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Electrospun nanowebs are the focus scientists since last two decades because of their properties that may be applied to a number of different applications. One of these areas including protective clothing that may be improved by employing the nanometer size of electrospun fibers and the spacing between them. However, being clothing material, such products need to have a certain degree of comfort level for the wearer. Current study focusses on the effect of electrospun coating of nonwoven substrate on its thermal resistance. It was observed that different electrospinning parameters, mainly due to the effect they produce on density of web, significantly affect the thermal conductivity of resulting coated fabric.

INTRODUCTION

Electrospinning is increasingly being researched for its potential applications in field of protective clothing, where comfort is one of the most important factors. Current study focuses on the effects produced by coating of nanofibrous web on thermal conductivity of nonwoven web. The term "electrospinning", derived from "electrostatic spinning", has been used relatively recently, but its origin can be traced back to more than 60 years'' [START_REF] Bhardwaj | Electrospinning: a fascinating fiber fabrication technique[END_REF]. It has received a great deal of attention in recent years because of versatility and potential for applications in various fields. For achieving large surface area to volume ratio, flexibility in surface functionalities and preferable mechanical performance, the fiber diameter must be decreased from micrometers to nanometers (the range from 5 to 500 nm in diameter). For producing nanofibers through electrospinning, a high electrostatic voltage, in the range of several kilovolts, is applied to a drop of polymer solution which is held by its surface tension at the end of a capillary. The body of the liquid becomes charged and the surface of the liquid is distorted into a conical shape which is known as the "Taylor cone". When the electrostatic force counteract the surface tension of the solution and the electric charge overcomes the surface tension of the droplet, a stable liquid jet is ejected from the cone tip. If the molecular cohesion of the solvent is high enough, stream break up does not occur. Eventually, the charge repulsion overcomes the surface tension, causing the initiation of a jet. As this jet travels, the solvent evaporates and an appropriate collector can be used to capture the electrospun fibers to have dry fibers. The process of electrospinning does not need to use coagulation chemistry or high temperature to produce solid fibers from solution. Electrospun mats compared to commercial nonwoven fabrics have a larger surface area and smaller pore size, which allow them competitive advantage over the conventional materials for different applications [START_REF] Lee | Electrospinning of polysaccharides for regenerative medicine[END_REF][START_REF] Haghi | Trends in electrospinning of natural nanofibers[END_REF] Electrospinning can be considered to be the most successful technique for manufacturing of nanofibres [START_REF] Sell | Electrospinning of collagen/biopolymers for regenerative medicine and cardiovascular tissue engineering[END_REF]. Possibility to produce versatile ultra-fine fibers and nonwovens with large surface area, flexibility of process for many different applications, acceptable mechanical properties and possibility of production at commercial scale are the most important advantages of electrospinning technique. The potential application domains of electrospun nanofibers are: filtration, tissue engineering, protective textiles, biomedical products, pharmaceuticals, optics, electronics, and environmental engineering [START_REF] Lee | Electrospinning of polysaccharides for regenerative medicine[END_REF][START_REF] Yun | Morphology optimization of polymer nanofiber for applications in aerosol particle filtration[END_REF]. Amongst the potential applications of electrospinning, different protective products have received a great attention from researchers. The products like medical gowns and different respiratory protective products are valuable addition in field of electrospun materials [START_REF] Vitchuli | Electrospun ultrathin nylon fibers for protective applications[END_REF]. Due to very small pores in electrospun materials, they are very good filtration and screening properties; so they are a very good candidate for wearable screening products. For all such wearable performance products, comfort is a key aspect that defines their potential end-use and value. Conventionally, all such products, being in research phase, have been developed by needled electrospinning setups. However, Needleless Electrospinning has gained considerable importance for their commercial production [START_REF] Niu | Needleless Electrospinning: Developments and Performances. Nanofibers -Production, Properties and Functional Applications[END_REF]. In current study, effects of different input parameters of "free surface needless electrospinning" on thermal conductivity have been reported. This technique is based on generation of nanofibres by electrostatic force between two wire electrodes, one of which is coated with polymer solution using a solution carriage that coats an even layer of solution on electrode as it moves in a to and fro manner on it.

