness on the major body parts was unrealistic for single and multi-layer garments (assumed 5 cm for trunk and 4 cm for leg, which was 2-3 times beyond the 3D scanned data reported for loosest garments [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF][START_REF] Mert | Contribution of garment fit and style to thermal comfort at the lower body[END_REF]), which questions the overall model quality. The model developed by Ghali et al. [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF] considered periodic contact between skin and cotton fabric with still homogeneously varying air gap on a horizontal flat plate with poor validation record (reported relative error of ≈ 35% in heat loss validated on just one case). Since this is not a realistic representation of enclosed air layer around human body, the applicability and accuracy of the model is uncertain for the heterogeneous enclosed air layers.

The distribution of air gap in an enclosed air layer depends on clothing fit level (ease allowance), body posture, and body region [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF][START_REF] Frackiewicz-Kaczmarek | Effect of garment properties on air gap thickness and the contact area distribution[END_REF][START_REF] Mah | Investigation of the Contribution of Garment Design to Thermal Protection. Part 1: Characterizing Air Gaps using Three-dimensional Body Scanning for Women's Protective Clothing[END_REF][START_REF] Mert | Contribution of garment fit and style to thermal comfort at the lower body[END_REF][START_REF] Mert | The effect of body postures on the distribution of air gap thickness and contact area[END_REF][START_REF] Psikuta | Quantitative evaluation of air gap thickness and contact area between body and garment[END_REF]. The mean thickness of enclosed air layer at different body regions can vary between 0 to 55 mm, while contact area between skin and fabric was observed in the range of 0-60% of the covered body area [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. As shown in Figure 3(a), the thickness of enclosed air layer and contact area varies depending on the body part, and therefore the distribution of air gap is spatially heterogeneous. Furthermore, in a study by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF], a more general trend in distribution of air gap thickness in casual clothing was revealed that for all body parts except chest and back, enclosed air gap thickness increases with increase in ease allowance. On the other hand according to the Fourier's law of heat conduction, the thickness of enclosed air layer could have pronounced effect on conductive heat loss. Similarly, according to Stefan-Boltzmann's law orientation of adjacent surfaces and heterogeneous clothing temperature can influence the radiative heat loss. Moreover, natural convection depends on the length and thickness of enclosed air layer [START_REF] Rincón-Casado | New natural convection heat transfer correlations in enclosures for building performance simulation[END_REF][START_REF] Shewen | Heat Transfer by Natural Convection Across a Vertical Air Cavity of Large Aspect Ratio[END_REF]. Thus, heterogeneity in the thickness of enclosed air layers and the contact area between different layers of fabric and skin has a significant effect on heat transfer [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF]. The aim of this study was to develop a theoretical clothing model that considers not only conduction through the fabric and conduction and radiation in the air layers but also the spatial heterogeneity of enclosed air layer and natural convection. As an effort to provide more reliable and accurate theoretical model, the results of the theoretical model are systematically validated against experimental data with increasing level of complexity in definition of the enclosed air layer measured on the thermal cylinder and thermal manikin. Finally, a parametric study is also performed to understand the effect of various parameters such as emissivity of fabric, ambient air velocity and temperature, and contact area, on sensible heat transfer and different heat transfer mechanisms.

method 2.2.1 Assumptions made for the heat transfer model in a skin-clothing-environment system

To understand the heat exchange between human body and environment through the clothing, the entire system can be divided into three different segments as shown in Figure 4(a). The theoretical model developed in this paper is based on the assumption of a steady-state system including clothing layers, enclosed and boundary air layers.

Clothing layers

The thermal insulation of a fabric used to make clothing depends on thermal insulation of fibres and yarns but also on fabric thickness, since the bulk of the thermal resistance is provided by the entrapped air in fabric pores [START_REF] Lotens | Calculation of clothing insulation and vapour resistance[END_REF]. For fabrics with low porosity the type of fibre and fabric construction may play a role since the ratio of fibre material to the air will increase. The value of thermal insulation can be measured on a hot plate or obtained from the literature [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF][START_REF] Astmf | Standard Test Method for Thermal and Evaporative Resistance of Clothing Materials Using a Sweating Hot Plate[END_REF][START_REF] Lotens | Calculation of clothing insulation and vapour resistance[END_REF]. In the theoretical model it is assumed that fabric properties are constant and the thickness of the fabric is homogeneous. The porosity and air permeability of the fabric in respect to mass transfer are neglected as forced convection in an enclosed air layer is not considered in the model. 

Enclosed air layers

The thermal resistance of an enclosed air layer depends on its thickness. In the enclosed air layer, heat is transferred through conduction, radiation and natural convection. Forced convection inside the enclosed air layer was not considered in this model. For the surface-to-surface radiation between the skin and different layers of clothing, it is assumed that radiation occurs between two parallel surfaces. To address natural convection, the enclosed air is considered as a rectangular cavity with a wide range of aspect ratios.

Boundary air layer

In the boundary air layer, heat is transferred predominantly through convection and radiation. The convective heat transfer consists of forced convection due to the velocity of ambient air and natural convection due to buoyancy effect of heated air on the outer surface of clothing. In the theoretical model, the convective heat transfer in the boundary air layer is calculated using empirical equations. The view factors to calculate radiative heat transfer and coefficients for mixed convection are specific for different body regions.

Mathematical formulation of heat transfer in the enclosed air layer

Conduction

The one-dimensional conductive heat transfer in enclosed air layer q k EAL can be defined by the Fourier's law as below:

q k EAL = -k EAL T i -T i+1 x EAL (1) 
Where, T i -T i+1 : temperature difference between two adjacent surfaces (K), x EAL : thickness of enclosed air layer (m), k EAL : thermal conductivity of enclosed air

W mK

The thermal conductivity of the enclosed air (k EAL ) is a function of temperature and can be expressed by equation [START_REF] Dixon | Appendix B: Properties of Air[END_REF]:

k EAL = 0.02624 T EAL 300 0.8646 (2) 
T EAL = T i + T i+1 2 (3) 
Where, T EAL : mean temperature of enclosed air layer (K)

Radiation

The radiation emitted by the surface at a given temperature (T) can be calculated by Stefan-Boltzmann law as [START_REF] Yunus | Heat and mass transfer: fundamentals and applications[END_REF]:

q = σεT 4 (4) 
Where, σ: Stefan-Boltzmann constant equal to 5.670

× 10 -8 W m 2 K 4 , ε: emissivity of fabric (-)
The surface to surface radiation between the skin and different clothing layers is calculated by assuming grey planar surfaces. Radiation between two grey planar surfaces confining the enclosed air layer can be given by Kirchhoff's law as below [START_REF] Yunus | Heat and mass transfer: fundamentals and applications[END_REF]:

q r EAL = σ T 4 i -T 4 i+1 1 ε i + 1 ε i+1 -1 (5) h r EAL = σ T 2 i + T 2 i+1 (T i + T i+1 ) 1 ε i + 1 ε i+1 -1 (6) 
Where, q r EAL : radiative heat flux in an enclosed air layer W m 2 : radiative heat transfer coefficient in an enclosed air layer W m 2 K , ε i : emissivity of surface at given node (-), T i : temperature of surface at given node (K)

The human body and textiles are low-temperature sources (maximal wavelength of 9.5 µm), so emissivity (ε) of skin and clothing layer is near to unity for many cases [START_REF] Lyman | The comfort and function of clothing[END_REF]. However, it should be measured for special purpose clothing such as aluminized firefighting clothing. In this study, the emissivity of the skin and clothing layer is considered to be 0.95 and 0.9, respectively.

Natural convection

The enclosure formed by skin and clothing layer is approximated by a twodimensional rectangular shape. In this enclosure, effects of external forces such as forced convection and penetration of ambient air into clothing are neglected. The temperature difference in the enclosure and gravitational forces induce buoyancy effect. Due to this effect, heated and low density air raises upward and cooled and higher density air moves downward. The heat transfer due to this movement of air is called natural convection heat transfer and is defined as:

q nc EAL = h nc EAL (T i -T i+1 ) (7) 
Heat transfer coefficient for natural convection h nc EAL can be obtained by nondimensional numbers such as Nusselt number (Nu), Rayleigh number (Ra), Grashof number (Gr) and Prandtl number (Pr). The natural convection in a rectangular cavity depends on aspect ratio. Depending on body part and clothing fit the range of aspect ratio (AR) can vary between 11 to 53 [START_REF] Dumicz | Development and Validation of Free Convection Model for Air Gaps[END_REF]. The empirical equations that cover a wide range of aspect ratios and limitations of Rayleigh number and AR are described in equation 9 [START_REF] Rk | Free convection through vertical plane layers -moderate and high prandtl number fluids[END_REF][START_REF] Rincón-Casado | New natural convection heat transfer correlations in enclosures for building performance simulation[END_REF][START_REF] Shewen | Heat Transfer by Natural Convection Across a Vertical Air Cavity of Large Aspect Ratio[END_REF][START_REF] Spalding | Heat Transfer and Turbulent Buoyant Convection: Studies and Applications for Natural Environment[END_REF].

h nc EAL = Nu k EAL x EAL (8) 
Where, h nc EAL : heat transfer coefficient for natural convection W m 2 K , Nu: Nusselt number (-)

Nu =                                      1 + 0.0665Ra 1 3 1+( 9000 Ra ) 1.4 ,
For Ra < 10 

, For 10 3 < Ra•Pr 0.2+Pr , 2 < AR < 10 (9) 
Where, Ra = Gr Pr ( 10)

Gr = β g dT x 3 EAL ϑ 2 (11) 
Pr = ϑ α (12) 
Thermal properties of air and other variables at a given temperature can be obtained from empirical equations [START_REF] Dixon | Appendix B: Properties of Air[END_REF], such as: Nusselt number is the ratio of convective heat transfer to the conductive heat transfer. If the Nusselt number is less than one then the heat transfer in the enclosed air layer is dominated by conduction and radiation h EAL = h k EAL + h r EAL . When the Nusselt number is greater than one, the heat transfer is dominated by natural convection and radiation h EAL = h nc EAL + h r EAL . Thus, the total heat transfer coefficient for enclosed air layer (h EAL ) can be given as:

β : thermal expansion coefficient of air 1 K β = 1 T EAL (13) 
h EAL = h k EAL or h nc EAL + h r EAL (18) 

Mathematical formulation of heat transfer in the boundary air layer

To develop a clothing model with high spatial resolution, it is necessary to consider the effect of view factor and mixed convection (forced convection along with natural convection) on different body parts. The effect of convection and radiation on different body parts are discussed in section 2.2.3.1 and 2.2.3.2 respectively:

Convection

The convective heat transfer from the human body or outermost clothing layer to the environment depends on natural convection and forced convection due to the movement of ambient air. The convective heat loss by mixed convection can be obtained based on equations 19 and 20 [START_REF] Fiala | UTCI-Fiala multi-node model of human heat transfer and temperature regulation[END_REF]:

q c,mix BAL = h c,mix BAL (T i -T i+1 ) ( 19 
)
effect of air layers on heat transfer

h c,mix BAL = a nat (T i -T i+1 ) 0.5 + a frc v a + a mix 0.5 (20) 
Where, h c,mix BAL : mixed convective heat transfer coefficient in boundary air layer W m 2 K , (T i -T i+1 ): temperature difference between outermost clothing layer (skin temperature for nude body) and ambient air (K), v a : speed of ambient air m s , a nat : coefficient for the natural convection (-), a frc : coefficient for the forced convection (-), a mix : coefficient for the mixed convection (-)

The derived values of a nat , a frc , and a mix for different body segments are described in Table 1 [START_REF] Fiala | UTCI-Fiala multi-node model of human heat transfer and temperature regulation[END_REF].

Radiation

The radiative heat transfer from outermost clothing layer to the environment can be calculated as follows:

q r BAL = σ ε θ T 4 i -T 4 i+1 (21) 
h r BAL = σ ε θ T 2 i + T 2 i+1 (T i + T i+1 ) (22) 
Where, h r BAL : radiative heat transfer coefficient in boundary air layer W m 2 K , T i : temperature of outermost clothing (skin temperature for nude body) (K), T i+1 : mean radiant temperature of ambient air (K), θ: view factor between body segment and environment (-)

The view factors between three-dimensional human body segment and environment were investigated by Kubaha et al. [START_REF] Kubaha | Human projected area factors for detailed direct and diffuse solar radiation analysis[END_REF] and presented in Table 1. For the simulations of radiative heat transfer from a heated cylinder in the validation study, the coefficients of the anterior and posterior thorax have been used. The total heat transfer coefficient for boundary air layer h BAL can be then defined as:

h BAL = h c,mix BAL • f cl + h r BAL (23) 
Where, f cl : clothing area factor (-) As shown in Figure 4(b), due to folds and the enclosed air gap, the surface area of the clothing is greater than the surface area of skin, unlike in the planar surface system as shown in Figure 4(a). To account for this difference between surfaces of inflow and outflow of heat in the one-dimensional clothing model the clothing area factor (f cl ) has been used [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF].

f cl = A cl A sk (24) 
Where,A cl : surface area of the clothing m 2 , A sk : surface area of the skin m 2

Mathematical formulation of heat transfer in heterogeneous air gaps

To obtain the heat flux for a heterogeneous enclosed air layer, it can be discretized into smaller elements w j as shown in Figure 4(b), where each small discretized element can be considered as a homogeneous air gap. Applying equations 25 and 26 for each small homogeneous section and then integrating them results in an equivalent thermal heat transfer coefficient h EAL eq and h BAL eq for the heterogeneous enclosed and boundary air layers.

The mathematical formulation to calculate heat transfer coefficient for heterogeneous enclosed air layer can be given as follows:

h EAL eq = n j=1 h EAL j w j (25) 
At each discretized element w j ,the temperature of the outermost clothing layer should be different, so the equivalent heat transfer coefficient for the boundary air layer can be given as follows:

h BAL eq = n j=1 h BAL j w j (26) 
Where, w j : discretized element (area fraction: percentage of skin surface area with a certain air gap thickness out of total skin surface area of the considered region) (%), h EAL j : heat transfer coefficient for enclosed air layer for j th element W m 2 K , h BAL j : heat transfer coefficient for boundary air layer for j th element W m 2 K , j: element number (-), n: total number of elements (-) Detailed data describing the discretized elements w j of enclosed air layer can be obtained from the 3D body scanning method [START_REF] Psikuta | Validation of a novel 3D scanning method for determination of the air gap in clothing[END_REF], or can be approximatedfor body regions from the air gap thickness model developed by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF].

Total heat flux

From Equations 25 and 26 the total heat transfer coefficient for the humanclothing-environment system (h total ) can be calculated as follows:

1 h total = 1 h EAL eq + 1 h cl + 1 h BAL eq ( 27 
)
Where the heat transfer coefficient for clothing layers (h cl ) can be obtained from the thickness of the fabric [START_REF] Lotens | Calculation of clothing insulation and vapour resistance[END_REF] or from a hot plate measurement [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF]. For common fibres the heat transfer coefficient is available in literature in terms of thermal insulation(R ct ) [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF].

q total = h total (T skin -T amb ) (28) 
The temperature distribution at each node (i) can be calculated as follows [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]:

T i = T skin -(T skin -T amb ) h total h →i (29) 
Where, q total : total heat flux from skin to the environment W m 2 , h total : total heat transfer coefficient from the skin to the environment W m 2 K , h →i : heat transfer coefficient up to the i th node W m 2 K , T skin : temperature of skin (K), T amb : temperature of ambient air (K)

Clothing model validation

Validation strategy

To validate the theoretical clothing model, the simulated data were systematically compared with experimental measurements using cases with increasing level of geometrical and component complexities. First, the theoretical model was validated for the homogeneous enclosed air layer for different ambient conditions and air gap thicknesses around a thermal cylinder. In the second step, the model was compared to the measurement results for spatially heterogeneous but regular enclosed air layers around a thermal cylinder. Finally, the applicability of theoretical clothing model was tested on an anatomically shaped thermal manikin with heterogeneous and irregular air layers representing the realistic scenario of enclosed air layer around the human body. In these validation tests both single-layer and multi-layer clothing ensembles were used with the latter one posing a further challenge to the model.

The accuracy of simulation depends on the accuracy of input data. To precisely predict the heat flux through heterogeneous air gaps, it can be discretised into several elements using 3D scanning. However, in case when 3D scanning method is not available or applicable (for the case of multi-layer garments), enclosed air layer can be divided into at least two elements using a local air gap thickness and contact area regression model developed by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] (based on 3D scanning of 51 casual and protective garments): (1 st element) contact area (between clothing and skin), (2 nd element) average air gap thickness (non-contact area), as shown in Figure 4(b). The local air gap thickness and contact area model provides the distribution of contact area and air gap for different body parts (locally), based on ease allowance, which is easy to obtain based on circumference measurement of the body and the garment [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. Both approaches based on regression model or 3D scanning are presented and validated in the present study.

effect of air layers on heat transfer

Homogeneous enclosed air layer around a heated cylinder

In the studies reported by Mert et al. [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF] and Richards et al. [START_REF] Richards | Study of Materials to Investigate the Effects of Moisture on the Heat Transfer through the Protective Clothing[END_REF], the heat flux from a thermal cylinder covered by clothing with a homogeneous air gap to the environment was measured. The cylinder was placed vertically and had diameter and length of 0.3m and 0.46m, respectively [START_REF] Annaheim | A new method to assess the influence of textiles properties on human thermophysiology. Part I: thermal resistance[END_REF][START_REF] Rossi | Influence of air permeability on thermalcand moisture transport through clothing[END_REF][START_REF] Zimmerli | Protection and comfort -a sweating torso for the simultaneous measurement of protective and comfort properties of PPE[END_REF]. The thermal cylinder was covered with a tight fabric layer which acted as an artificial skin and was assumed to allow no air layer trapped underneath (layer1). The second layer of fabric was placed around the thermal cylinder at a known predefined distance (layer 2). The thickness of the enclosed air layer, ambient conditions, and properties of the fabric are listed in Table 2. For the simulation of heat transfer in the boundary air layer from the thermal cylinder, the coefficient of the thorax has been considered from Table 1. 
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Heterogeneous enclosed air layer around a heated cylinder

To investigate the heat transfer for the heterogeneous regular enclosed air layer, Mert et al. [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF] performed several experiments on the heated cylinder with different configurations and size of the folds. The size and configuration of folds were selected based on 3D scanning of 18 casual garments and more than 300 different folds. The experimental parameters were as described in Table 3 and graphical representations of the folds are described in Figure 5. effect of air layers on heat transfer 
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Heterogeneous enclosed air layer around thermal manikin in single-layer clothing ensemble

To validate the theoretical model presented in this paper, measurements were performed on an anatomically shaped thermal manikin [START_REF] Psikuta | Development of an 'artificial human' for clothing research[END_REF][START_REF] Richards | Revised Interlaboratory Study Of Sweating Thermal Manikins Including Results From The Sweating Agile Thermal Manikin[END_REF][START_REF] Mark | Current development of thermal sweating manikins at Empa[END_REF] with a singlelayer garment representing a long-sleeve T-shirt.The data regarding the thickness of the enclosed air layer were obtained from a 3D scan method for single-layer garment [START_REF] Psikuta | Validation of a novel 3D scanning method for determination of the air gap in clothing[END_REF]. To generate the different configurations of the folds, the T-shirt was measured while loosely hanging around the waistline (Figure 6 (a) and (b)), and while being bound at waist simulating the T-shirt being tucked in the lower body garment (Figure 6(c) and(d)). Both cases presented in Figure 6 have a distinct distribution of air gap and contact area. The experimental conditions and material properties of the fabric are listed in Table 4. 

( • C) ( • C) m s (%) (-) (%) (mm) R ct m 2 K W 15 

Heterogeneous enclosed air layer around thermal manikin in multi-layer clothing ensemble

For multi-layer clothing including four individual layers it was not possible to obtain the air gap thickness distribution using the 3D scanning technique since 3D scanner can capture only the shape of the outermost layer. To obtain this data, the air gap model developed by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] was used as well as the findings by Mark [START_REF] Mark | The impact of the individual layers in multi-layer clothing systems on the distribution of the air gap thickness and contact area[END_REF] describing the confinement of the inner layer by the outer layer. The obtained data of air gap distribution through the air gap model are listed in Table 5 and the material properties and experimental conditions in Table 6.

The multi-layer clothing ensemble consisted of fabric skin (layer1), underwear (layer2), insulation jacket (layer3), and outer jacket (layer4). It is assumed that there is no air gap (AGT =0mm) between the skin and fabric skin layer.Table 5 presents the percentage of area ((w 1 ),%) with 0mm of air gap and the average air gap thickness for the remaining area ((w 2 ),mm)predicted by the air gap thickness and contact area model [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. Hence,the air gap of the enclosed air layer can be discretized into two elements (w 1 and w 2 ).The value of w 2 can be calculated as: 

w 2 = 100 -w 1 ( 30 
)
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Parametric study

The parametric study has been done to understand the effect of various parameters on total heat transfer and different heat transfer mechanisms. The following parameters were analysed over a wide range of thicknesses for enclosed air layer:

• The effect of ambient temperature on total heat flux and on different heat transfer mechanisms in an enclosed air layer were analysed for three conditions (0 • C, 10 • C and 22 • C).

• The effect of ambient air velocity on total heat flux and different heat transfer mechanisms in an enclosed air layer was analysed for three velocity magnitudes (v a = 0.2 m s , 1 m s , and 4 m s ). • The effect of fabric emissivity on total heat flux and different heat transfer mechanisms in an enclosed air layer were analysed for three emission coefficients (ε= 0.05,0.50 and 0.95).

• The effect of contact area (between skin and fabric) on total heat flux and different heat transfer mechanisms in an enclosed air layer were analysed for three values (10%, 20% and 40%).

The ambient temperature of 22 • C, the skin temperature of 35 • C, the ambient air velocity of 0.2 m s , the emissivity of skin and fabric of 0.95 and 0.90,respectively, homogeneous air gap thickness and the thermal insulation of fabric (around the thermal cylinder at a given distance) of 0.012 m 2 K W as a base case for all parametric studies were used unless differently specified.

Statistical analysis

To validate the theoretical clothing model presented in this paper, and to compare the results obtained with the experimentally measured data, the relative error (RE) is calculated (eq. 31), using the experimentally measured value as a reference value:

%Relative Error (RE) = Experimental data -Modelling data Experimental data × 100 (31) 
The deviation of experimentally measured data, and data obtained through the theoretical clothing model were calculated using following formula:

Standard Deviation(SD) = (x -x) 2 (j -1) (32) 
%Coefficient of Variation(CV) = SD x × 100 [START_REF] Havenith | Resultant clothing insulation: a function of body movement, posture, wind, clothing fit and ensemble thickness[END_REF] Where, x: mean value of sample data, x: observed value of sample data, j: sample size The SD in experimental data resulted from the repetition of the measurement, while the SD in theoretically computed data resulted from the deviation in input data (e.g. variation in measured air gap thickness due to repetitions in 3D scanning).

results

Figure 7 presents the comparison between theoretically simulated and experimentally meas-ured values of heat flux for all validation cases grouped in four levels of validation complexity. The description of ambient conditions and material properties for each individual case is given in Table 2 to 6. *When air gap thickness is discretized into only two elements such as contact area and mean air gap thickness for the remaining surface area 

discussion

The theoretical model for sensible heat transfer from human body to the environment through clothing ensemble was successfully developed. The model includes new aspects such as spatial heterogeneity of enclosed air layers and natural convection in both enclosed and boundary air layers in addition to conduction and radiation. We observed that the highest effect of heterogeneous air gap was observed for body parts with high contact area and relatively low average air gap thickness compared to body parts with relatively low contact area and higher air gap. As shown in Figure 9(a), a consideration of the heterogeneity of enclosed air layer can substantially improve the accuracy of heat transfer prediction, e.g. for the heterogeneous air gap on thermal cylinder and anatomically shaped thermal manikin accuracy can be improved up to three times. Finally, the model was validated for homogeneous, regularly heterogeneous and realistic (irregular) air gaps in single-and multi-layer ensembles in a wide range of ambient conditions. A good agreement was observed for simulated and measured heat fluxes when the detailed distribution of air gap as an input was used resulting in an average error of 7% (between -14.9% and 11%) as compared to experimental data variability of 2%. The results were also in a reasonable agreement when air gap data were approximated from the air gap model resulting in an average error of 9.3% (between -19.2% and 4.8%) as compared to experimental data variability of 3.3%.The accuracy of the model depends on spatial complexity and availability of detailed distribution of air gap, as for a homogeneous air layer the average error was 3.7% which increased up to 9.3% for heterogeneous air layers. The model precisely simulates the heat flux for homogeneous air gap thickness (cases 1-7, Table 2), with an average error of 3.7% as compared to standard deviation of the experimental data of 1.4% (Table 7). A good agreement was observed for cases 1-3consisted of various air gap thicknesses (10, 30 and 50mm), where for larger air gap thickness of 30mm and 50mm, natural convection was observed in the experiments [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF]. Particularly, the model adequately simulated the heat flux for larger air gap thickness (Figure 7(a)). By neglecting natural convection in their model, Mert et al. [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF] observed an error of 15% for the largest air gap (50mm). This error was reduced to 1.2% by considering natural convection in this study. Depending on the temperature difference and thickness of enclosed air layer, natural convection may have a pronounced effect on the total sensible heat transfer. The theoretical model presented in this paper considers natural convection in the vertical rectangular cavity for a wide range of aspect ratios (1 to 110). Our clothing model showed also good performance when forced convective air flow (va = 1 m/s) was present in the boundary air layer (cases 4-7,Table 2). As shown in Figure 7(a), simulated and measured heat flux was in very good agreement with an average error less than4% (between -4.2% and 6.2%)(Table 7). Additionally, model is also validate for the temperature in homogeneous enclosed air layer and fabric surface as shown in Appendix A.

When the heterogeneity of the enclosed air layer was considered the performance of the theoretical clothing model was continuously good with an average error of 9.3%. Mert et al. [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF] have observed that the heterogeneity of enclosed air plays an important role in heat transfer. It tends to increase the heat loss as compared to homogeneous case even if the average air gap thickness remained constant, because of increased conduction resulted from the contact between skin and fabric. In reality the thickness of an enclosed air layer varies between 0 to 55 mm and contact area varies up to 3%-67% for different body parts depending on clothing fit level [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF][START_REF] Frackiewicz-Kaczmarek | Effect of garment properties on air gap thickness and the contact area distribution[END_REF][START_REF] Mert | The effect of body postures on the distribution of air gap thickness and contact area[END_REF]. The assumption of a homogeneous air gap or full contact between skin and fabric clearly contradicts real life scenarios and such a model including homogeneous air gaps only has limited applicability for the anatomically shaped thermal manikin or the human body. For a spatially heterogeneous air layer,the surface temperature of the fabric varies at different distances from the skin (thickness of enclosed air layer). The heterogeneous temperature distribution on the fabric surface has a more pronounced effect on heat loss in the enclosed air layer and in the boundary air layer. With the method suggested in this paper in section 2.2.4, the clothing model calculates individual temperatures at each element and a precise temperature distribution in a heterogeneous air layer can be obtained, as shown in Figure 9(a). With this more accurate information about the temperature profile, it is possible to calculate the heat flux for heterogeneous air gaps. As shown in Figure 7(b),the theoretically simulated and the measured values of heat flux are in good agreement with an average error of 9.3% (between -13%and 9.3%). The induced error due to neglected natural convection and spatial heterogeneity was 22% [START_REF] Bhatia | Thermophysiological Wear Comfort of Clothing: An Overview[END_REF], which can be improved to 9.3% with the model suggested in this paper.

The theoretical model suggested in this paper is applicable not only to simplified manikins such as the thermal cylinder but also to anatomically shaped thermal manikins due to its ability to consider spatial heterogeneity, which was confirmed by the validation in cylindrical heterogeneous setting. The model accurately pre-dicted the heat flux from the anatomically-shaped thermal manikin for single layer t-shirt (cases 15-20, Table 4, Figure 7(c)) with an average error of 8% (between -14.9% and 10.4%). For the multi-layer garment the air gap thickness distribution was approximated from the air gap model [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] in form of percentage of contact area and the average air gap thickness for the remaining area. As shown in Figure 7(d), theoretically simulated and measured values of heat flux were in a reasonable agreement with an average error of 9.3% (between -19.2% and 4.8%). The reason for the reduced accuracy for multi-layer ensemble cases could be the air gap approximation error as reported by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] and lack of the detailed distribution of air gap thickness (w j distribution) that can be provided only from the 3D scanning method [START_REF] Psikuta | Validation of a novel 3D scanning method for determination of the air gap in clothing[END_REF]. For multi-layer clothing, it will be difficult to obtain air gap distributions of inner layers of clothing; in such cases, the contact area and the average air gap thickness could be approximated from the model developed by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] as in this study. The assumption of average air gap thickness along with contact area (between skin and fabric) produces reliable results, so for analysis of heat and mass transfer in multi-layer clothing the presented model can be very useful.

In present study, we have demonstrated two approaches for discretization of air layer thickness distribution. In the first approach, the enclosed air layer is discretised into several elements using 3D scanning method (element size of 1 mm), in the second approach we discretised the enclosed air layer into two elements (with area fraction of contact and without contact (AGT)) using local air gap thickness model as discussed in section 2.2.6.1. The local air gap thickness model can predict the air gap thickness and contact area for fourteen body parts for the casual garments without requiring 3D scanner (the firefighters clothing and other clothing ensembles where stiffness of fabric is very high, this model may not be applicable). Both approaches yield good accuracy of the heat flux prediction, and have similar average relative error on thermal cylinder of 9.3% and 11.3% and on thermal manikin 8.0% and 6.1%, as presented in Table 7.

In the anatomically shaped thermal manikin, different body sectors share a common enclosed air layer such as back and pelvis, upper and lower arm, and upper and lower leg. In the vertical position, low density heated air raises and low temperature air sinks because of the buoyancy effect. Due to this effect, the body sectors that have common enclosed air layer can have intersegmental heat exchange affecting the local heat flux. The theoretical model presented in this paper does not consider this intersegmental heat exchange, thus, the body sectors that share common enclosed air should be considered as one for a proper representation in the model.

For example, in the validation case with the single-layer garment loosely hanging around the waistline, the back and buttocks have a common enclosed air layer. Due to natural convection, heated air raises towards the back region and brings along the energy transferred to the fluid at the buttocks region, while low temperature air sinks along the inner side of the garment losing its thermal energy to the environment and cooling the buttocks region. Figure 9(b) demonstrates the magnitude of the intersegmental heat exchange by comparing individual and lumped heat fluxes for back and buttocks sharing a common enclosed air space with present free convection (case 15, Table 4).

To understand the effect of various ambient parameters (temperature and air speed), material properties (emissivity of fabric), and distribution of average air gap and contact area on total heat transfer and various heat transfer mechanisms parametric study were performed and results are presented in Figure 8.

• The temperature difference between skin and ambient air is one of the most influential parameter for total heat flux amongst all studied parameters in realistic exposure range. With increasing the temperature difference between skin and ambient air, the total heat flux from human body also increases as shown in Figure 8 (a: left). However, radiative heat transfer coefficient is relatively constant irrespective of distance and temperature. The conductive heat transfer coefficient decreases with increase in distance (Fourier's law) and after a certain distance due to natural convection it becomes constant as shown in Figure 8 (a: middle). The threshold for natural convection depends on the temperature gradient. At temperature gradients of 35 • C, 25 • C and 13 • C, the threshold for natural convection is 9mm, 10mm and 14mm, respectively.

• The ambient air speed affects forced convective heat transfer in boundary air layer; with an increase in air speed, the total heat flux from human body also increasesFigure 8 (b: left). However, a change in air speedin the boundary air layer does not affect the radiative and conductive and/or convective heat transfer coefficient in an enclosed air layer as shown in Figure 8 (b: right).

• The emissivity of fabric affects the radiative heat transfer coefficient, and reducing the emissivity of fabric results in decreased total heat flux from human body to the environment Figure 8 (c: left). The lower emissivity of fabric reduces the radiative heat transfer coefficient in an enclosed air layer as shown in Figure 8 (c: right).

• The contact area between skin and fabric results in higher total heat flux Figure 8 (d: left), due to the thermal conduction between skin and fabric. As shown in Figure 8 (d: right), the contact area between skin and fabric does not affect the radiative heat transfer coefficient but the conductive heat transfer coefficient increases with increase in contact area.

As shown in Figure 8(middle), at low air gap thickness,the conductive heat transfer mechanism is predominant and as distance increases, the conductive heat transfer decreases. After a certain distance due to natural convection, the composition of convective heat transfer remains constant.

As discussed, environmental parameters have a pronounced effect on total heat transfer but do less affect the heat transfer mechanisms; on the other hand material properties such as emissivity of fabric and contact area have greater influence on heat transfer mechanisms. With the help of the model developed in this paper, it is possible to optimize the localized thermal insulation for each body part by clothing fit (ease allowances), and emissivity of the fabric for given ambient conditions.

The clothing model developed in this study simulates conductive heat transfer in one dimension, and lateral exchange of heat due to conduction is neglected. The clothing model is predominantly applicable for quasi steady-state exposures, which is the case for many applications, as the thermal inertia of fabric and air is relatively low, and only a small error would result in moderately transient exposure conditions. However, in extremely transient conditions, for example when suddenly exposed to radiant heat in firefighting, this clothing model may not be adequate. The ability to simulate the heat transfer for spatially heterogeneous enclosed air layer and robustness of model has been proven during in-depth systematic validation. Hence, the developed model is good alternative to the numerical model, which is computationally very expensive and time consuming. The presented model also provides one step forward with regard to considering dynamic air gaps (body movement) and helps to make more accurate predictions for more realistic considerations of enclosed air layer for local body parts. The clothing model presented in this paper is simulating sensible heat transfer in detail, and can be coupled with a vapour transport (gradient of water vapour partial pressure) model providing fundamental basis for computation/estimation of wet conduction and wicking due to its ability of considering spatial heterogeneity.

conclusion

In this study, a theoretical model for sensible heat transfer was developed that considers the natural convection and spatial heterogeneity of enclosed air layers. The model was successfully validated against various experimental data sets obtained using a thermal cylinder and an anatomically shaped thermal manikin with homogeneous and heterogeneous air gaps and single and multi-layer clothing in a wide range of air gaps (0 to more than 50mm) and temperatures (-10 • C to 24 • C). Moreover, we have demonstrated that the model can address even very complex exposure scenarios and clothing including the spatial heterogeneity and the contact area between skin and fabric having pronounced influence on heat loss. It can be concluded that depending on the temperature difference and the thickness of the enclosed air layer, natural convection plays an important role in total sensible heat flux.Different leisure activities and occupational tasks include very limited human movement such as resting, driving, sleeping etc. Many of such applications may be challenging when using state-of-art methods such as thermal manikins to evaluate the heat exchange between the body and environment (costly and time consuming, not portable, generating extreme climatic condition in climatic chamber) whereas this model can be applied quickly and fully virtually. The theoretical model developed in this paper can help in analysing the effect of various parameters on heat transfer, and optimizing the product using parametric study.