EXPERIMENTAL

The electrospinning solution was prepared by dissolving Polyamide-6 (PA-6) in formic acid (99%) with stirring on a magnetic stirrer at 40 C for 24 hours. The solution were prepared with three different concentrations (C) levels i-e 18%, 19% and 20% w/w. Elevctrospinning of solutions was performed on Elmarco's Nanospider NS 1WS500, a needleless electrospinning system based on wire electrode fiber generator for upward spinning [START_REF] Elmarco | NS 1WS500U; most versatile electrospinning equipment[END_REF]. The electrospun fibers were collected on a spunbond nonwoven substrate (100% Polypropylene) moving at speeds mentioned below. Other input variables, each with three levels, include the applied potential difference between the fibre generator electrode and top electrode, V (at 35, 45 and 55 KV), the distance between electrodes (at 260, 275, 290 mm), the polymer solution carriage speed, Cs (at 290, 340 and 390 mm/sec), substrate speed (15, 20 and 25 mm/min) and air flow (at 120, 130 and 140 m 3 /h). The experiments were designed using Taguchi method, which was also used for analysis of results. The diameter of nanofibers was determined using scanning electron microscope. The thermal conductivity of fibers was determined using KES-F7 Thermo Labo II in Kawabata Evaluation System.

RESULTS AND DISCUSSION

From analysis of variance, shown in table 1, it was determined that among different parameters studied in this work, only concentration, voltage and carrier speed pose a significant impact on thermal conductivity. The effect of these parameters has been depicted in figure 1. 

Effect of Concentration

The P-value from analysis of variance for effect of concentration on thermal conductivity is 0.000, which shows the effect is highly significant. Moreover, among the three shortlisted factors affecting the thermal conductivity in a significant manner, concentration possess the strongest effect, as confirmed by its rank in analysis of variance (Table 1) From Figure 1, it could be observed that increasing the solution concentration increases the thermal conductivity of nanofiber coated nonwoven. This could be attributed to a lower bulkiness produced due to thicker fibres resulting from increase in concentration, as shown in figure 2. The increase in density has been known to be one of the strongest factors affecting the thermal conductivity. 

Effect of Voltage

The P-value for effect of electrospinning voltage on thermal conductivity was also found to be 0.000, showing a strongly significant effect; this effect was ranked 2 nd after solution concentration, that is the strongest factor affecting the fibre diameter and hence the thermal conductivity (table 1). The thermal conductivity was found to have a nonlinear relation with voltage with an overall increase in thermal conductivity as the voltage is increased from 35 KV to 55 KV. This effect could also be related to the differences in bulkiness as affected by change in voltage between fibre generator and collector. It could be attributed to higher attracting forces on fibres at higher voltages during electrospinning, thus reducing the fibre bulkiness and hence increasing the resultant conductivity. However, a lower conductivity at intermediate voltages may be attributed to the static charges playing a role to make the nanowebs bulkier by inter-fibre repulsion. This impact is reduced at higher voltages due to stronger pulling forces in that range.

Effect of Carrier Speed

Carrier speed has also been found to pose a significant effect on fiber properties and hence the thermal conductivity of resulting nanofibrous nonwoven produced thereof. As shown in figure 1, the thermal conductivity first increases and then decreases as the carrier speed increases. This trend could be explained using the competing impacts of higher static charge at lower speeds and higher fibre diameter (leading to lower bulkiness) at higher carrier speeds, as shown in figure 2.

CONCLUSION

It was observed that coating of substrate with nanofibres induces a significant impact on thermal conductivity despite of its size in nanoscale. So, for all the wearable products being developed from nanofibres this fact must be considered. Further studies in the field are expected to improve the understanding of effects produced by different electrospinning parameters on thermal conductivity and other comfort properties.
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 12 Figure 1: Effect of significant factors on thermal conductivity

Table 1 .

 1 Analysis of variance for input variables

	Term	Concentration (C)	Voltage (V)	Carrier speed (mm/min)
		Rank	P-Value	Rank	P-Value	Rank	P-Value
	Thermal Conductivity ((W/cm.C)*10000)	1	0.000	2	0.000	3	0.000

*Statistically significant term with 95% confidence
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