The theoretical model presented in this paper provides critical inputs to clothing science for designing and development of protective and functional clothing, thermophysiological simulations, and in analysis of thermal comfort in various disciplines, such as apparel, automotive, med-tech and indoor research.
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Chapter 3

E F F E C T O F H U M A N M O V E M E N T O N F O R C E D C O N V E C T I V E H E AT T R A N S F E R A N D V E N T I L AT I O N 1

introduction

The sensible heat transfer from the human body to the environment involves conduction, convection and radiation. The human skin-clothing-environment system can be segregated into mainly three layers: (a) Enclosed Air Layers (EAL) (air layer between skin and clothing), (b) Clothing layers, and (c) Boundary Air Layer (BAL) (air layer between clothing and ambient air). Human movements result in variation in the enclosed air volume, which causes airflow (pumping effect) and increases forced convective heat transfer in an enclosed air layer and around the human body. Human movement reduces the total thermal insulation due to increased convective heat transfer along with ventilation through fabric and openings [START_REF] Berger | The pumping effect of clothing[END_REF]. The measurement and theoretical calculation of forced convective heat transfer coefficient in an enclosed air layer for dynamic conditions is challenging. Human movement does not only affect internal convective heat transfer, but also the convective heat transfer in the boundary air layer due to relative movements between different body parts and ambient air. The ambient air speed, type and intensity of body movement, clothing fit, and body shape affect the heat transfer and consequently the thermal balance of human body [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF][START_REF] Nielsen | Effect of physical activity and air velocity on the thermal insulation of clothing[END_REF][START_REF] Bjarne | Effect of body posture and activity on the thermal insulation of clothing: measurements by a movable thermal manikin[END_REF][START_REF] Vogt | Pumping effects on thermal insulation of clothing worn by human subjects[END_REF].

The reduction in total thermal insulation during human movement was experimentally investigated by several researchers using agile thermal manikins and human subject studies [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF][START_REF] Nielsen | Effect of physical activity and air velocity on the thermal insulation of clothing[END_REF][START_REF] Bjarne | Effect of body posture and activity on the thermal insulation of clothing: measurements by a movable thermal manikin[END_REF][START_REF] Vogt | Pumping effects on thermal insulation of clothing worn by human subjects[END_REF]. Vogt et al. [START_REF] Vogt | Pumping effects on thermal insulation of clothing worn by human subjects[END_REF] concluded that a large part of a reduction in effective total thermal insulation was due to the heat exchange through openings. However, the experiments from Beldings et al. [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF] indicated that the reduction in clothing thermal insulation resulted from the convection (air movement) inside the enclosed air layer, as in their experiment they sealed the openings of clothing ensembles (i.e. at ankles, wrists, waist and margins of the face) and an air-impermeable garment was used . The above mentioned studies have concluded that the reduction in effective clothing thermal insulation during human movements was related to convection and ventilation in an enclosed air layer. However, these studies did not analyse effect of forced convection and ventilation on local body parts. Nielsen et al. [START_REF] Nielsen | Effect of physical activity and air velocity on the thermal insulation of clothing[END_REF] conducted comprehensive research on the effect of physical activity, anatomic body shape, moving patterns for females and males, and ambient air velocity on thermal insulation of clothing for both male and female clothing ensemble. An important conclusion from their study was that the reduction of clothing thermal insulation was 33% (males) and 51% (females); this indicates that the garment fit (shape of enclosed air volume) and different moving patterns of females and males has a considerable impact on pumping effect. Several studies quantified the effect of body movement, ambient air speed and ventilation on clothing thermal insulation through linear regression [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF][START_REF] Havenith | Resultant clothing insulation: a function of body movement, posture, wind, clothing fit and ensemble thickness[END_REF][START_REF] Sari | A new dynamic clothing model. Part 2: Parameters of the underclothing microclimate[END_REF]. A major shortcoming of these regression based models is that they provide correction coefficients for the resultant clothing insulation. This value is applicable for the whole body only and does not provide heat transfer coefficient for local body parts. The details of heat transfer from local boy parts is required in many research fields such as physiology models, thermal sensation models, and localised HVAC systems (for energy efficiency) in automotive and buildings. Furthermore, the correction coefficients from regression based models are applicable to one particular movement type (walking) only.

Theoretical models for prediction of dynamic clothing insulation are mainly based on empirical studies and regression analyses and very few models are developed based on the fundamental thermal principles [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF][START_REF] Wan | A transient thermal model of the human bodyclothing-environment system[END_REF]. Several theoretical clothing models are developed and validated based on the assumption of a homogeneous air gap distribution and/or stationary conditions [START_REF] Farnworth | A Numerical Model of the Combined Diffusion of Heat and Water Vapor Through Clothing[END_REF][START_REF] Ismail | Improving local ventilation prediction by accounting for inter-segmental ventilation[END_REF][START_REF] Lotens | Heat transfer from humans wearing clothing[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. Often, such an assumption leads to an error in computing of conductive, radiative and convective heat transfer. As a consequence, very few studies investigated the mechanism behind the pumping effect and internal forced convection (convection in an enclosed air layer) by quantify the air flow regime in an enclosed air layer and considering realistic air gap/air volume. The model developed by Ismail et al. [START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF] assumes that the air movement in an enclosed air layer is the result of ventilation either through fabric due to its air permeability or openings. This assumption, however, contradicts the findings of experimental study by Belding et al. [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF] who showed a significant effect of air-movement despite air-impermeable fabric and sealed openings. Ghali et al. [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF], have developed and validated their model based on a hot plate and assumed homogenous but varying in the time air gaps with model relative error of 31%. As concluded in a study by Nielsen et al. [START_REF] Nielsen | Effect of physical activity and air velocity on the thermal insulation of clothing[END_REF], anatomic shape of human body , clothing fit (size and shape of enclosed air volume) and way of moving have a major impact on convective heat transfer coefficient and the heterogeneity of air gap may affect heat transfer by up to 30% compared to an equivalent homogenous air gap [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF]. Therefore, Ghali's model for clothing research and thermal physiology with the anatomically shaped body and realistic movement may not be applicable. Danielsson [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF] has investigated in detail the convection coefficient in clothing air layers due to body movement. However, the porosity of fabric, as well as the heterogeneity of air layers were not considered, and lack of air gap thickness data led to the inability to validate the model in detail.

The aim of the present study is to develop a clothing model that considers the local convective heat transfer in enclosed and boundary air layers and ventilation resulting from body movement. Technological advances in the field of 3D scanning method, garment simulation software from fashion design, and advanced CAD tools made it possible to analyse the volume and thickness of an enclosed air layer as an essential input to the model. In this study, the volume of enclosed air layer was analysed using the virtual try-on type of software simulating draping and movement of the garment fabric around the human body. The detailed and accurate input of air gap thickness made it possible to develop and validate the model precisely. The developed model is validated for standing still and two walking speeds (0.27m/s and 0.69m/s), three ambient air speeds (0.17m/s, 1m/s and 2m/s) and three different clothing fit levels (tight fit, medium fit and loose fit). The developed clothing model is applicable to a wide range of human movement types and provides detailed global and local thermal insulation, which is very useful in clothing science and simulations of thermal physiology and thermal comfort. The presented model is an extension of the model developed by Joshi et al. [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF], which was applicable for stationary condition (no body movement) and validated extensively with a realistic air gap on an anatomically shaped thermal manikin. In this study, the extended model simulates the dynamic clothing thermal insulation by considering forced convection and ventilation resulting from body movement.

effect of human movement on heat transfer 3.2 method

Model assumptions

Walking movement of the human body is assumed to be recurrent, so air gap thickness/air volumes were analysed for one gait cycle. This model assumes instantaneous thermal equilibrium as thermal inertia of air and fabric is low, and therefore, considered as negligible. The flow generated in an enclosed air layer due to the human movement is assumed to be homogeneous within individual body regions. The shape of the human body parts is simplified to a cylinder based on the circumference area of the actual human body to calculate the average air speed in an enclosed air layer. However, actual heterogeneous distribution of air gaps is considered for the calculation of conduction and radiation, which was obtained from the garment simulation software. The effect of external wind on deformation of clothing layer and air layers is not considered.

Mathematical formulation

Convective heat transfer coefficient for the enclosed air layer:

Activities like walking, cycling, skiing induce changes in clothing air gap distribution resulting in a forced air flow between the skin and the clothing layer which causes forced convective heat transfer. To estimate the effect of forced convection on the total thermal insulation, several factors must be considered, i.e. the nature and intensity of activities, garment fit, and effective ambient air velocity. The shape of body parts is simplified by cylinders and clothing around it forms an annulus shape of an enclosed air layer with heterogeneous air gap distribution. Based on the change in air volume, the average air speed (v) in an enclosed air layer due to pumping effect can be calculated from the pump rate, stroke volume, and crosssection area of an enclosed air gap as described in equation 34.

v = 2 r fabric H r 2 fabric -r 2 body • ∂r fabric ∂t (34) 
Where, v: average air speed in an enclosed air layer m s , r fabric : radius of fabric (m), r body : radius of body segment/cylinder (m), t: time (s), H: height of the body segment (m),

The convective heat transfer coefficient depends on the type of airflow (laminar or turbulent), and whether the flow is fully developed or developing in terms velocity and temperature profile. The type of air flow in an annulus depends on several parameters, such as fluid properties and dimensions of an annulus. The classification of flow in laminar or turbulent flow is done based on non-dimensional number such as Reynolds number (Re), Grashof number(Gr), and Prandtl number (Pr). The transition from laminar to turbulent flow in enclosed air layer of clothing occurs at a Reynolds number Re>2000, if Gr Pr d h l < 1000, where d h is thickness of enclosed air layer, and l is length of body part [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. The flow can be classified as fully developed if the Gz -1 (Graetz number) is greater than 0.05 [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. If the flow is fully developed, the value of Nusselt number for laminar convection will be constant and equal 4.36 for constant heat flux and 3.66 for uniform surface temperature [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Rohsenow | Handbook of heat transfer[END_REF]. The convective heat transfer coefficients for the laminar and turbulent flow are given in equations 38 to 41 [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Rohsenow | Handbook of heat transfer[END_REF][START_REF] Whitaker | Forced convection heat transfer correlations for flow in pipes, past flat plates, single cylinders, single spheres, and for flow in packed beds and tube bundles[END_REF]. For the laminar flow with uniform surface temperature, the Nusselt number can be calculated by following equation [START_REF] Frackiewicz-Kaczmarek | Air gap thickness and contact area in undershirts with various moisture contents: influence of garment fit, fabric structure and fiber composition[END_REF].

Re = ρ v d h µ (35) 
d h = d fabric -d skin (36) 
Nu = 1.86 Re Pr l d h 1 3 µ µ s 0.14 (38) 
Where, Nu: Nusselt number (-), µ: dynamic viscosity of air at the average fluid temperature kg m 2 s , µ s : dynamic viscosity of air at the average surface tempera-

ture kg m 2 s
For the turbulent flow with uniform surface temperature, Nusselt number can be calculat-ed by the following equations [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Rohsenow | Handbook of heat transfer[END_REF]: Nu = 0.024 Re 0.8 Pr 0.4 [START_REF] Ismail | Improving local ventilation prediction by accounting for inter-segmental ventilation[END_REF] if the air is heated by the surface (surface temperature is above the ambient temperature) and Nu = 0.026 Re 0.8 Pr 0.3 [START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF] if the air is cooled by the surface (surface temperature is below the ambient temperature)

The convective heat transfer coefficient of an enclosed layer can be defined as follow:

h conv EAL = NU k EAL x EAL (41) 
The radiative heat transfer coefficient for different body parts depends on view factor, temperature difference and Stefan-Boltzmann constant. It can be obtained by the method described by Joshi et al. [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF]. The total heat transfer coefficient of an enclosed air layer can be defined as below.

h EAL = h conv EAL + h r EAL (42) 
Where, h conv EAL : convective heat transfer coefficient for an enclosed air layer W m 2 K , h r EAL : radiative heat transfer coefficient for an enclosed air layer W m 2 K , h EAL : total heat transfer coefficient for an enclosed air layer W m 2 K , x EAL : thickness an enclosed air layer (m), k EAL : thermal conductivity of an enclosed air layer W m K ,

Convective heat transfer coefficients for the boundary air layer

The human body movement results in relative motion between body parts and ambient air, which affects the convective heat transfer in the boundary air layer. At low to moderate human movement pace, forced convection also interacts with natural convection and causes mixed convective heat transfer. At high ambient air speed or at the intensive movement, natural convection is negligible compared to the prevailing forced convection [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF], which can be expressed by Richardson number (Ri) (ratio of the buoyancy term to the flow shear term) as expressed in equation 43 [START_REF] Gebhart | Buoyancyinduced flows and transport[END_REF]. If, the value of Richardson number is less than 0.1 the natural convection is negligible, forced convection is negligible for Ri>10, and for 0.1<Ri<10 heat transfer is due to the mixed convection [START_REF] Garbrecht | Large eddy simulation of three-dimensional mixed convection on a vertical plate[END_REF]. The speed of moving for different body parts (v w ) can be obtained from the frequency and amplitude of the moving extremity of human body or thermal manikin. According to Danielson, the convection coefficient of two conditions (walking speed (v w ) and air speed (v a )) cannot be simply added, but the resultant convective coefficient can be obtained by following equation 44 [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. The empirical coefficients (x) for various movement can be obtained by measuring heat flux, temperature, and air velocity at local body parts, while performing the activities (walking, resting, or bicycling etc.) [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. Additionally, the local convective heat transfer coefficient and value of empirical coefficient (x) can be obtained using naphthalene sublimation by translating the weight loss resulted from the naphthalene sublimation to heat transfer coefficient as suggested by Nishi and Gagge [START_REF] Garbrecht | Large eddy simulation of three-dimensional mixed convection on a vertical plate[END_REF]. The value of empirical coefficient (x) for walking movement depends on the body part as described in Table 9.

Ri = Gr pr 2 (43) 
Where, Ri: Richardson number (-), Gr: Grashof number (-), Re: Reynolds number (-)

h conv BAL = h conv BAL (v a ) x + h conv BAL (v w ) x 1 x (44) 
The radiative heat transfer coefficient for different body parts can be obtained by the method described by Joshi et al. [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF]. The total heat transfer coefficient of an enclosed air layer can be defined as below.

h BAL = h conv BAL + h r BAL (45) 
Where, h conv BAL : convective heat transfer coefficient for an enclosed air layer 

Ventilation

The exchange of air between the enclosed air layer and the environment through the opening of clothing ensemble or fabric pores can affect the air temperature of the en-closed air layer and heat flux from the skin. The ventilation rate (air exchange between the enclosed air layer and environment) through garment opening can be approximated through the internal air speed as follows:

V OP = v • AGT • c (46) 
Where, V OP : ventilation through the opening of clothing ensembles m 3 s , v: air speed in an enclosed air layers m s , AGT: thickness of an enclosed air layer (m), c: the circumference of enclosed body parts (m) As fabrics have porous structures, the difference in air pressure can also result in an exchange of air through the fabric. The ventilation through fabric pores depends on the air permeability of fabric and pressure difference. The resulted ventilation can be calcu-lated as follows [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF].

V AP = AP • p -p env p m • A (47) 
Where, V AP : ventilation through the fabric pores m 3 s , AP: air permeability of the fabric l m 2 s , p: pressure of the enclosed air layer (Pa), p env : environmental air pressure (Pa), p m : standard pressure difference for air permeability measurement (Pa), A: surface area of clothing m 2

The effective ventilation depends on body parts and clothing design. The body parts with openings (such as lower leg and lower arm) are affected by ventilation through both pathways, through garment openings and also through fabric pores (V vent = V OP + V AP ). While rest of body parts (such as thigh and upper arm) are affected by ventilation through fabric pores only (V vent = V AP ).

The ventilation in an enclosed air layer affects the air temperature of enclosed air and heat flux. The temperature of enclosed air (T f ) is reduced to T f v due to ventilation and reduction in enclosed air temperature can be calculated as follows [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]:

T f v = h EAL T s A s + h BAL T cl A cl + V vent c p ρT a h EAL A s + h BAL A cl + V vent c p ρ (48) 
q v = V vent c p ρ T f -T f v A s (49) 
Where, T f : temperature of an enclosed air layer (K), T f v : reduced temperature of an enclosed air due to ventilation (K), h EAL : total heat transfer coefficient of the enclosed air layer Detailed study on air permeability of fabric as function of pressure gradient (Appendix B) and ventilative heat transfer due to air permeability was performed on thermal cylinder under various ambient air speed as presented in Appendix C

Experimental analysis of enclosed air volume in clothing ensembles

Garments

Three clothing ensembles were selected for the present study with different ease allowances and fabric properties as shown in Table 10. The thickness and weight of fabric was measured by using Frank thickness tester (according to ISO 5084:1996 [START_REF]Textiles -Determination of thickness of textiles and textile products[END_REF]) and precision scale (according to ISO 9073-1:1989 [START_REF]Textiles -Test methods for nonwovens -Part 1: Determination of mass per unit area. Standard[END_REF]), respectively. The air permeability of fabric was measured according to ISO 9237:1995 [START_REF]Textiles -Determination of the permeability of fabrics to air[END_REF]. 

Volume quantification of enclosed air layers

To simulate the dynamic clothing insulation, it is necessary to have accurate input regarding the thickness of the enclosed air layer during body movement. The precise measurement of an enclosed air layer thickness can be obtained using a garment simulation software or a 3D scanning method [START_REF] Mert | Quantitative validation of 3D garment simulation software for determination of air gap thickness in lower body garments[END_REF][START_REF] Psikuta | Validation of a novel 3D scanning method for determination of the air gap in clothing[END_REF]. In this study, the thickness of an enclosed air layer is analysed using a fashion design software, CLO version 4.2 (CLO VIRTUAL FASHION, South Korea) for one gait cycle. The coordinates of the movement trajectory for the human body are as described in Figure 10, which was obtained from the movement mechanisms of agile thermal manikin (SAM). The same coordinates were used in both simulation and validation cases using thermal walking manikin. The dressed avatar body from CLO version 4.2 (CLO VIRTUAL FASHION, South Korea) was divided into several body parts to describe the local draping behaviour of the garment. The virtual garment patterns and characterised fabric properties were imported to the garment simulation software CLO version 4.2. The virtual garment pattern were placed around the avatar body to drape around it. Finally, the avatar body with draped garment around it exported to Geomagic Control 2015 (3D systems, USA) for the calculation of contact area and average air gap thickness [START_REF] Mert | Quantitative validation of 3D garment simulation software for determination of air gap thickness in lower body garments[END_REF]. Table 11 represents the distribution air gap thickness during body movement for upper and lower body parts. The average air gap thickness and contact area for individual body parts are required as an input to the model, for the computation of forced convective heat transfer coefficient as shown in Figures 11 and12. The contact area and average air gap thickness is used for the calculation of conductive and convective heat transfer in an enclosed air layer. 

Validation strategy

The validation of the model was performed using an agile thermal manikin, which can perform the walking movement at various speeds (maximum walking speed 0.69 m/s) [START_REF] Richards | Revised Interlaboratory Study Of Sweating Thermal Manikins Including Results From The Sweating Agile Thermal Manikin[END_REF][START_REF] Mark | Current development of thermal sweating manikins at Empa[END_REF]. The manikin consists of 30 separate uniformly heated body sectors that can be heated to maintain a predefined constant temperature of 34 • C. The experiments were performed in a climatic chamber under controlled ambient conditions, such as the ambient temperature of 21 • C (±1 • C) and relative humidity of 50% (±5%).

The details of moving body parts of thermal manikin are as follows:

• Step rates of 0.37 Hz and 0.92 Hz for the walking speeds of thermal manikin of 0.28 m/s and 0.69 m/s, respectively.

• The velocity of the moving arm was (v w ) 0.15m/s (at walking speed of 0.28 m/s) and 0.40 m/s (at walking speed of 0.69 m/s) as measured at the wrist.

• The velocity of the moving leg was (v w ) 0.28 m/s (at walking speed of 0.28 m/s ) and 0.67 m/s (at walking speed of 0.69 m/s) as measured at ankle.

• During the walking movement of the manikin, the torso and head remained sta-tionary and only limbs were in motion.

The experimental design for the validation purpose was a combination of conditions with three clothing ensembles (Table 2), three walking speeds (standing and walking at 0.27 and 0.69 m/s) and three ambient air speed (still air of 0.17 m/s and two ambient air speeds of 1 and 2 m/s) giving in total 15 validation cases. The measured heat transfer co-efficient was analysed for local body and whole-body value for 12 individual body parts (chest, back, abdomen, buttocks, upper arm front, upper arm back, lower arm front, lower arm back, thigh front, thigh back, shin, calf).

The output of the model described in the present paper was also compared to the computed correction coefficient for walking speed and ambient air speed provided in ISO 9920:2007 standard, which is based on the large database of clothing ensembles measured with thermal manikins [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF]. The experimentally measured whole-body thermal insulation (under steady-state condition) in calm and stationary conditions is considered as a reference and the correction coefficient represents the fraction by which this reference value decreases due to movement and ambient air speed. 10) at ambient calm conditions (0.17 m/s)

various clothing fits at ambient airspeed (0.17 m/s).

Figure 15 and 16 present the comparison of simulated local body heat transfer coefficients along with measured and corrected heat transfer coefficients according to ISO 9920:2007. The correction coefficient provided by ISO 9920:2007 is applicable to whole body only for various walking speeds, wind speeds and clothing fits. The standard deviation (SD) of measured heat transfer coefficient in most cases was very low (below 0.27 W m 2 K ) except body parts that move at higher speed and have openings, such as lower arm, shin and calf (below 0.48 W m 2 K ). 

Average air speed (v)and convective heat transfer coefficient h conv EAL in an enclosed air layer

The modelling approach presented in this study provides detailed information and fundamental process behind increased forced convection in an enclosed air layers. The simulated average internal air speeds and corresponding convective heat transfer coefficients in enclosed air layers of local body parts resulting from different walking speeds is presented in Figure 17 and 18, which is very challenging to measure experimentally without affecting air layers and fluid flow. The presented data is provided for the clothing ensemble 1. 

Effect of clothing ventilation

The heat transfer resulted from the ventilation is affected by several parameters such as clothing design, ambient air speed, and human movement. The effect of clothing ventilation due to fabric air permeability, human movement, and clothing openings on total heat transfer at the local body parts for various conditions in clothing ensemble 1, as shown in Figure 19. effect of human movement on heat transfer

discussion

The developed model provides much detailed and accurate insight about the effect of human movement on heat transfer pathways such as conduction, radiation, forced convection due to internal air flow (in an enclosed air layer) and ventilative heat transfer. In this study, the change in enclosed air gap thickness(volume) due to human movement is quantified precisely and based on this data internal air flow and forced convective heat transfer coefficient are derived for local body parts. The simulated and experimental data indicated the air exchange through clothing openings and air permeability and emphasized the importance of consideration of local body parts. Therefore, high spatial resolution (in terms of local body parts) can be achieved with the developed modelling approach, which is major advantage compared to existing regression based models such as ISO 9920:2007 [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF] and model by Ghaddar et al. [START_REF] Ghaddar | Integrated human-clothing system model for estimating the effect of walking on clothing insulation[END_REF].

The whole body heat transfer coefficient for three different walking speeds (standing still, 0.27 m s , and 0.69 m s ), three ambient air speeds (0.17 m s , 1 m s , and 2 m s ), and three different clothing fits (regular fit, loose fit, and tight fit) were analysed. As expected, the whole body heat transfer coefficient was increasing with increase in walking speed (for all three clothing fit) and wind speed as shown in Figure 13 and 14. The average relative error in simulated whole-body heat transfer coefficient was at 11% compared to average coefficient of variation in measured data of 5% . The average relative error in simulated heat transfer coefficient remained constant for different walking speeds, e.g. for standing still, walking at 0.27 m s and 0.69 m s average relative error was 10%, 9%, and 11%, respectively. On the other hand, the average relative error in simulated heat transfer coefficient reduced with increase in ambient air speed, e.g. for the ambient air speed of 0.17 m s , 1 m s , and 2 m s average relative error was 12%, 11%, and 2%, respectively. The reduction in relative error with increase in ambient air speed is due to the higher magnitude of air speed and forced convective heat transfer in boundary air layer compared to the enclosed air layer, and the convective heat transfer coefficient in boundary air layer is well defined and validated in existing studies [START_REF] Fiala | UTCI-Fiala multi-node model of human heat transfer and temperature regulation[END_REF][START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF].

The developed model was further validated with regards to the heat transfer coefficient at local body parts (Figure 15 and16). The measured and simulated heat transfer coefficients for local body parts show that the body parts with high moving frequency (such as upper arm, lower arm, thigh, and lower leg) have higher heat transfer coefficients compared to relatively stationary body parts (chest, abdomen, back, and buttocks). The body parts with high moving frequency induces higher air speed in an enclosed air layer because change in enclosed air volume occurs during short time duration, which resulted in higher forced convective heat transfer coefficient. Further analysis showed that the whole-body heat transfer coefficient values differs from the heat transfer coefficient values of local body parts. For many applications such as modelling of thermal physiology, thermal comfort, and clothing research requires a heat transfer coefficient of local body parts. The existing regression models provide the heat transfer coefficient for whole body only, which was frequently used due to lack of models that provide heat transfer coefficient for local body parts. If the whole body heat transfer coefficient values (for example, obtained by using ISO 9920:2007 [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF] or other regression based models) were used for the local body parts, the heat transfer coefficients are overpredicted for torso region and underpredicted for limb regions (mainly lower arm and lower leg). The heat transfer coefficient values obtained from the presented model are more accurate for local body parts . For example in torso region (chest, back, abdomen, and buttocks), which is relatively stationary while walking, the presented model overpredicts heat transfer coefficient on average by 9%, but value from the whole body heat transfer coefficient overpredicts it on average by 31%.

The presented model is based on fundamental principles of fluid flow, and heat and mass transfer. Therefore, it provides much detailed insight into heat and mass transfer processes (such as air flow in an enclosed air layer and ventilation) compared to other models which are based on regression analysis [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF][START_REF] Havenith | Resultant clothing insulation: a function of body movement, posture, wind, clothing fit and ensemble thickness[END_REF]. The model calculates the internal air speed based on pump rate (equation 34), which depends on the change in air gap thickness (air volume) and intensity of movement. As shown in Figure 17(a) and (b), the internal air speed and forced convective heat transfer coefficient vary significantly along body parts. The internal air speed increases with increase in walking speed (Figure 17(a)) because change in air volume due to walking movement takes place during shorter time duration at higher walking speed. As shown in Figure 18(a) and 18(b), the clothing fit has negligible effect on internal air speed and forced convective heat transfer coefficient in an enclosed air layers. At given walking speed (0.69m/s) the time required to change in air volume is the same (between different posture) and change in air volume for majority of body parts is also similar except back and buttocks, where larger ease allowance has pronounced effect on air gap due to body shape. The presented model also considers the ventilation of air resulted from the fabric air permeability and clothing openings. The ambient air speed and direction of air flow also influence the ventilation, as shown in Figure 18(a), at higher wind speed, wind-facing body parts show higher share of convective heat transfer in total heat transfer coefficient than the rear body parts. With the increase of wind speed the penetration of air through porous fabric also increases due to increased pressure difference (equation 46), which also results in increased heat transfer by ventilation. Consequently, the wind facing body parts have 40% to 63% higher heat transfer coefficients for wind speeds of 1 m s and 2 m s , respectively, compared to the rear body parts. Besides this, the clothing openings also play a major role in ventilation as body parts with clothing openings, such as at shin, calf, lower arm, abdomen and buttocks, demonstrate higher share of ventilation in total heat transfer coefficient resulted from the additional heat loss due to lower temperature of ventilated air. As shown in Figure 18 (b), with the increase of walking speed heat transfer due to ventilation increases in body parts with openings, because higher walking speed represents high rate of oscillation and frequent air exchange through openings. The ventilative heat transfer is also affected by clothing fit (loose fit and tight fit) because loose fit clothing has relatively higher opening size (difference between circumference of clothing and body part at opening) at lower leg (24cm) and waist (23cm) compared to tight fit (18cm and 10cm for lower leg and waist, respectively). Therefore, the ventilative heat transfer is slightly higher for loose fit clothing compared to tight fit clothing at buttocks and lower leg region. The openings at lower arms were closed (cuffs with buttons) in both loose fit and tight fit clothing, and had similar opening size (11cm), and hence, no noticeable difference was observed at lower arms. This implies that ventilative heat transfer depends more on size of clothing openings rather than clothing fit (ease allowance) of the body part with opening.

There are very few analytical models that consider the fundamental reasons of forced convection in air layers due to human movement [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF]. The existing analytical models have oversimplified the skin-clothing-environment system and neglected the factors that affect the forced convective heat transfer due to human movement. The model developed by Ghali et al [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF] for the simulation of the homogeneously varying air gap and periodic ventilation was validated on a flat plate with a relative error of 31%. The model developed by Ghali et al. [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF] was validated only on flat plate and homogenous air gaps, which does not represent the actual spatial complexity of skin-clothing-environment system. The present study and previous experimental studies have emphasized the pumping effect and various parameters affecting it, such as a change in enclosed air volume, anatomic shape of human body, and clothing fit [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF][START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF][START_REF] Nielsen | Effect of physical activity and air velocity on the thermal insulation of clothing[END_REF]. Therefore, these parameters should be considered during the modelling and validation of human movement on heat transfer co-efficient. Another model developed by Ismail et al. [START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF] has neglected the effect of internal air speed resulted from the compression and expansion of enclosed air layer due to deformation of clothing layer due to body movement. Ismail et al. [START_REF] Ismail | Electric circuit analogy of heat losses of clothed walking human body in windy environment[END_REF] made an assumption that the air movement inside an enclosed air layer is due to the ventilation either through clothing air permeability or clothing openings. The experimental data of Belding et. al [START_REF] Belding | Analysis of factors concerned in maintaining energy balance for dressed men in extreme cold; Effects of activity on the protective value and comfort of an arctic uniform[END_REF] and present study suggest that the air speed in an enclosed air layer (mixing of air) resulted from body movement has a significant effect on the convective heat transfer coefficient, which contradict the assumptions made by Ismail et al. [START_REF] Ismail | Improving local ventilation prediction by accounting for inter-segmental ventilation[END_REF]. The change in an enclosed air gap thickness, ventilation, and internal forced convection are mainly responsible for the reduced thermal insulation during body movement, as shown in Figure 17 and18. The mathematical modelling of such effect requires an accurate input for a change in enclosed air gap thickness/air volume, which is possible with the 3D scanning or garment simulation on the human avatar in dedicated software.

The developed model provides several advantages over experimental measurement and existing models to analyse the effect of body movement on heat transfer. The forced convection in an enclosed air layer for the human movements other than walking can also be addressed by the presented study. The convective heat transfer coefficient in boundary air layer is combined effect of motion of body parts and ambient air speed. Both these components cannot be simply added to have an equivalent convective heat transfer coefficient as suggested by Danielsson [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF]. Therefore, the correction co-efficients provided by Danielson [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF] and used in this study (Table 9) are limited to walking movement, which can be obtained empirically for the other movement as suggested by Danielson [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF] and Nishi and Gagge [START_REF] Nishi | Direct evaluation of convective heat transfer coefficient by naphthalene sublimation[END_REF]. Hence, the effect of complex movements on heat transfer such as crawling during firefighting, skiing etc can be analysed, which is very challenging with an experimental studies such as measurement on a thermal manikin or human subject study.

conclusion

The presented model provides the detailed insight in to the forced convective heat transfer mechanism, affected by human movement along with ambient air speed. Therefore, it provides much detailed insight into heat and mass transfer processes (such as air flow in an enclosed air layer and ventilation). Its robustness and accuracy was proven by systematic and detailed validation against the experimentally measured data on an agile thermal manikin. A good agreement was observed with average relative error of 11%. The developed model can be extended for other movement types as well because it considers the fundamental factors behind the pumping effect. The ability of the presented model in simulating the internal airflow regime, forced convection, and ventilation in an enclosed air layer for local body parts makes it ideal for the optimization and parametric studies, which can be very useful as a research and design tool in many fields such as clothing research, thermal-physiology and thermal sensation modelling, energy efficiency in automotive and building, and occupational safety. Chapter 4

E F F E C T O F M O I S T U R E O N H E AT T R A N S F E R A N D T H E R M A L R E S I S TA N C E O F FA B R I C 1

introduction

During intense physical activity or exposure to warm environments, the human body produces higher heat than sensible heat loss, which requires significant amount of moisture (sweat) to dissipate the heat efficiently through various heat and mass transfer mechanisms and to maintain body core temperature constant. The human skin is usually covered with the clothing, hence, the heat dissipation from the human body is strongly affected by the fabric used in clothing layer and enclosed and boundary air layers. Furthermore, a wet clothing layer due to sweating or external source of moisture affects heat transfer and thermal comfort of the human body due to evaporation and high thermal conductivity of liquid moisture. To prevent these adverse effects, clothing with advanced heat and moisture management properties are required.

The performance measurement of functional and protective clothing is usually done based on human subject studies or highly controlled experimental methods such as sweating guarded hot plate, sweating thermal cylinder and thermal manikin. The measurements on sweating guarded hot plate or thermal cylinders are based on assumption of simplified geometry of human body and air layers, and they do not give information about realistic clothing thermal insulation rather than properties of fabric and simplified air layers alone. The more realistic thermal insulation of skin-clothing-environment system can be measured either on anatomically shaped thermal manikin or through human subject study. The usage of anatomically shaped thermal manikin became more frequent due to the requirement of detailed and standardized measurement methods [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF], which is supported by the development of more advanced manikins (e.g. development of movable, sweating and actively cooled thermal manikin). However, there are also several limitation with the measurement of heat and mass transfer on thermal manikin, such as agile thermal manikin can produce very limited human movement only (e.g. walking or bicycling), no surficial sweating (sweating through discret number of nozzles only), requires additional measure to spread the moisture on manikin skin surface, manikin can replicate limited postures only (standing, sitted) due to rigid structure. Besides this, the cost (initial and maintenance), space (climatic chambers), and time factors are also major limitation. The human subject study in clothing research also has several limitations such as the ambient condition and exposure is very limited because of health and safety reasons and requires approval from ethical committee. Additionally, variability between subjects is often large which requires certain number of human subjects and experiments, which is time consuming and expensive. In general, experimental methods require the prototype garments, several experiments need to be carried our for reliable results, which both are time-consuming and expensive.

On the other hand, the modelling approach is time efficient and gives more detailed information about individual heat and mass transfer mechanisms in skinclothing-environment system. There are several existing models that predict heat and mass transfer in the skin-clothing-environment system, but due to their oversimplification of spatial geometry and lack of robustness and accuracy, the applicability of such models to the designing and developing of functional and protective clothing is limited. The majority of heat and mass transfer models oversimplify the spatial geometry and assume homogeneous air layers [START_REF] Kamel Ghali | Modeling of heat and moisture transport by periodic ventilation of thin cotton fibrous media[END_REF][START_REF] Lotens | Heat transfer from humans wearing clothing[END_REF][START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF], which causes an error in simulated temperature and water vapour pressure in clothing microclimate [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF]. There are very few models that consider the spatial heterogeneity of air layers [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF][START_REF] Udayraj | Numerical investigation of the effect of air gap orientations and heterogeneous air gap in thermal protective clothing on skin burn[END_REF], but these models do not consider the mass transfer in skin-clothing-environment system. The micro scale models consider the effect of heat and mass transfer at fabric level only, however, they often neglect the effect of air layers on heat and mass transfer in skin-clothing-environment system [START_REF] Fan | Heat and Moisture Transfer with Sorption and Phase Change Through Clothing Assemblies: Part II: Theoretical Modeling, Simulation, and Comparison with Experimental Results[END_REF][START_REF] Gibson | Multiphase heat and mass transfer through hygroscopic porous media with applications to clothing materials[END_REF][START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. The condensation in individual layer of clothing was also neglected, because enclosed air layers were imprecisely addressed [START_REF] Farnworth | A Numerical Model of the Combined Diffusion of Heat and Water Vapor Through Clothing[END_REF][START_REF] Fukazawa | Experiment and Analysis of Combined Heat and Water Vapor Transfer Through Clothes with Condensation[END_REF]. Therefore, the major limitation of clothing model is that the existing models focuse either on micro scale or macro scale modelling with the oversimplification of spatial geometry of human body and air layers.

The aim of the present study is to develop heat and mass transfer model that considers the evaporation, condensation, and effect of moisture on the thermal resistance of the fabric and total thermal insulation in spatially heterogeneous skinclothing-environment system. The validation cases were covered homogeneous and heterogeneous air layers. Finally, to demonstrate the application of the presented model as a research and design tool, it is applied in designing and development of smart skiwear as an exexemplary case study. In the case study, several research parameters such as effect of evaporative and thermal resistance, clothing fit, ambient environmental conditions, and electric heating of fabric were analysed.

method

Model assumptions

The presented model considers heat and mass transfer in the skin-clothing-environment system. The model accounts for the effect of the moisture on the thermal resistance of the fabric, based on evaporation and condensation under steady-state conditions. The liquid wicking between skin and clothing layers and the heat of sorption are neglected. The presented model accounts for the spatial heterogeneity of air layers based on the method developed by Joshi et al. [START_REF] Joshi | Analytical clothing model for sensible heat transfer considering spatial heterogeneity[END_REF]. 

Moisture transport in the skin-clothing-environment system

Moisture transport in an enclosed air layer

The air layer trapped between the skin and different layers of clothing ( so-called enclosed air layer) is heterogeneous and varies depending on body parts [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] (Figure 20). Consequently, the distribution of temperature, saturation and water vapour partial pressure over the clothing and skin surface is accordingly affected and varying. The saturation and water vapour partial pressure can be obtained through the following equations [START_REF] Kimman | Modeling of a Heating System equipped with a Biomeiler and a Heat Pump[END_REF][START_REF] Lampinen | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF]: Saturation pressure of water vapour:

p sat = e 77.354+0.0057T-7235 T T 8.2 (53) 
Water vapour partial pressure:

p = RH 100 p sat (54) 
Where, p sat : water vapour saturation pressure (Pa), p: water vapour partial pressure (Pa), T: temperature of air(K), RH: relative humidity(%)

The diffusion of moisture in an enclosed air layer can be calculated by Fick's law as follow:

m EAL = D (w i -w i+1 ) ρ air humid x EAL (55) w 
= p R w p R w + p atm -p R a (56) 
Diffusion coefficient of water vapour in air (D) can be expressed as follows [16]:

D = -2.775e -6 + 4.479e -8 T EAL + 1.656e -10 T EAL (57) 
Where, m EAL : moisture flux that diffuses through air gap kg m 2 s , x EAL : thickness of enclosed air layer (mm), T EAL : temperature of enclosed air layer (K), D: diffusion coefficient of water vapour in air m 2 s , w i : concentration of water vapour at i th node ( kg kg ), ρ air humid : density of humid air kg m 3 , R w : gas constant for water vapour = 461.5 J kg K , R a : gas constant for air = 286.9 J kg K , p atm : atmospheric pressure = 101325 Pa The evaporative resistance of an enclosed air layer can be calculated as follow:

R et EAL = p i -p i+1 m EAL λ (58) 
Where, λ: latent heat of vaporization = 2257 J g , R et EAL : evaporative resistance of the enclosed air layer m 2 Pa W , p i : water vapour partial pressure at given node (i) (Pa)

Moisture transport in a boundary air layer

The evaporative resistance in a boundary air layer can be calculated by Lewis relation (LR) which provides the correlation between convective heat transfer and mass transfer coefficients [START_REF] Parsons | Human Thermal Environments: The Effects of Hot, Moderate, and Cold Environments on Human Health, Comfort, and Performance[END_REF]:

R et BAL = 1 h c BAL LR (59) 
The convective heat transfer coefficient for the boundary air layer h c BAL is a function of the ambient air speed, the temperature difference between clothing and ambient air, and it also depends on the geometry and orientation of body parts [START_REF] Fiala | UTCI-Fiala multi-node model of human heat transfer and temperature regulation[END_REF]. The Lewis relation depends on physical properties of gases and atmospheric pressure, but it is independent of shape of geometry, air speed and ambient temperature [START_REF] Parsons | Human Thermal Environments: The Effects of Hot, Moderate, and Cold Environments on Human Health, Comfort, and Performance[END_REF].

LR = 0.0165 p atm (60) 
Where, R 

The energy and mass balance

Condensation occurs when vapour pressure exceeds the saturation pressure, and water vapour transforms into the liquid phase until the partial pressure reaches the saturation pressure. The condensation of water vapour in a clothing layer results in heat release (latent heat of condensation) acting as a local heat source. Therefore, energy and mass balance is a key element while modelling the latent heat transfer.

When the latent heat is released in the condensation process, the temperature of the condensing node (T ic ) increases according to the condensation rate (m c ). For each node saturation and partial pressure of water vapour is calculated, and the condensation node is identified by checking the condition p sat < p. The unknown parameters such as condensation rate (m c ), temperature at condensing node (T i c), and partial water vapour pressure at condensing node (p i c) can be obtained by solving equation of energy and mass balance iteratively as follow:

m →ic -m ic→ = m c (61) 
m c = p skin -p ic λ R et ic - p ic -p amb λ R et total -R et ic (62) 
T skin -T ic R ct ic + λ m c = T ic -T amb R ct total -R ct ic (63) 
Where, T skin : temperature of skin (K), T ic : temperature at condensing node (K), T amb : temperature of ambient air (K), p skin : pressure at skin (Pa), p ic : pressure at condensing node (Pa), p amb : pressure of ambient air (Pa), R ct total : total thermal 

Effect of condensed moisture on thermal resistance of fabric

The thermal insulation of dry fabric depends on the thermal conductivity of fibres and entrapped air in pores. The presence of moisture in fabric replaces part of the air volume, and hence, affects the insulative property of fabric, because the thermal conductivity of water 0.598 W m K is higher than the thermal conductivity of air 0.025 W m K by a factor of 23. Therefore, under wet state the thermal insulation of fabric is decreased significantly [START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. Based on the calculated moisture transport due to evaporation and condensation, the moisture content and the change in the fabric insulation can be calculated by the following equations [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]:

Moisture Content(MC) = Weight of moisture in fabric Weight of wet sample (64) 
R ct dry f = x (1 -ε) k f (65) R ct air = x ε k a (1 -MC) (66) 
R ct water = x ε k w MC (67) 
Mangat et. al [START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF] suggested that under wet state thermal resistance of air R ct air and water R ct water works in parallel arrangement, and thermal resistance of fabric R ct dry f works in serial arrangement. The equivalent thermal conductivity of fabric under wet state for different level of moisture content can be obtained through following equation [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF].

R ct wet fabric = R ct air R ct water R ct air + R ct water + R ct dry f (68) 
Where, R ct wet f : thermal resistance of fabric in presence of moisture 

Validation strategy

The developed model was systematically validated against the measured data on sweating thermal cylinder and sweating thermal manikin. The experiments covered increasing level of spatial complexity (homogeneous and heterogeneous air layers), wide range of ambient conditions (temperature and humidity), and fabric properties (hydrophobic and hydrophilic). In the first step, the model was validated for a homogeneous enclosed air layer around the sweating thermal cylinder for single-layer fabric. Then, the anatomically-shaped thermal manikin with heterogeneous air layers underneath the clothing was used for experiments with single and multi-layer clothing under various ambient conditions. The material properties of fabric such as thermal and evaporative resistance was measured according to ISO 11092:2014 [START_REF]Textiles -Physiological effects -Measurement of thermal and water-vapour resistance under steady-state conditions (sweating guardedhotplate test)[END_REF].The validation was performed for multiple parameters such as total heat flux, condensed moisture in an individual layer of clothing, and evaporated moisture from the entire system. The heat flux was validated for local body parts, while condensation and evaporation were validated for individual clothing layer and for whole body. The condensed moisture was validated for individual clothing layers because the evaporated sweat from respective body part might not condense on same body sector of clothing. Furthermore, it is cumbersome to cut the garment for weighing as per body sector after each repetition and prevent further evaporation. The evaporated moisture is also validated for whole body because moisture is supplied through single source (for all body part), so measurement of mass loss for individual body part is not possible. Additionally, data from literature including measurements on anatomically shaped thermal manikins were considered for validation as well [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF].

Validation of model with data measured on sweating thermal cylinder

To validate the developed model, simulated data were compared with the experimentally measured data obtained on the thermal cylinder [START_REF]Protective clothing for firefighters -Physiological impact -Part 1: Measurement of coupled heat and moisture transfer with the sweating torso[END_REF]. The vertically placed thermal cylinder was covered with tight 'skin' fabric to spread the sweat moisture homogenously on the cylinder surface. The cylinder was further covered with single-layer fabric with predefined homogeneous enclosed air gap thickness using the supporting grid that maintained required distance and prevented direct contact of fabric sample to the cylinder surface. The experimental conditions are described in Table 12. 
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Validation of model with data measured on thermal manikin

The experiments were performed on the sweating thermal manikin with single and multilayer clothing ensembles [START_REF] Mark | Current development of thermal sweating manikins at Empa[END_REF] with upper body parts with active heating and sweating (chest, back, abdomen, buttocks, upper arm and lower arm). Firstly, the thermal manikin was dressed with tight fitting underwear as a fabric 'skin' to spread the sweat moisture homogenously (Layer 1 in Table 13) in all validation tests. The single-layer garment consisted of tight-and loose-fitting jacket (layer 2 in Table 13 case 5(i) to 6(iii)) The multi-layer clothing ensemble consisted of a base underwear layer, a middle insulative layer, and a jacket as outer layer. The experimental conditions and fabric properties are described in Table 13. The distribution of air gap thickness and contact area were calculated based on model developed by Psikuta et al. [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF] and are listed in Table 14 and Table 15. 
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Validation of model based on literature data

The developed model was also validated against the literature data [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF]. Wang et al. [START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF] investigated the whole body total heat flux during the sweating phase for various fits (small, medium and large fit) of protective coveralls. Havenith et al. [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF] performed experiments to study the effect of clothing evaporative resistance (permeable, semi-permeable, and impermeable to water vapour) on moisture transport and total heat flux in terms of evaporative efficiency for whole body. The Table 16 shows experimental conditions for different validation cases. The enclosed air gap thickness and contact area were obtained based on ease allowance (Table 17) and local air gap thickness model [START_REF] Psikuta | Local air gap thickness and contact area models for realistic simulation of human thermo-physiological response[END_REF]. The simulated whole body heat flux was compared with the literature data, which was obtained by area weighted average of heat flux from local body parts. 

Case

Ambient conditions Fabric properties no. 

T skin T amb v a RH Layer 1 Layer 2 R ct R et R ct R et ( • C) ( • C) m s (%) m 2 K W m 2 Pa W m 2 K W m 2 Pa W 9 

Effect of wet clothing on thermal resistance of fabric and total thermal insulation

Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] have developed a micro scale model, which analysed the effect of moisture on thermal conductivity of fabric with detailed validation. The validation cases included five types of weft knitted fabrics with varying ratio of cotton and polyester [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. Additionally, we have also validated the model for wide range of fabric such as polyolefin, cotton, polyester, wool, and polyamide as shown in Appendix D. The model developed by Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] considers the reduction in thermal resistance of fabric only, but the effect of moisture on total thermal insulation (skin-clothing-environment system) was not quantified. To analyse the effect of wet clothing on total thermal insulation of the system the model developed by Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] was combined with the presented model.

To analyse the effect of thermal conductivity of fabric (in wet state) on total thermal insulation, the fabric with 100% cotton was used. Since cotton is one of the hydrophilic fabrics and has a tendency to absorb the maximum amount of water and the maximum reduction in thermal resistance in this fabric was observed. The thermal resistivity of dry fabric was 0.022 m 2 K W , thickness of fabric was 1.29 mm and porosity (ε) of fabric was 0.89 [START_REF] Rossi | Influence of air permeability on thermalcand moisture transport through clothing[END_REF]. The aim is to study the effect of thermal conductivity of fabric in wet state on total thermal insulation compared to dry state.

Statistical analysis

The quality of experimental data was quantified based on standard deviation (SD) and coefficient of variation (CV). The comparison of simulated and measured data 12)

Validation of model with data measured on thermal manikin

In the second step, the model was validated on the sweating thermal manikin with the realistic heterogeneous air gaps in single-layer and multi-layer clothing and for local body parts as shown in Figures 22 and23. 

Validation of model against literature data

The comparison between measured total heat flux in literature [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF] and simulated total heat flux by the model is presented in Figure 24. [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF], as described in (Table 16 and17) 

Effect of moisture on thermal resistance of fabric

The effect of moisture content on thermal insulation of fabric and total thermal insulation were analysed as shown in Figure 25. 

discussion

The model for heat and mass transfer in skin-clothing-environment system was developed in this study. The spatial complexity such as heterogeneity of air layers and anatomic shape of human body was considered during the modelling of heat and mass transfer. The high spatial resolution in terms of local body parts and condensation in individual layer of clothing can be achieved with the presented approach.

The model was validated on the sweating thermal cylinder with homogeneous air gap. The developed model is systematically validated with increasing level of spatial complexity. In the first step, the validation was performed on simplified geometry with homogeneous air gap around thermal cylinder for three parameters such as total heat flux, condensation of moisture on clothing layer, and evaporated moisture form the surface of thermal cylinder(Figure 21).The average relative error in simulated heat flux was 11%. Thereafter, the model is further validated on anatomically shaped thermal manikin using single-and multi-layer clothing ensemble. The validation cases with single-layer clothing ensemble consisted of loose fit and tight fit clothing ensemble, as shown in Figure 22. Furthermore, validation is extended for even complex spatial geometry such as multi layer clothing ensemble on anatomically shaped thermal manikin, as shown in Figure 23. The average relative error in simulated heat flux for single-and multi-layer clothing ensemble on anatomically shaped thermal manikin was 16%. The Figure 23(b andd) shows moisture accumulation in Layer 1 of multi-layer clothing ensemble, while simulated data indicates the absence of moisture. The reason for this contradiction is liquid wicking of moisture from skin to layer 1, which is not consider in presented modelling. The average relative error in simulated heat flux for single-and multi-layer clothing ensemble on anatomically shaped thermal manikin was 16%.The RMSD between measured and simulated heat flux and mass flux was 28 W m2 and 16 g m 2 h , respectively.The model was also validated against the literature data of Havenith et al. [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF], and Wang et al. [START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF] for whole-body total heat flux for different fabric types used to confection clothing (permeable, semi-permeable, and impermeable to water vapour) and sizes of clothing (small, medium and large size). The presented model has a better accuracy and relative error of 13% in simulated total heat flux compared to existing well validated model which was 16% [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF] (based on assumption of homogeneous air layer) for the similar cases (case 9 to 17) because presented model considers the spatial heterogeneity.

The condensation of moisture in clothing layers results in increase of moisture content in fabric. Several researchers [START_REF] Farnworth | A Numerical Model of the Combined Diffusion of Heat and Water Vapor Through Clothing[END_REF][START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] have indicated that the fabric's thermal properties such as thermal conductivity, vary with increase in moisture content. The thermal conductivity of fabric is a combination of the thermal resistance provided by the solid fibres and air entrapped in the pore structure. However, when moisture replaces the air (fully or partially) in pore structure the thermal conductivity of fabric is reduced according to moisture content [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF]. The clothing models often neglect the thermal conductivity of fabric in wet state, and its effect on modelling accuracy is still unknown. Hes et. al. [START_REF] Hes | Heat, Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF] and Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] quantified the change in properties of fabric due to moisture content. As shown in Figure 25(a), the fabric thermal insulation decreases steeply with increase in moisture content down to more than 80% of the fabric in dry state. However, the insulation provided by fabric is very small fraction in the total thermal insulation of all layers in the skin-clothing-environment system as it includes the thermal insulation of enclosed and boundary air layers beside the fabrics. To visualize the effect of reduced thermal insulation of fabric on total thermal insulation simulations with two different thickness of air layers 0 and 10mm were performed. As shown in Figure 25(b), with 67% moisture content (fully wet fabric) the thermal insulation of fabric can be reduced down to 83% of the value in dry state. However, the reduction in total thermal resistance of the skin-clothing-environment system is just 7% and 3% for no air gap and at air gap of 10mm, respectively . When the fabric moisture content is less than 20% (as observed in our validation cases) the reduction in thermal insulation of entire skin-clothing-environment system is less than 1.5% (below standard deviation of experimental results) for both cases. Thus, wet conduction (reduced thermal conductivity of wet fabric) has negligible effect on total heat transfer and major heat loss in wet state is due to the evaporation process. In the skin-clothingenvironment system major thermal resistance is provided by enclosed and boundary air layers and only small fraction of thermal resistance is contributed by the fabric layer. Therefore, reduction in the thermal insulation of fabric has minor effect on the total thermal insulation as shown in Figure 25(b).

The theoretical models developed for simulating heat and mass transfer in skinclothing-environment system were oversimplified and often their applicability and validation are limited to the theoretical cases such as thermal cylinder and flat plate cases only. Consequently, till date in the clothing research to understand the heat and mass transfer in skin-clothing-environment system still extensively depends on the empirical models and experiments.

example of modelling application in clothing research as a case study

The presented model can consider the actual heterogeneous air gaps, and robustness of model has been proven by validating it for wide range of ambient conditions, evaporative resistances, and clothing fits. Hence, it can be effectively applied to real-life scenarios for designing and development of functional and protective clothing. The model provides detailed information about individual sensible and latent heat transfer mechanisms with high spatial resolutions (individual layer and local body parts), to understand the role of various parameters such as air gaps (clothing fits), evaporative and thermal resistance, ambient conditions, and other functional parameters such as electric heating.

The case study was performed for designing and development of a skiwear system. The skiwear consisted of three layers: base layer, insulative mid-layer including electric heating elements and outer jacket with moisture removal panel to remove liquid moisture with electro-osmosis technology. In the elcro-osmosis process voltage is applied to membrane, under the electrostatic force (coulomb force) liquid moisture is pumped out from inner surface of membrane(moisture removal panel) to outer surface. This way skiwear features a smart sweat management system with active moisture transport. For the optimal performance, it is required that either liquid sweat migrates to the panel or that the evaporated sweat condenses on the membrane. The aim of this case study is to optimize the jacket for the minimum moisture in mid-layer to reduce the wettness, and hence, to improve the thermal comfort, and identify the optimal placement of moisture removal panel in the outer jacket. The simulated heat transfer from manikin skin for the case study was compared with the experimental results, additionally, the temperature in individual layer of clothing was measured using the MSR temperature sensors and data loggers (MSR GmbH, Switzerland, accuracy ±0.5°C) and compared with the simulated data. After the model validation for case study, the parametric study was performed to analyse various factors that affect the performance of the jacket, such as clothing fit (related to air gap thickness), material properties (R ct , R et of fabric), ambient environmental conditions, and the interference of electric heating with the condensation process. From the point of view of clothing design and functionality, some constraints regarding the placement of membrane were considered. Due to several pockets on the front side of clothing and considering the sweat map of the human body, which shows higher sweat rate on shoulder and lumbus (average 447 g m 2 h ) compared to the chest and abdomen (average 241 g m 2 h ) during mild exercise in male athletes [START_REF] Smith | Body mapping of sweating patterns in male athletes in mild exercise-induced hyperthermia[END_REF]. Therefore, moisture removal panel should be placed on posterior side of the jacket (shoulder and lumbus). Hence, only shoulder and lumbus regions were considered for this case study.

For the experimental measurement, the skin and ambient temperature was 34 • C and -5 • C(±0.5 • C), respectively. The ambient air speed was 0.17 m s , and ambient relative humidity was 65%(±5%). The thermal resistance of fabric was 0.017 m 2 K W , 0.0337 m 2 K W , 0.1298 m 2 K W , and 0.0105 m 2 K W for fabric skin, base layer, insulative midlayer, and outer jacket, respectively. The evaporative resistance of fabric was 2.12 m 2 Pa W , 3.35 m 2 Pa W , 21.83 m 2 Pa W , and 8.88 m 2 Pa W for fabric skin, base layer, insulative mid-layer, and outer jacket, respectively. The air gap thickness and contact area details for the local body parts are given in Table 15.

As shown in Figure 27, the simulated results were validated to prove the reliability of the parametric studies. The parametric study was performed to analyse the effect of local body parts, clothing fit, material properties (thermal and evaporative resistance), ambient temperature, and electric heating. The important outcome from the parametric study was as follows:

• The body parts with higher air gap thickness such as lumbus experience no condensation in the clothing system as shown in Figure 28(b). Therefore, the body parts with lower air gap thickness (shoulder Figure 28(a) and upper back reagion) are ideal for the placement of membrane.

• The tighter design of mid thermal layer (in combination with the unchanged outter layer fit) showed no condensation rate on inner side of garment (side facing the skin) and condensation on membrane is unaffected, which makes it more thermally comfortable Figure 28(c).

• Increasing the thickness (by factor of two) of the insulative mid-layer, which increases its thermal and evaporative resistances to 0.26 m 2 K W and 43.66 m 2 Pa W , respectively. The increased thermal and evaporative resistance reduced the condensation by 40% in mid layer and 43% in outer layer as well Figure 28(d). Therefore, increasing the thermal and evaporative resistance results in relatively dry insulative mid-layer, but it also reduces the performance of moisture removal panel due to reduced condensation on outer layer.

• At higher ambient temperatures (+5°C and +10°C) no condensation occurred in the system at any layer Figure 28(e). When removing the insulative midlayer the condensation on outer jacket was observed Figure 28(f). This implies that even for higher ambient temperatures the skiwear can be effective in removing moisture in the absence of insulative mid-layer.

• The integrated electric heating in the insulative mid-layer raises the temperature and partial pressure of water vapour in the enclosed air layers because of additional heat source, which helps in avoiding the condensation of moisture in insulative mid-layer. The effect of different level of electric heating and its effect on clothing microclimate conditions are simulated and results are presented in Figure 28(g) and 9(h). 

conclusion

In this study, the heat and mass transfer from the spatially heterogeneous air layers and anatomically shaped thermal manikin was successfully developed. The robustness and accuracy of the model has been proven by systematic validation cases over wide range of homogeneous and heterogeneous air layers, ambient conditions (temperature,relative humidity), evaporative resistance, and clothing size with better accuracy (RE 13%) compared to existing well validated model (RE 16%) [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF]. The developed model provides detailed spatial resolution and can simulate the heat transfer from the local body parts. It is also possible to analyse the effect of individual heat transfer mechanisms in skin-clothing-environment system, such as conduction, radiation, convection, and evaporation. We have also combined micro-scale modelling with macro-scale models to analyse the effect of wet conduction on total thermal insulation. We observed that the wet conduction (reduction in thermal conductivity of wet fabric) has negligible effect on total thermal insulation. From the present study, it can be concluded that, the modelling approach is time and cost efficient approach of product development in clothing science. There are several advantages of modelling approach over experimental methods such as; the modelling of heat and moisture transport gives detailed insight of various parameters which includes individual heat transfer mechanisms, effect of ambient condition and evaporative resistance of fabric. These detailed information can be very helpful in product optimisation and reduces the number of experiments required.
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Chapter 5

D E TA I L E D V E R I F I C AT I O N O F A N A LY T I C A L M O D E L U S I N G N U M E R I C A L M O D E L 5.

introduction

The emergence of high-speed computers along with the development of advanced numerical methods for solving the physical problems has transformed and introduced new approach for the research in the form of numerical modelling. The complex mechanisms of fluid flow and heat transfer can be described using advanced numerical models. The physics of any fluid flow is governed by three fundamental principles, (a) conservation of mass, (b) conservation of momentum, and (c) conservation of energy. The mathematical formulation of these fundamental laws is expressed in the form of partial differential equations (PDE). The computational fluid dynamics (CFD) is a technique to convert these PDEs in algebraic forms by discretisation, and solving it with numerical methods using high speed advanced computers. Therefore, the CFD, which is one of the very important branch for the numerical modelling serves as advanced research and design tool.

In skin-clothing-environment system, the length-scale of geometry varies depending on computational domain, e.g. the length-scale of enclosed air layer is in the range of few millimetres to centimetres, while the scale of climatic chamber or surrounding environment is in the range of metres. Furthermore, the heat and mass transfer in skin-clothing-environment system is a multi-physics problem, which includes non-isothermal compressible and turbulent flow, transport of species (for mass transfer), and structural mechanics (human movement) coupled with each other. The discretisation of complex geometries with large variation in length-scale and solving the PDEs for multi-physics in these complex spatial domains requires high computational power. Therefore, majority of computational studies are performed on simplified domains with some assumptions (in terms of fluid flow and heat transfer). The numerical models for heat transfer on simplified 2D and 3D geometry (rectangular cavities) were performed with homogeneous and heterogeneous air gap to analyse the effect of natural convection [START_REF] Mayor | Advanced modelling of the transport phenomena across horizontal clothing microclimates with natural convection[END_REF][START_REF] Udayraj | A three-dimensional conjugate heat transfer model for thermal protective clothing[END_REF][START_REF] Udayraj | Numerical investigation of the effect of air gap orientations and heterogeneous air gap in thermal protective clothing on skin burn[END_REF]. However, these models focused only on heat transfer, and mass transfer was not considered.

The complex geometries with anatomical shaped flame manikin with simplified homogeneous air layers were simulated by Tian et al. [START_REF] Miao Tian | 3D numerical simulation of heat transfer through simplified protective clothing during fire exposure by CFD[END_REF], which took 297 hours of computational time with advanced computational hardware (Windows based server: system x3650M5, E5-2650V3 x 2CPU, 128GB DDR3 memory) without considering mass transfer and human movement. Therefore, with current state of computational hardware it is challenging to simulate the complete skin-clothing-environment system with all three-dimensional spatial heterogeneity and coupled physics of structural mechanics (human movement), fluid flow, and heat and mass transfer. On the other hand, the detailed information obtained through numerical modelling can help in better understanding of the heat and mass transfer process in skin-clothingenvironment system. In this doctoral thesis, the numerical modelling synergistically complements the other two approaches to analyse the heat and mass transfer in skin-clothing-environment system, such as experimental method and analytical modelling.

The heat transfer from human body to environment takes place through several heat transfer mechanisms such as conduction, radiation, convection, evaporation, and condensation. All these heat transfer mechanisms contribute in total heat transfer in different proportions depending on layer (enclosed air layer, clothing layer, and boundary air layer) in skin-clothing-environment system. Investigating each heat transfer mechanism in individual clothing layer is very difficult using experimental method for actual geometries [START_REF] Streblow | Thermal Sensation and Comfort Model for Inhomogeneous Indoor Environments[END_REF]. On the other hand, the analytically modelled total heat flux was validated using the experimental data suggesting that the sum of all effects was quantified correctly. Therefore, the aim of this chapter is to prove reliability of analytical model that not only total heat and mass transfer predicted by analytical model was correct but also its individual component were accurate. This was achieved by reproducing some validation setup in numerical modelling approach and verify conduction, radiation, convection, and latent heat transfer predicted by analytical model and comparing it to numerical model.

methods

The fundamental equations of fluid flow are in partial differential form, to transform these equations in-to algebraic form discretization of the computational domain is required. The most common discretization methods are Finite Difference Method (FDM), Finite Element Method (FEM), and Finite Volume Method (FVM). In this study, COMSOL Multiphysics 5.3a (COMSOL group, Sweden) was used, which applies FEM as discretization method. The partial differential equations (fundamental equations) for conservation of mass, momentum, and energy in partial differential form can be described as follows [START_REF] Anderson | Computational Fluid Dynamics: The Basics with Applications[END_REF]43]: Conservation of mass:

∂ρ ∂t + ∂ρU i ∂x i = 0 (73) 
Conservation of momentum:

∂ρU i ∂t + ∂ρU i U j ∂x j = ∂ ∂x j µ ∂U j ∂x i + ∂U i ∂x j - 2 3 µ ∂U k ∂x k δ ij - ∂p ∂x i + ρg i (74) 
Conservation of energy:

ρ ∂h ∂t + ρU i ∂h ∂x i - ∂p ∂t + u i ∂p ∂x i = ∂ ∂x i (ε i ) + q str + φ (75) 
φ: Heat produced from kinetic energy due to friction (dissipation)

φ = -p ij ∂U i ∂x j , ∂ ∂x i (ε i ) : diffusion term,
q str : radiation term Where, ρ: density of fluid kg m 3 , t: time (s), U i : velocity component m s , x i : spatial dimension (m), δ i j: unit tensor (-), p: pressure (Pa), g i : gravitational acceleration m s 2 , h: enthalpy kJ kg

Turbulent flow

There are mainly three approaches to solve turbulent flow numerically, such as Direct Numerical Simulation (DNS), Large Eddy Simulation (LES), and Reynolds Averaged Navier-Stokes equation (RANS). DNS is the most computationally expensive as it captures all length-scales of turbulence, while LES uses sub-grid scale (SGS) models to filter out the small length-scales. In RANS turbulent term is modelled by different methods such as algebraic model, two equation model (k-ε and k-ω), Shear Stress Transport (SST) model, and low Reynolds number models (low Re k-ε model). The algebraic turbulence models do not require any additional equation to solve the turbulent flow because it is calculated directly from the flow variables, therefore it is also called as zero equation model. The two equation model (k-ε and k-ω) uses two PDEs for solving turbulent flow, such as (a) turbulence kinetic energy (k), and (b) specific rate of dissipation (ω) or turbulent dissipation (ε) [START_REF] Bradshaw | Turbulent Secondary Flows[END_REF][START_REF] Launder | The numerical computation of turbulent flows[END_REF][START_REF] Wilcox | Formulation of the k-w Turbulence Model Revisited[END_REF]. The Shear Stress Transport (SST) model combines the k-ε and k-ω model to have advantage of both the modelling approaches [START_REF] Orszag | Analytical theories of turbulence[END_REF][START_REF] Smagorinsky | General circulation experiments with the primitive equations[END_REF]. The low Reynolds number k-ε model does not require wall function unlike in k-ε model, because it is able to simulate the flow both near to wall and away from wall precisely [START_REF] Rodi | Low Reynolds number k-modelling with the aid of direct simulation data[END_REF]. In this study, low Reynolds number k-ε model was used to address the boundary layer in fluid flow and solve the heat flux accurately, because in skin-clothing-environment system fluid flow near the skin and fabric is of interest to our simulations.

Heat transfer

The COMSOL Multiphysics uses following equation to model the heat transfer.

ρc p ∂T ∂t + ρc p u T + q = Q (76) q = -k T (77) 
Where, ρ: density of fluid kg m 3 , c p : heat capacity of fluid at constant pressure J kg K , k: thermal conductivity of material W m K , u: velocity field m s , Q: heat source or sink W m 3 , q: heat flux W m 2

Natural convection

The natural convection phenomenon in fluid flow and heat transfer can be solved by different approaches such as considering the compressible, weakly compressible, or incompressible flow with Boussinesq approximation. In this study, the fluid flow was characterized as weakly compressible flow to consider the density variation with respect to temperature only. In skin-clothing-environment system the density variation due to pressure is very negligible, therefore, assumption of weakly compressible flow seemed appropriate.

Radiation

The radiative heat transfer in COMSOL Multiphysics is computed by using surface to surface radiation model. The radiation emitting surfaces such as skin, cloth-ing, and climatic chamber are addressed as diffuse surfaces. The emissive power of black body (E b (T)) can be expressed by the following equation.

E b (T) = σ T 4 (78) 
Where, σ: Stefan-Boltzmann constant equal to 5.670 × 10 -8 W m 2 K 4 , T: mean radiant temperature of ambient air (K)

Moisture transport

In COMSOL Multiphysics the moisture transport from human skin to surrounding air through convection and diffusion is modelled by the following equations:

M v ∂c v ∂t + M v u • c v + • g = G (79) g = -M v D c v (80) 
c v = φc sat (81) 
Where, M v : molar mass of water vapour kg mol , φ: relative humidity (-), c: concentration of water vapour mol m 3 , D: water vapour diffusion coefficient in air m 2 s , u: velocity of air field m s , G: moisture source kg m 3 s

Numerical modelling of sensible heat transfer

The 3D CAD geometry presenting climatic chamber, thermal cylinder, and different configuration of folds was created to analyse the total heat transfer and individual heat transfer mechanisms from the heterogeneous air layers as shown in Figure 29. The numerical modelling conditions such as boundary condition, dimension of geometries were reproduced according to the experiments performed by Mert et al. [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF]. The temperature of thermal cylinder and ambient air was constant at 35 • C and 20 • C, respectively. The relative humidity and air speed of ambient air was 50% and 0.2 m s , respectively. The thermal resistance of fabric creating folds around the cylinder was 0.024 m 2 K W . The total heat flux was measured experimentally along with the fabric surface temperature using infrared camera. The accuracy and resolution of infrared camera was ±2 • C and ±0.1 • C,respectively. The experimental conditions and material properties were applied as boundary conditions in numerical modelling, which are described in Table 18. To solve the fluid flow numerically the 3D geometry of climatic chamber and thermal cylinder along with heterogeneous air layer were discretised (meshing) as shown in Figure 29(b). The mesh in an enclosed and boundary air layer was gradually refined to achieve mesh independent results. The mesh 3 was used for all forthcoming simulations because further refinement does not affect the simulation results.

The 3D simulation was necessary to address the heterogeneity of air layers and analyse the effect of heterogeneous air gap on individual heat transfer mechanisms. The numerically simulated total heat flux and temperature was validated against the experimentally measured data. Thereafter, numerically and analytically modelled individual heat transfer mechanisms were compared. 

Boundary condition Value

Velocity inlet 0.17 

Numerical modelling of mass transfer

The numerical modelling was performed to study the diffusion and convection of moisture from the surface of wet thermal cylinder to environment. The numerical study for mass transfer was performed on simplified 2D geometry as this study was focused on modelling of latent heat transfer rather than the spatial heterogeneity. Therefore, 2D resolution of geometry was sufficient to address homogeneous air layers as shown in Figure 30. The experimental setup consisted of sweating thermal cylinder inside the climatic chamber, of which the surface was covered with tight fitted skin fabric layer to spread the moisture homogeneously. The surface temperature of the thermal cylinder and ambient air was maintained at 35 • C and 20 • C, along with relative humidity of 50%, respectively. The experimental protocol consisted of 60 min of dry measurement and 120 min of measurement with sweating (sweat rate of 182 g h ). The thermal and evaporative resistances of skin fabric were 0.012 m 2 K W and 2.4 m 2 Pa W ,respectively. The applied boundary conditions for numerical modelling were as described in Table 19. To solve the fluid flow numerically, 2D geometry of climatic chamber and thermal cylinder was discretised as per the mesh element size obtained through mesh independence test. The experimentally measured sensible and total heat flux were compared with the numerically modelled data for the validation purpose. detailed verification of analytical model using numerical model 5.3 results

Sensible heat transfer

The numerical model was first validated against the experimentally measured heat flux including the simulated heat flux from the analytical model as shown in Figure 31. Thereafter, the simulated fabric surface temperature was compared to the experimentally measured fabric surface temperature [START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF], as shown in Figure 32. Finally, the verification of analytically modelled convective, radiative, and total heat transfer mechanisms was done by comparing the data from both numerical and analytical data for three different configurations of fold as shown in Figure 33. Figure 34 presents the velocity and temperature profile in enclosed and boundary air layers. 

Mass transfer

As shown in Figure 35(a), the numerically modelled heat flux from the fully wet surface of sweating thermal cylinder is compared with the experimentally measured data and also with the analytically modelled data. Figure 35(b) presents the temperature profile and relative humidity profile inside the climatic chamber. 

discussion

Each heat transfer mechanism in an individual layer is difficult to validate by experimental methods in actual skin-clothing-environment system due to spatial heterogeneity without affecting the actual shape of air layers. Therefore, The numerical modelling was performed and validated the presented numerical model with the experimental data for total heat flux and fabric surface temperature. The individual heat transfer coefficients of convective, radiative and total heat transfer coefficient were compared between analytical and numerical models for the detailed verification of the analytical model.

As shown in Figure 31, the numerical model predicts the total heat flux form different configurations of fold, with an average relative error of just 6% compared to the coefficient of variation in measured data of 4%. For the same validation cases, the average relative error in analytical modelling was 9%. Furthermore, the model is validated for the fabric surface temperature as well, as presented in Figure 32. The fabric surface temperature of experimentally measured data and modelled data has good agreement with the RMSD below the 2 • C, which is similar to the accuracy of used infrared camera (2 • C). Thus, reliability of the numerical modelling has been proven with systematic validation of total heat flux and fabric surface temperature. Thereafter, the values of analytically modelled individual heat transfer coefficient were compared with the numerical model, to analyse the convective, radiative, and total heat transfer coefficients as shown in Figure 33. The major advantage of numerical model is that it provides very detailed information with ability to visualise the data which helps in analysing the fundamental parameters behind the heat transfer. As shown in Figure 34, the velocity and temperature profile in enclosed and boundary air layers show the natural convection in an enclosed air layer and effect of folds on temperature distribution. At lower air gap thickness (10mm) the magnitude of natural convection (air movement) is very minimal compared to higher air gap thickness of 30mm and 50mm (34(c)).

The diffusion and convective transport of moisture from the fully wet thermal cylinder surface was also simulated using numerical modellin and the latent heat (evaporative cooling) calculated. The numerically modelled sensible and total heat fluxes were compared with the experimentally measured data and analytically modelled data, as shown in Figure 35. The numerical model showed very good accuracy with average relative error of just 3%, which is within the coefficient of variation in experimentally measured data (also 3%). The average relative error in the case of analytical modelling was 8% for the total heat flux, respectively. The distribution of temperature and relative humidity inside the climatic chamber is presented in Figure 35(b).

The numerical modelling provides very detailed insight of fundamental mechanisms behind the heat and mass transfer processes with high spatial and temporal resolution in regions where it is challenging to measure experimentally. In skinclothing-environment system the measurement of fluid flow and temperature distribution inside the enclosed air layer is very cumbersome because the attachment of sensors will modify the actual shape of an enclosed air layer. On the other hand, these details can be obtained through numerical simulation, as shown in Figure 34. Intersegmental heat exchange can be analysed by numerical modelling approach as shown in Appendix E, which is very challenging to study experimentally. Additionally, the numerical simulation does not require prototype for optimisation of product and parametric study can be easily done with detailed insight of fundamental mechanisms, which makes it cost-and time-efficient research tool. The present study reveals that the numerical modelling has better accuracy than the analytical modelling, as maximum relative error for simulated heat flux in numerically model was 6% compared to 9% with the analytical model. However, major limitation of the numerical modelling is that more complex geometrical scenarios such as anatomically shaped thermal manikin or human body with realistic single or multi-layer clothing will be very challenging. Such complex cases will require enormous amount of computational power and time. Solving multi-physics problem as a numerical model (fluid flow, heat transfer, structural mechanics (human movement), and transport of diluted species) might not be feasible for many applications due to limitation of computational power. However, as demonstrated in this study analytical and numerical modelling approach can complement each other in heat and mass transfer analysis.

conclusion

In this study, the numerical modelling approach was presented to analyse the heat and mass transfer in skin-clothing-environment system. The numerical model was first validated against the experimental data for total heat flux from thermal cylinder and fabric surface temperature. With the help of validated numerical model detailed verification of analytical model was successfully performed. As expected, the accuracy of numerical model was better than the analytical model. However, the analytical model is more time-efficient and it is feasible for the complex geometries and multi-physics approach as well. A comprehensive clothing model for the heat and mass transfer in skin-clothingenvironment system has been successfully developed by considering both sensible and latent heat transfer pathways. The systematic validation was performed to demonstrate the model's robustness and accuracy. The model development process involved in depth literature review to identify the latest development and knowledge gap. The knowledge gap in the modelling of heat and mass transfer such as effect of heterogeneity of air layers, effect of human movement, and effect of moisture on heat and mass transfer has been addressed through specific objectives. The following objectives have been successfully fulfilled to achieve the aim of the doctoral thesis:

Effect of air layers on heat transfer

The effect of enclosed and boundary air layers on individual heat transfer mechanisms and total heat transfer was successfully analysed. The developed approach for the mathematical formulation of heat transfer in heterogeneous air layers under steady state condition (no human movement) fulfilled existing knowledge gap in the analytical modelling field. The relation between air gap thickness and natural convective heat transfer was better understood with presented model, which also revealed the presence of intersegmental heat loss due to buoyancy. As geometry (size, shape, and aspect ratio) of enclosed air layer vary depending on body part, presented model considers these variations by covering large range of aspect ratios (1 to 110). The model accurately predicted the temperature distribution on clothing surface by discretization of air gaps into smaller elements, which improved the accuracy of simulated heat flux.

The developed model was systematically validated with increasing level of spatial complexity on thermal cylinder and thermal manikin. The validation cases consisted of wide range of homogeneous and heterogeneous air gap thicknesses (average air gap thickness was between 0 to 50 mm), temperature (-10 • C to 24 • C), single and multi-layer clothing ensembles. The model demonstrated good robustness and accuracy with an average relative error between simulated and measured heat flux was 4% and 9% for homogeneous and heterogeneous enclosed air layers, respectively.

Effect of human movement on heat transfer

The effect of human movement on heat transfer was explained by analysing fundamentals behind the forced convection in air layers, which was resulted from the human body movement. The modelling approach used advanced method (garment simulation software) for quantifying the thickness of air layers during human movement. The detailed description of enclosed air layer during human movement enabled the study of forced convection and ventilation in an enclosed air layer by characterising the fluid flow. The major advantage of this model is that it can predict the heat transfer from the local body parts during human movement, which fills the research gap of existing statistical models because the statistical model gives the information about whole body heat flux only during the walking movement.

The developed model successfully validated in detail against experimental data, with average relative error in predicted heat flux was 12%. The presented model can simulate the heat transfer for local body parts, which is the major advantages against other existing simplified models. The study also highlighted that the reduction in thermal insulation due to human movement vary depending body parts. Therefore, reduction in thermal insulation of local body parts need to be considered, as applying thermal reduction of whole body might be misleading for many local body parts.

Effect of moisture on heat transfer and thermal resistance of fabric

The model for heat and mass transfer that considers evaporation and condensation in skin-clothing-environment system has been successfully developed. The existing models were mainly focused on the effect of moisture either on thermal conductivity of fabric or in air layers only, which was extended to entire skin-clothingenvironment system by considering the thermal conductivity of wet fabric. The results indicate that the thermal resistance of fully wet fabric reduces by 80% [START_REF] Dumicz | Development and Validation of Free Convection Model for Air Gaps[END_REF][START_REF] Fan | Heat and Moisture Transfer with Sorption and Phase Change Through Clothing Assemblies: Part II: Theoretical Modeling, Simulation, and Comparison with Experimental Results[END_REF], whereas, the effect of wet conduction on total thermal resistance is just 7% and 3% at the moisture content of 67% (fully wet fabric) for 0mm and 10mm air gap thickness, respectively. When the moisture content is less than 20% the reduction in thermal insulation of entire skin-clothing-environment system is less than 1.5% for both cases (with air gap of 0mm and 10mm).

The robustness and accuracy of mass transfer model has been proven by detailed systematic validation against experimental data and literature data. The validation cases were consist of wide range of evaporative resistance (permeable, semi-permeable and impermeable to water vapour), temperature (-10 • C to 34 • C), relative humidity (18.5% to 80%), and spatial complexity (homogeneous and heterogeneous air layers) with single and multi-layer clothing ensembles. Finally, the applicability of developed model as a research and design tool was demonstrated as a case study, by applying it in a designing and development of smart skiwear.

applications

The analytical modelling approach presented in this thesis can serve as an important research and design tool for many research fields such as clothing research, modelling of thermal physiology and thermal comfort, HVAC for energy efficiency in buildings and automotive, and occupational safety.

• In clothing research, the thermal aspect of clothing in terms of protection and comfort can be analysed in depth with the detailed information of individual heat transfer mechanisms. For example, in hot environment clothing affects the radiative heat transfer in both directions (from human body to the environment and from environment to the human body). In cold condition, thick winter clothing may provide good thermal insulation but can hamper the mass transfer affecting thermal comfort and insulation. In these situations, the optimal clothing insulation (thermal and evaporative) can be better understood and optimised by the modelling approach effectively.

• In functional clothing, the effect of electric heating or cooling, phase change material, and ventilation in clothing can be better understood by modelling approach with detailed information about fundamental principles behind the heat and mass transfer processes.

• The clothing insulation is an important part of thermal physiology and thermal comfort modelling. Therefore, the presented model can be integrated with existing thermal physiology and thermal comfort model to have fully virtual human simulator system. This details can provide important information for occupational safety and environmental ergonomics.

• Parametric study for the optimisation can be performed without requirement of prototypes, which makes modelling approach most effective research and design tool. For example, the effect of material properties (air permeability, evaporative and thermal resistance, thickness, emissivity), ambient condition (air speed, temperature, relative humidity), and clothing design (loose, tight and regular fit) have been analysed and validated in this thesis.

limitations

The presented model for heat and mass transfer is predominantly applicable for quasi steady-state exposures, which is the case for many applications, as the thermal inertia of fabric and air are relatively low. As majority of measurements on thermal manikin and thermal cylinder are performed for steady ambient condition this assumptions are appropriate.

• In extremely transient conditions, for example when suddenly exposed to radiant heat in firefighting, sudden exposure to solar radiation, and fluctuating ambient air speed and temperature this clothing model may not be adequate.

• The moisture transport by wicking is transient phenomenon, which is not possible to address in the presented stationary model.

future work

The presented model is validated on thermal cylinder and thermal manikins with single and multi-layer clothing ensembles under steady state, which covers majority of experimental scenario used in clothing research. The application of model can be further extended and validated to other fields such as simulation of thermal physiology and thermal comfort models, by coupling presented model with the other models to create fully virtual human simulator. The heat and moisture transfer mechanisms are often transient in nature. Therefore, extending present model for the transient condition can increase the range of applicability. The transient model will also help in addressing the wicking phenomenon and modelling the high heat exposure scenarios in firefighters and other protective clothings.
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 3 Figure 3 -Distribution of air gap thickness and spatial heterogeneity in the enclosed air layer for a long shirt(a), Thermal resistance for various homogeneous and heterogeneous air gap thickness systems (b) [59]
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 4 Figure 4 -Schematic diagram of heat transfer from human body to environment through clothing layers (a), principle of discretization of the enclosed air layer (b)
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 5 Figure 5 -Graphical presentation of discretized elements (wj, ) over air gap thickness with an increment of 2mm for different configurations of folds according to Mert et al. [59]
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 6 Figure 6 -Thermal manikin wearing loose-fitted T-shirt and the air gap distribution discretized with an increment of 2mm obtained using 3D scanning technique for back and buttocks [case 15] (a), and chest and abdomen [case 16] (b) in loosely hanging case, and for chest [cases 17 and 19] (c) and back [cases 18 and 20] (d) with a T-shirt tucked in at the waist region
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 78 Figure 7 -Heat fluxes measured using thermal devices and climatic chambers, and obtained data from the theoretical clothing model for homogeneous (a), heterogeneous regular enclosed air layer around a thermal cylinder (b), heterogeneous irregular enclosed air layer around the thermal manikin dressed in a single-layer garment (c), and heterogeneous irregular enclosed air layer around thermal manikin dressed in a multi-layer ensemble (d)
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 8 Figure 8 -Simulated total heat flux (left), contribution of the individual heat transfer mechanisms (middle) and effect of parameters on heat transfer mechanism (right) depending on ambient temperature (a), ambient air velocity (b), fabric emissivity (c), and contact area (d)
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 9 Figure 9 -Increased accuracy when heterogeneity of air layer is considered (Relative error in comparison to experimental data) (a), Temperature distribution on the surface of fabric at different distance from the skin (Case 8, Table 3, Figure 5) (b), Effect of inter-segmental heat exchange demonstrated by individual and lumped heat fluxes for back and buttocks sharing common enclosed air space with present free convection(c)

Gz = d h Re Pr l ( 37 )

 37 Where, Re: Reynolds number (-), ρ: density of fluid kg m 3 , v: velocity of fluid m s , µ: dynamic viscosity of fluid kg m 2 s , d h : characteristic length scale, the thickness of enclosed air layer (m), d fabric : diameter of fabric (m), d skin : diameter of skin (m), l: length of the body segment (m), Gz: Graetz number (-), Pr: Prandtl number (-)
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 2 , h r BAL : radiative heat transfer coefficient for an enclosed air layer W m 2 K , h BAL : total heat transfer coefficient for an enclosed air layer W m 2 K , h conv BAL (v a ): convective heat transfer coefficient for an enclosed air layer (due to ambient air) W m 2 K , h conv BAL (v w ): convective heat transfer coefficient for an enclosed air layer (due to body movement/walking speed) W m 2 K

W m 2 K

 2 , h BAL : total heat transfer coefficient of the boundary air layer W m 2 K , A s : surface area of skin m 2 , A c l: surface area of clothing m 2 , c p : specific heat of air J kg K , T a : Temperature of ambient air (K), V vent : ventilation through the fabric pores m 3 s , q v : ventilative heat transfer W m 2
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 10 Figure 10 -Movement trajectory of the agile thermal manikin and selected positions for the 3D scanning (a) upper body, (b) lower body
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 12 Figure 12 -Variation in average air gap thickness and contact area over different body parts during walking movement
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 14 Figure 14 -Whole-body heat transfer coefficients from the human body at different walking speeds and for different clothing ensembles fits (Table10) at ambient calm conditions (0.17 m/s)
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 1521622 Figure 15 -Local body heat transfer coefficients at different walking and wind speeds for clothing ensemble 1 (regular fit), average SD for trunk (chest, abdomen, back, and buttocks) was 0.27 W m 2 K and for limbs (arms and legs) was 0.48 W m 2 K
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 1718 Figure 17 -Average internal (in an enclosed air layer) air speed and forced convective heat transfer coefficient (in an enclosed air layer) due to the human movement in clothing ensemble 1 (regular fit)
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 19 Figure 19 -The contribution of clothing ventilation in total heat flux for the various conditions:effect of ambient air speed at walking speed of 0.69 m/s (a), effect of body movement at ambient air speed (0.17 m/s) (b), and effect of clothing fit at walking speed of 0.69 m/s (c)
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Figure 20 -

 20 Figure 20 -Schematic diagram of mass transfer in the skin-clothing environment system

  et BAL : evaporative resistance of the boundary air layer m2 Pa W , h c BAL : convective heat transfer coefficient for boundary air layer W m 2 K , LR: Lewis relation k Pa

resistance m 2

 2 K W , R et total : total evaporative resistance m 2 Pa W , R ct ic : thermal resistance upto condensing node m 2 K W , R et ic : evaporative resistance upto condensing node m 2 Pa W , λ: latent heat of vaporization = 2257 J g , m c : condensation rate g m 2 s ,m →ic : mass flux of water vapour up to condensing node g m 2 s , m ic→ : mass flux of water vapour from condensing node g m 2 s

  dry f : thermal resistance of fabric in dry state m 2 K W , R ct air : thermal resistance of air m 2 K W , R ct water : thermal resistance of water m 2 K W , x: thickness of fabric(m), ε: porosity of fabric (-), k f : thermal conductivity of fabric W m K , k w : thermal conductivity of water=0.0598 W m K , k a : thermal conductivity of air = 0.025 W m K

Figure 21 -

 21 Figure 21 -Comparison of experimental and simulated data of heat flux (a), condensed and evaporated moisture (b) for the cases 1 to 4, as described in (Table12)
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 2223 Figure 22 -Comparison of experimental and simulated data of heat flux (a), condensed and evaporated moisture (b) through single-layer clothing ensemble for the cases 5(i) (tight fit) to 6(iii) (loose fit), as described in (Table13 and 14)

Figure 24 -

 24 Figure 24 -Comparison of simulated heat flux and measured heat flux for cases 9 to 20[START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF], as described in (Table16 and 17)

Figure 25 -

 25 Figure 25 -Comparison of experimental and simulated thermal resistance of fabric in presence of various moisture content (a), and reduction in total thermal resistance of system due to wet fabric (b)
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 26 Figure 26 -Schematic diagram illustrating different clothing layers and air layers in multilayer smart skiwear

Figure 27 -

 27 Figure 27 -Comparison of experimental and simulated data of heat flux (a), condensed and evaporated moisture (b), temperatures across clothing and air layers in shoulder region (c), and lumbus region (d) for the case study

Figure 28 -

 28 Figure 28 -Effect of body parts (a,b), clothing fit (c), material properties (d), ambient condition (e and f), and electric heating (g and h) on total moisture flux, condensation, and temperature distribution

  surface (walls of climatic chamber) 0.05

Figure 29 -

 29 Figure 29 -Geometry of thermal cylinder inside the climatic chamber surrounded by three different configurations of the fold (a), and meshing of 3D geometry with gradual refinement of enclosed and boundary air layer for mesh independence test (b)

  of diffuse surface (walls of climatic chamber) 0.05

Figure 30 -

 30 Figure 30 -Simplified 2D geometry representing thermal cylinder inside the climatic chamber (a), and meshing of 2D simplified geometry for the modelling of mass transfer from wet thermal cylinder to environment (b)
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 3132 Figure 31 -The comparison of experimentally measured [59], numerically and analytically modelled heat flux from different configurations of fold
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 33 Figure 33 -Comparison of numerically and analytically modelled various sensible heat transfer mechanisms for different configuration of fold
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 34 Figure 34 -Velocity profile in climatic chamber (a), temperature distribution around the thermal cylinder and folds (b), and temperature and velocity profile in the enclosed air layer indicating the natural convection (c) for different configurations of fold

Figure 35 -

 35 Figure 35 -Comparison of experimentally measured, numerically and analytically model sensible and total (sensible + latent) heat flux (a), and temperature (b1) and relative humidity (b2) profile inside the climatic chamber
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 363740 Figure 36 -Comparison of measured and simulated temperature of enclosed air layer and clothing layer
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Table 1 -

 1 Parameters for convective heat transfer coefficient and view factor (θ)[START_REF] Fiala | UTCI-Fiala multi-node model of human heat transfer and temperature regulation[END_REF][START_REF] Kubaha | Human projected area factors for detailed direct and diffuse solar radiation analysis[END_REF] 

	Body		Coefficient			View factor
		a nat	a frc	a mix	Anterior Posterior Inferior Exterior
	Head	3.000 113.000 -5.650	0.9689	0.9643	n/a	n/a
	Face	3.000 113.000 -5.650	0.8417	0.8909	n/a	n/a
	Neck	3.000 113.000 -5.650	0.7792	0.9433	0.8659	n/a
	Shoulders	5.900 216.000 -10.800 0.9048	n/a	n/a	n/a
	Thorax	0.500 180.000 -7.400	0.9314	0.9590	0.4408	n/a
	Abdomen	1.200 180.000 -9.000	0.8923	0.8886	0.6323	n/a
	Upper arms 8.270 216.020 -10.801 0.7546	0.9268	0.3356	0.9821
	Lower arms 8.270 216.020 -10.801 0.8774	0.9639	0.5065	0.9967
	Hands	8.270 216.020 -10.801 0.8835	0.3801	n/a	n/a
	Upper legs	5.300 220.000 -11.000 0.8761	0.9374	0.4693	0.8793
	Lower legs	5.300 220.000 -11.000 0.9282	0.9393	0.7264	0.9800
	Feet	6.800 210.000 -10.500 0.8602	0.8955	n/a	n/a

Table 2 -

 2 Experimental parameters from the studies of Mert et al.[START_REF] Mert | Effect of heterogenous and homogenous air gaps on dry heat loss through the garment[END_REF] and Richards et al.[START_REF] Richards | Study of Materials to Investigate the Effects of Moisture on the Heat Transfer through the Protective Clothing[END_REF] 

	Case Ambient condition		Air gap	Fabric properties
	no.	T skin T amb v a	RH f cl	thickness Layer 1	Layer 2

Table 3 -

 3 Experimental parameters from the study of Mert et al.[START_REF] Bhatia | Thermophysiological Wear Comfort of Clothing: An Overview[END_REF] 

	Case Ambient condition	Enclosed air layer	Fabric properties
	no. T		

skin T amb v a RH f cl CA (w 1 ) AGT * (w 2 ) Layer 1

Layer 2

Table 4 -

 4 Experimental conditions and material properties for measurement on thermal manikin with single-layer T-shirt

	Case Ambient condition		Enclosed air layer	Fabric properties
	no.	T skin T amb v a	RH f cl	CA (w 1 ) AGT

* (w 2 ) Layer 1

Table 5 -

 5 Experimental conditions and material properties for measurement on thermal manikin with single-layer T-shirt

		Enclosed air layer	Enclosed air layer	Enclosed air layer
	Body	Layer 1 -Layer 2	Layer 2 -Layer 3	Layer 3 -Layer 4
	segment	CA (w 1 ) AGT (%) (mm)	(%)	(mm)	(%)	(mm)
	Chest	24.0	8.7	13.3	4.9	10.4	0.7
	Back	21.3	17.8	13.3	9.1	11.1	0.8
	Upper arm 16.2	12.8	14.5	1.1	11.1	0.8

* (w 2 ) CA (w 1 ) AGT * (w 2 ) CA (w 1 ) AGT * (w 2 ) CA: Contact Area, * Air gap thickness for remaining surface (not including CA), where w 2 = MeanAGT 1-w 1 100

Table 6 -

 6 Experimental conditions and material properties for the measurement of multilayer garment on thermal manikin

	Case Ambient conditions	Body	Fabric properties, m 2 K

W no. T skin T amb v a RH f cl segment Layer 1 Layer 2 Layer 3 Layer 4

Table 7 -

 7 Relative error (RE) and coefficient of variation (CV)for the different groups of validation exposures When air gap thickness is discretized into only two elements such as contact area and mean air gap thickness for the remaining surface area

	Case	Experimental	Theoretical	Theoretical *	
	no.	Heat flux W m 2	Heat flux W m 2	Heat flux W m 2	RE/RE * [%]
		(CV [%])	(CV [%])	(CV [%])	
	1	65.6(1.1)	64.8(n/a)	n/a(n/a)	1.2
	2	55.3(2.1)	61.4(n/a)	n/a(n/a)	11.0
	3	62.2(1.1)	62.1(n/a)	n/a(n/a)	0.1
	4	77.0(n/a)	72.2(n/a)	n/a(n/a)	6.2
	5	75.0(n/a)	78.1(n/a)	n/a(n/a)	-4.2
	6	121.0(n/a)	118.0(n/a)	n/a(n/a)	2.4
	7	128.0(n/a)	127.3(n/a)	n/a(n/a)	0.5
	Average CV[%]=1.4	CV[%]=n/a	CV[%]=n/a	RE[%]=3.7(n/a)
	8	71.1(4.9)	64.4(0.1)	61.4(n/a)	9.3/13.6
	9	70.3(2.3)	64.2(0.5)	60.3(n/a)	8.7/14.3
	10	67.5(1.6)	76.3(0.3)	71.9(n/a)	-13.0/-6.5
	11	68.1(2.6)	67.7(0.3)	62.0(n/a)	0.6/9
	12	70.2(6.8)	76.6(0.3)	67.1(n/a)	-9.1/4.4
	13	72.0(6.8)	80.8(0.3)	81.3(n/a)	-12.2/-12.9
	14	85.5(2.5)	96.2(0.4)	101.3(n/a)	-12.4/-18.4
	Average CV[%]=3.5	CV[%]=0.3	CV[%]=n/a	RE[%]=9.3(11.3)
	15	119.3(1.0)	129.0(3.6)	126.0(n/a)	-8.1/-5.6
	16	138.9(3.3)	124.5(0.8)	123.8(n/a)	10.4/10.9
	17	140.7(1.5)	131.5(4.9)	126.3(n/a)	6.5/10.3
	18	136.7(0.3)	147.3(11.1)	126.8(n/a)	-7.7/7.2
	19	43.5(4.2)	43.8(4.9)	42.57(n/a)	-0.5/2.2
	20	42.6(4.2)	49.0(4.9)	42.61(n/a)	-14.9/0.1
	Average CV[%]=1.2	CV[%]=6.1	CV[%]=n/a	RE[%]=8.0(6.1)
				continues on next page

*

Table 9 -

 9 The values of x for different body parts for walking movement[START_REF] Danielsson | Convection coefficients in clothing air layers[END_REF] 

	Part of the body	x (clothed body)	x (nude body)
	Leg	2.7	2.1
	Trunk	1.8	1.0
	Arm	2.4	1.9
	Whole body	2.4	1.5

Table 10 -

 10 Ease allowance and material properties of three different clothing used for the validation

			Clothing	Clothing	Clothing
			ensemble 1	ensemble 2	ensemble 3
			(Regular fit)	(Loose fit)	(Tight fit)
		View	Front	Side	Front	Side	Front	Side
			T-shirt Trouser	Shirt	Trouser	shirt	Trouser
	Ease allowance (cm)	Chest Waist Biceps Hip Thigh	13 25 9 7 n/a	n/a n/a n/a n/a 4	14 35 13 22 n/a	n/a n/a n/a n/a 5	6 20 10 12 n/a	n/a n/a n/a n/a 1
		Calf	n/a	7	n/a	9	n/a	4
		Thickness	0.5	0.8	0.65	0.65	0.65	0.65
		Air permeability l m 2 s	239.4	46.1	229.7	229.7	229.7	229.7
		Thermal resistance m 2 K W	0.012	0.020	0.017	0.017	0.017	0.017
		Fiber content	95% cotton 100%	100%	100%	100%	100%
			5% elastane cotton cotton	cotton cotton cotton
		Fabric	knitted	3 1 twill	plain	3 1 twill	plain	3 1 twill
			single jersey woven	weave	woven	weave	woven
		Weight g m 2	339.7	188.3	137	179	137	179

Table 11 -

 11 Variation in air gap thickness during walking movement

	Standing
	Position 0
	Position 1
	Position 2
	Position 3

Table 12 -

 12 Experimental conditions and fabric properties for the validation cases on the thermal cylinder

	Case Ambient conditions Sweat Air gap	Fabric properties
	no. T skin T amb v a RH	rate thickness	Layer 1	Layer 2

Table 13 -

 13 Experimental conditions and fabric properties for the validation cases on the sweating thermal thermal manikin

	no.	Case
	part	Body
	T skin T amb v a RH	Ambient conditions
	Layer 1	
	Layer 2	Fabric properties
	Layer 3	
	Layer 4	

Table 14 -

 14 Air gap thickness and contact area distribution over different body parts for Single-layer garments

	Case	Body	Loose fit garment (case 5)	Tight fit garment (case 6)
		segment	CA	AGT	CA	AGT
			w 1 (%)	w 2 (mm)	w 1 (%)	w 2 (mm)
	i	Chest	24.0	8.7	13.3	4.9
	ii	Back	21.3	17.8	13.3	9.1
	iii	Upper arm	16.2	12.8	14.5	1.1
	CA: Contact Area,				
	AGT: Air gap thickness for remaining surface (not including CA), where w 2 = MeanAGT 1-w 1 100

Table 15 -

 15 Air gap thickness and contact area distribution over different body parts for multi-layer garments

	Case	Body	Enclosed air layer	Enclosed air layer	Enclosed air layer
		segment	Layer 1-Layer 2	Layer 2-Layer 3	Layer 3-Layer 4
			CA	AGT	AGT	CA	CA	AGT
			w 1 (%) w 2 (mm) w 1 (%) w 2 (mm) w 1 (%) w 2 (mm)
	a	Chest	24.0	8.7	13.3	4.9	10.4	0.7
	b	Back	21.3	17.8	13.3	9.1	11.1	1.8
	c	Upper arm	16.2	12.8	14.5	1.1	11.1	0.8
	d	Lower arm	n/a	n/a	13.9	10.4	4.9	9.1
	CA: Contact Area,						
	AGT: Air gap thickness for remaining surface (not including CA), where w 2 = MeanAGT 1-w 1 100

Table 16 -

 16 Experimental conditions and fabric properties for the validation cases[START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF] 

Table 17 -

 17 Ease allowances for the garments used in the case 9 to 20[START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF][START_REF] Wang | Effects of moisture content and clothing fit on clothing apparent 'wet' thermal insulation: A thermal manikin study[END_REF] 

	Case			Ease allowance (cm)	
	no.	Chest	Waist	Bicep	Thigh	Lower leg
	case 9 to 17	20	2	10	6	16
	case 18	17	5	5	5	7
	case 19	25	11	7	11	9
	case 20	33	17	9	17	11

Table 13 and 15 )

 1315 

Table 18 -

 18 Boundary conditions for the modelling of sensible heat transfer

Table 19 -

 19 The boundary conditions for mass transfer modelling

	Boundary condition	Value
	Latent heat of evaporation	2.454×10 6 J kg
	Molar mass of water	0.018 kg mol
	Velocity inlet	0.17

The work presented in this chapter is part of author's doctoral thesis and has been published in International Journal of Thermal Sciences, citation detail is as follow: A. Joshi, A. Psikuta, M.A. Bueno, S. Annaheim, and R. M. Rossi, "Analytical clothing model for sensible heat transfer considering spatial heterogeneity," International Journal of Thermal Sciences, vol. 145, Nov 2019, Art no. 105949. DOI: https://doi.org/10.1016/j.ijthermalsci.2019.05.005

The work presented in this chapter is part of author's doctoral thesis and in preparation for submission, detail is as follow: A. Joshi, A. Psikuta, M.-A. Bueno, S. Annaheim, and R. Rossi, "Effect of human body movement on forced convective heat transfer and ventilation in skin-clothing-environment system", in preparation.

Figure 11 -Variation in average air gap thickness and contact area over different body parts during walking movement

The work presented in this chapter is part of author's doctoral thesis and in preparation for submission, detail is as follow: A. Joshi, A. Psikuta, M.-A. Bueno, S. Annaheim, and R. Rossi, "Analytical model for latent heat transfer in skin-clothing-environment system considering wet conduction", in preparation.

Statistical analysis

The quality of experimental data were quantified based on standard deviation (SD) and coefficient of variation (CV). The comparison of simulated and measured data was done based on the relative error (RE) by the following equations: %Relative Error (RE) = Experimental data -Modelling data Experimental data × 100 [START_REF] Lyman | The comfort and function of clothing[END_REF] Standard Deviation(SD) = (xx) 2 (j -1) [START_REF] Rk | Free convection through vertical plane layers -moderate and high prandtl number fluids[END_REF] %Coefficient of Variation(CV) = SD x × 100 [START_REF] Mah | Investigation of the Contribution of Garment Design to Thermal Protection. Part 1: Characterizing Air Gaps using Three-dimensional Body Scanning for Women's Protective Clothing[END_REF] Where, x: mean value of sample data, x: observed value of sample data, j: sample size 3.3 results

Effect of walking speed , ambient air speed and clothing fit on overall and local total heat transfer coefficients

Figure 13 presents the measured and simulated whole-body heat transfer coefficient along with corrected value according to ISO 9920:2007 standard [START_REF]Ergonomics of the Thermal Environment -Estimation of Thermal Insulation and Water Vapor Resistance of a Clothing Ensemble[END_REF], for three different walking and wind speeds in clothing ensemble 1 (Table 10). 

Where, x: mean value of sample data, x: observed value of sample data, j: sample size 4.3 results

Validation

Validation of model with data measured on thermal cylinder

In the first step, the model was validated on the thermal cylinder with the homogeneous air gap as shown in Figure 21.

The temperature in an enclosed air layer and on fabric surface was validated against the experimental data. The experimental study by Dumicz [START_REF] Dumicz | Development and Validation of Free Convection Model for Air Gaps[END_REF] was reproduced for the validation purpose. The air gap thickness of enclosed air layer was 30 mm. In this experiment the black paper with predefined emissivity (ε=0.95) was used instead of fabric. The thickness and thermal conductivity of black paper was 0.35 mm and 0.0063 m 2 K W , respectively. The temperature of enclosed air layer and black paper was measured using the calibrated PT100 sensors with an accuracy of ± 0.3 • C. The measurements were done under different temperature gradients as described in Table 20. The experimentally measured and analytically modelled temperature is presented in Figure 36, the average standard deviation of measure temperature in an enclosed air layer and paper surface was 1.6 • C and 0.7 • C, respectively. This is an additional validation cases for temperature as heat flux was already validated against wide range of conditions in Chapter 2. 

The relation between pressure gradient on ventilated air volume was established using the equation 47 in chapter 3. However, it was unknown that the ventilated volume of air was linearly proportional to the pressure gradient or not. Therefore, the air permeability of various fabric were analysed at different pressure gradients that might occur in skin-clothing-environment system as shown in Figure 37. The fabric properties are described in Table 21. The air permeability of fabric was measured according to ISO 9237:1995 [START_REF]Textiles -Determination of the permeability of fabrics to air[END_REF]. Therefore, the relation between pressure gradient and ventilated air volume can be correctly expressed by equation 47. s . The simulated data showed good agreement with the experimentally measured data with average relative error of 7.1% and coefficient of variation in experimentally measured data was 1.4%, as shown in Figure 38. The effect of moisture on thermal conductivity was analysed for six different fabric materials as shown in Figure 39. The thermal conductivity of fabric was measured according to DIN 52612 for the fabrics described in Table 22 by Rossi [START_REF]Testing of thermal insulating materials -Determina[END_REF][START_REF] Rossi | Influence of air permeability on thermalcand moisture transport through clothing[END_REF]. The model developed by Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] for the simulation of thermal conductivity of wet fabric was validated against the experimentally measured data, as shown in Figure [START_REF] Ismail | Improving local ventilation prediction by accounting for inter-segmental ventilation[END_REF]. In chapter 4, the effect of wet conduction (change in thermal conductivity of fabric in wet state) on total thermal insulation in skin-clothing-environment system was analysed. This additional validation cases for wet conduction confirms that the coupling of model developed by Mangat et al. [START_REF] Mushtaq Mangat | Thermal resistance models of selected fabrics in wet state and their experimental verification[END_REF] with the model presented in this thesis can produce meaningful results for heat transfer through wet clothing ensemble. 

In Chapter 5, the numerical modelling approach for heat and mass transfer analysis was discussed in detail along with the advantages of it. The physical variables such as temperature and velocity inside an enclosed air layer can be modelled by numerical approach, which is very challenging to measure experimentally. Therefore, simplified 2D numerical simulation was performed to analyse the possibility of intersegmental heat loss due to natural convection in skin-clothing-environment system. Due to complex geometry and multiphysics only 2D numerical simulation was possible with present computational power. The meshing details, simulation setup, and simulated physics (non-isothermal flow) was similar as described in Chapter 5. The boundary conditions for the simulation were described in Table 23. The Figure 40 presents simplified 2D geometry, presenting cross section of thermal manikin SAM wearing a loose fitted t-shirt inside the climatic chamber. The numerical model provides detailed information of several physical parameters such as temperature and velocity, as shown in Figure 41, confirming buoyancy driven flow movement in an enclosed air layer which causes the intersegmental heat loss. 

Boundary condition Value

Velocity inlet 0.17 The following publications are included in this thesis: