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Abstract 
In gas/solids pipeflow systems, particles often get triboelectrically charged during their transport, 

due to frequent collisions with the pipe wall. Helical shaped pipes, due to their mixing effect owing 

to the curvature induced secondary flow, have been considered advantageous for processes such 

as coal liquefaction and gasification and also for achieving a desired pressure drop for a compact 

pipe design. However, this enhanced mixing also causes the helical pipe to generate a significantly 

high amount ofparticle charge. For a detailed understanding of triboelectrification in helical 

gas/solids pipeflow systems, it is hypothesised that a variation in the critical parameters governing 

such flow systems will also affect the triboelectric charge generated on particles. Hence, the 

present study focuses on experimentally investigating the triboelectrification ofparticles with an 

isolated variation to the critical parameters, namely: non-dimensional Curvature ratio 8, non

dimensional Torsion parameter {3, particle Stokes number St and flow Reynolds number Re. 

Curvature ratio is varied within the limits of0.053 to 0.19, by changing the radius ofcurvature of 

the helical coil at negligible torsion. Torsion parameter is varied within the limits of0.038 to 0.26, 

by changing the pitch ofthe coil at a constant curvature ratio. The respective curvature and torsion 

variation is performed at two St 0.82 and 1.67, at fixed Re. The Reynolds number effect is 

investigated at Re 1875 and 3750 at a fixed St. Under a particular experimental condition, known 

mass ofparticles is injected in batches in the dilute particle limit into the helical pipe air flow 

wherein the particles acquire charge, which is later quantified using Faraday cup and an 

electrometer. At both St conditions, it was observed that charge magnitude on particles increased 

exponentially and in a similar trend with the increase in the curvature ratio. With torsion 

parameter, the particle charge effectively remained unchanged at lower values oftorsion,followed 

by a gradual increase at higher values oftorsion and here also the variation was similar at both 
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St. For the St variation, it was seen that for all the cases ofrespective curvature ratio and torsion 

variation, doubling the St doubled the charge generated on particles. For Re variation at a fixed 

St, the particle charge was higherfor the case ofhigh Reflow. 

Keywords: Triboelectrification, Helical gas/solids pipe flows, Curvature ratio, Torsion, Stokes 

number, Reynolds number, isolated parameter variation 
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Chapter 1 

Introduction 

1.1 Background 

Pneumatic transport systems or gas/solids pipe flow systems involve the transport of micro sized 

powders or particulate solids through long pipes or channels using the flow of air or other gases as 

the transporting media. Gas/solids pipe flows are mostly encountered in powder handling 

industries, which widely use inertial particles as raw materials, intermediates, or final products [1, 

4) . These particles are usually introduced into the pneumatic system from a particle bed, via a 

hopper. The high speed gas then transports these inertial particles from one location to another 

through the conduits. 

A major concern in these gas/solids pipe flow systems is the static electrification of inertial 

particles during their transport [1-10) . Particles during their pneumatic transport are constantly 

colliding with each other and with the walls of the conduit. These repeated particle-wall impacts 

lead to the transfer of electrons between the surface of particle and the wall, which causes the 

particle and wall surface to acquire opposite polarity charges [1, 9) . This phenomenon of frictional 

charging is referred to as contact electrification or triboelectrification. The physical conditions 
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favouring the triboelectrification of the particles during their pneumatic transport include, frequent 

particle and pipe-wall collisions, difference in the materials ofpipe-wall and particles, high surface 

to volume ratio of the particles and low humidity of the transporting gas [1, 6) . Gas/solids pipe flow 

systems where particle charging is extremely common are: pulverized-coal utility plants [2, 10), 

pharmaceuticals [6, 11, 12), food industries [13) and polymer synthesis industries [6] . In all of these 

gas/solids pipe flows applications, electrostatic charge generated on the particles causes non

uniform dispersion ofparticles due to particle agglomeration, which can have adverse effects [2, 6, 

11) . 

Most of the gas/solids pipe flow systems involve particles being transported through long straight 

shaped pipes. However, there exist a few examples for the gas/solids systems such as coal 

liquefaction [16) and coal gasification [17), which have demonstrated the importance of helical 

shape in their respective transport systems, in the form of coiled reactors. Another usage ofhelical 

shape in the gas/solids pipe flow systems is that it provides a compact design for achieving a 

desired pressure drop in an industrial layout [18, 19) . 

Because the physical conditions for helical gas/solids pipe flow systems favour the 

triboelectrification, charge generation on particles in such systems becomes an additional concern 

of study, aside from particle dynamics in a helical pipe flow. The enhanced particle mixing within 

the cross-section of the helical tube due to the presence of the secondary flow causes an increased 

number of particle-wall collisions because the particles tend to follow the secondary flow. Due to 

these increased particle-wall interactions or collisions, the helical shaped tube generates a high 
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amount of triboelectric charge on particles as compared to other geometries of same dimensions 

[20-22] . 

Although there have been a few studies for understanding the helical gas/solids pipe flows from 

the particle and flow dynamics perspective [18, 19], there has never been a detailed study that has 

explored the triboelectric particle charge generation in such systems. The only notable study on 

particle charge generation in helical gas/solids pipe flow systems as a function of any physical 

parameter pertaining to such functions was by Matsusaka et al. [20], in which they studied the 

triboelectric charge generation on particles as the function of length of the helical tube. 

The present study bridges this gap by doing a detailed investigation on the triboelectric charge 

generation on particles in helical gas/solids pipe flow systems with the variation in the critical 

parameters concomitant: Curvature ratio [37] and Torsion of the helical pipe [40], particle Stokes 

number [41] and Reynolds number of the flow [42] . We hypothesize that variations in the 

aforementioned parameters will affect the particle-wall interactions, which will further impact the 

particle-wall collisions and ultimately the charge generated on particles. The present study aims to 

verify this hypothesis experimentally by isolating each of the four critical parameters and 

individually varying them to create a set of various experimental conditions, each of which 

corresponds to a specific configuration of a helical gas/solids pipe flow system. For each of these 

experimental conditions we measure the charge generated on particles during their pneumatic 

transport through the helical pipes to obtain a detailed triboelectric data, which will serve the 

purpose ofour study. Through our results we try to present some empirical equations for predicting 
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the mean charge per particle with curvature ratio, torsion and Stokes number, under certain 

conditions. 

Successful completion of this study will enhance our knowledge in the field of triboelectrification 

of particles in helical gas/solids pipe flow systems, a facet which is still unexplored. This study 

could also serve as a springboard for the better design of helical pipes in gas/solids pipe flow 

systems from the particle triboelectrification considerations. 

1.2 Motivation 

Although the helical pipe configuration is not that common in the gas/solids pipe flow systems, 

there have been a few applications where its usage has been deemed important [16, 17) . For example 

in one of the methods for carrying out the coal liquefaction and coal gasification, the use ofhelical 

pipe configuration in the form of concurrent gas/solids coiled reactor has been considered 

advantageous. Coal liquefaction through coiled reactors involves a mixture of dry pulverised coal 

and Zn Ch being transported by a stream ofH2 gas into the coiled reactor under high heat conditions 

to yield liquid hydrocarbons. The coal gasification through the coiled reactor involves the transport 

of dry powdered coal by a stream of feed gas into the reactor to yield the syngas. The advantage 

of using helical coiled reactor in such systems is to ensure a thorough mixing of the reactants 

owing to the secondary flow, for an efficient chemical reaction. Another advantage ofusing helical 

pipe in the gas/solids flow system is that it allows for a compact design for achieving the desired 

pressure drop in the pneumatic transport systems [18) . However, enhanced fluid-particle mixing in 

such systems also leads to enhanced particle-wall collisions. This along with dry conditions in 
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helical gas/solids pipe flows leads to significant triboelectrification ofthe particles, which becomes 

another domain of study for helical gas/solids pipe flow systems. 

Triboelectric charge generation in the gas/solids pipe flows strongly depends on the geometry of 

the transport pipe [15) . The helical shape allows for frequent particle-wall collisions, which causes 

particles to acquire a significant amount of charge as compared to other geometries of same 

dimensions. Two independent investigations on triboelectrification of particles [21, 21) and one 

study on the electrostatic particle separation (ESP) of various plant protein powders in the navy 

bean flour system [22) have demonstrated the high particle charging capabilities of helical tube. 

For the ESP process, the high particle charging by the helical tube can also lower the requirements 

of the electric field strength required to carry out the separation process. These studies reinforce 

that triboelectric charging of particles in helical gas/solids pipe flow systems can be an important 

concern. While there exist a few studies on the pressure drop measurements and gas transitional 

velocities in helical gas/solids pipe flow systems [18, 19), triboelectrification of particles in such 

systems is nearly unexplored. Therefore, the requirement of a detailed investigation on the 

triboelectric charging ofparticles in helical gas/solids pipe flow systems motivated this study. 

We hypothesize that an isolated variation in the critical parameters governing the helical gas/solids 

pipe flow systems will have an impact on the triboelectrification ofparticles for such systems. The 

goal of the present study is to basically investigate this hypothesis by proposing a systematic 

experimental research strategy, which will be discussed subsequently. 
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Chapter 2 

Literature Survey 

Triboelectrification of particles in pneumatic transport systems has been a subject of continuous 

research since decades [1-10) . These particles repeatedly collide with the transport pipe wall and 

acquire triboelectric charge, which can cause unwanted phenomenon like particle agglomeration, 

non-uniform dispersion, etc. in these systems [6] . Triboelectrification is known to depend on the 

work function difference among the materials in contact [1, 6), on the Relative Humidity (RH) of 

the transporting gas or air [1, 6) and also its velocity [21) . Studies pertaining to triboelectrification 

ofparticles have mostly been experimental and involve pneumatically transporting the particles in 

a dilute limit through pipes or conduits for charging and then measuring the corresponding charge 

generated, over a range of experimental conditions [5, 13, 21, 23) . Apart from the ambient factors , 

triboelectric charging of particles has been strongly known to depend on the geometry of the 

transport pipe as well. Studies have shown that curved geometries such as U - shaped bend, a 90° 

bend and a helical shaped pipe generate a much higher charge on particles as compared to a straight 

shaped pipe [15) . Out of these curved geometries, helical shaped pipe generates a significantly high 

amount ofcharge on particles than the corresponding geometries, under similar physical conditions 

[22) . 
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There have been a few studies, which have demonstrated the high charging capabilities of the 

helical shaped pipe [20, 21) . For example, Matsusaka investigated the charge generated on particles 

using a helical tribocharger ofvarying lengths and different materials, under same flow conditions 

and provided a relation to predict the particle charge magnitude using the lengths of the 

tribocharger and the equilibrium charge on particle. However, in their study the equilibrium 

particle charge was determined through an expensive and a complicated apparatus viz. ESP ART 

analyzer, which is not easily available. Also there was no mentioning of other parameters relevant 

to a helical gas/solids pipe flow system [20) . A second study from Lee, experimentally investigated 

the effect of gas velocity and particle size on the triboelectrification of particles using a helical 

shaped tribocharger. However, in their study there was no mention of an isolated variation of gas 

velocity and this is important as changing the velocity also changes the Stokes number of the 

particles [21) . In both of these studies, the helical shape was regarded as an efficient geometry for 

the triboelectrification of particles due to very frequent particle-wall contacts. Rajabzadeh 

performed ESP of plant protein powders by transporting the navy bean flour powder mixture 

through straight and helical tribochargers. In their study the helical pipe generated such a high 

amount of charge on navy bean particles that it actually lead to a fall in their powder separation 

efficiency. They concluded that modifications in the design of the tribocharger could make ESP 

process more efficient and also reduce the requirements of electric field strength [22) . 

These studies establish that a helical shaped transport pipe in gas/solids systems is able to generate 

a high amount of charge on particles. This can be attributed to the increased number of particle

wall collisions due to the mixing effect generated by the curvature induced secondary flow inside 

the helical pipe cross-section. 
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Due to the presence of curvature, the flow dynamics in helical pipe are significantly different from 

a straight pipe [32-35) . The first study for understanding the fluid dynamics inside a curved pipe 

was performed by Dean [32) . Over the years many studies have been performed to understand the 

flow dynamics inside the helical pipe and also what critical factors affect these dynamics. Studies 

have shown that the pipe curvature has a strong and stabilizing effect on the secondary flow inside 

the helical tube [33-35) . Another geometrical factor called torsion, which is induced by the presence 

ofpitch, is also known to affect the flow inside the helical tube but only at its high values. Torsion 

has a destabilising effect on the secondary flow and at higher values can totally distort the twin 

vortex structure [40) . A variation in the secondary flow has been also observed upon the variation 

of the Reynolds number of the flow [42) . Helical pipes because of the enhanced fluid mixing, are 

also used in the applications pertaining to fluid/solids systems [33) . In helical fluid/solids systems, 

the solid particles are mainly fluid driven, hence, a variation in the flow dynamics with the 

parameters mentioned above, will also affect the particle behaviour inside. The behaviour of 

particles in such systems is also known to be affected by the Stokes number of the particles [41) . 

Upon applying this knowledge to helical gas/solids pipe flow systems, one can argue that for such 

systems, a variation in the aforementioned parameters will also have an impact on the 

triboelectrification of particles, as particles acquire charge through their collisions with the pipe 

wall. The current study, hence, aims to investigate the triboelectrification of particles in helical 

gas/solids pipe flow systems in detail by taking into consideration all the critical parameters 

governing such flow systems and varying each of them in an isolated manner. 
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Chapter 3 

Theory 

In the previous section we discussed the motivation behind investigating the triboelectric charge 

generation on particles in gas-solids helical pipe flows , followed by a thorough literature review. 

This section throws light on triboelectrification of materials, mechanism of triboelectric charging 

of particles and a description of helical pipe flows along with the critical parameters governing 

such systems, in a systematic manner. 

3.1 Triboelectrification 

It has been long established that when two different materials are brought in physical contact with 

each other, electrostatic charge transfer occurs from one material surface to another, until an 

equilibrium is reached for the surfaces in contact [1, 6] . This type of charging is referred as 

triboelectrifzcation as it involves charging ofmaterials by virtue of frictional contact between them 

[6] . The triboelectric charging process depends on the chemical composition, conductivity, surface 

properties and morphology of the surfaces in contact. The direction of the charge transfer from 

one material to another during their frictional contact depends upon an intrinsic property of 

materials called the work function [6] . Work function, also called Fermi level, for a material is 

defined as the amount of energy required to release an electron from the surface of that material. 
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When two materials are rubbed against each other, the material with lower work function loses 

electrons and acquires a positive charge, while a material with higher work function acquires 

negative charge by gaining electrons. The organization of such materials ( conductors and 

insulators) in terms of the direction ofcharge transfer is known as the 'classical triboelectric series' 

[6] . Triboelectric series organizes the materials in the increasing order of their work-function. The 

materials at the top of the triboelectric series have a lower work function and show a tendency to 

get positively charged, while the ones down the series have a higher work function and acquire 

negative charge. Fig. 1 shows the triboelectric series of some commonly used materials in the 

increasing order of their work function. 

It should be emphasized that the triboelectric senes is not fully reproducible, and different 

experiments lead to different orderings of materials; these variations are likely due to small 

differences in the material surface, environment, or measurement technique [6] . In our study we 

used Aluminum-alloy helical tube and borosilicate glass particles as the tribo pair and as per the 

triboelectric series, glass particles should charge positively and Al tube negatively. However, a 

negative charge was observed on the glass particles under all the experimental conditions in our 

study, indicating that there might have been some material variations in either the glass particles 

or the Al tube. 

Air 
Asbestos 

Glass 
Mica 

Human hair 
Nylon 
Wool 
Fur 

Lead 
Silk 
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Aluminum 
Paper 
Cotton 
Steel 

Wood 
Amber 

Sealing wax 
Hard rubber 

Nickel, Copper 
Brass, Silver 

Golds, Platinum 
Sulfur 

Acetate, Rayon 
Polyester 

Styrene (Styrofoam) 
Orlon 
Saran 

Polyurethane 
Polythene 

Polypropylene 
Vinyl (PVC) 

Silicon 
Teflon 

Fig. 1: Showing the classical triboelectric series [24). 

3.1.1 Contact electrification in metals and insulators 

Contact electrification between two metal surfaces is believed to be straightforward. Metals have 

incompletely filled bands of electron states such that vacant conduction states are only 

infinitesimally higher in energy than filled valence states. The energy of the highest occupied 

valence state is described by the work function. When two metal surfaces come into contact, 

electrons are transferred from the material with the lower work function ( or higher Fermi level) to 

the material with the higher work function ( or lower Fermi level) [ contact charging insulator]. 

Electron tunnel from the metal of lower work function to the metal of higher work function until 

the Fermi levels of the metals coincide [6, 24) . This can be seen in Fig. 2. 
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Electron transfer to an insulator does not seem possible because the valence band of an insulator 

is completely filled and the unfilled conduction band is at much higher energy state, thereby 

leading to a bigger band gap. However, there are defect or 'trap ' states in this band gap, which are 

partially occupied by the electrons that are not in their lowest energy states [25] . These electrons 

trapped in slightly higher energy states remain there for periods of days to centuries [26-28] . These 

trapped electrons are responsible for the finite conductivity of insulators, and also provide a means 

for contact charging to occur. 

Energy 

l 
M ta] 1 Meta12 Metal 1 Metal2 

(+) (-) 

B fore contact Aft:er contact 

Fig. 2: Showing the fermi level for metal-metal contact electrification: before and after contact [1]. 

It is believed that certain chemical defects can give rise to such states [29, 30] . Therefore, during 

the metal-insulator contact, electrons will be transferred from the material with low work function 

to the material with high function until Fermi levels ofboth the materials coincide with each other 

[6,24] . 

12 



3.1.2 Triboelectric charge generation on particles 

As mentioned in the previous section, when two different materials are brought in frictional contact 

with each other, charge transfer occurs from one material to another. Frictional charge holds a 

great importance for granular particles, which are the micro sized particles occurring both in 

natural systems and in industries [1-10) . The high surface to volume ratio of these particles 

combined with small gravitational forces due to their low mass can cause these particles to exhibit 

strong electrostatic effects [6] . 

Several models for explaining the particle charging during their pneumatic transport have been put 

forth. These include condenser model, charge relaxation model, particle impact on a wall model 

and repeated impacts ofa single particle model [1] . However, the most accepted mechanism for 

particle charging is due to its impact with a surface or in case of gas/solids pipe flows, repeated 

impacts or collisions with the pipe wall. Hence, for any configuration of gas/solids pipe flows, 

repeated particle-wall impacts are regarded as the means for triboelectric charging of particles. 

Here again the direction of charge transfer depends on the work functions of the particle and pipe 

wall material. The charge generated on a particles due to its repeated impacts with the pipe wall, 

is related to the length of the pipe as shown in equation 1. 

-------------- (1) 

where q is the charge generated on a particle due to particle-wall collisions in a tribocharger of 

length L, q0 is the initial charge on particle before they enter the tribocharger, q00 is the equilibrium 

charge a particle can acquire and L0 is the characteristic length of particle charging. Generally 
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initial charge on particles is of extremely small order with respect to the final charge and is often 

neglected. Assuming q0 to be zero, the above equation reduces to -

L 
q = q00 {1-exp(--)} -------------- (2)

Lo 

which can be used to predict the charge generated on a particle, once the q00 and L0 are known. 

This equation for calculating particle charge could not be used in our study because our 

experimental setup did not have the capability to compute q00 and L0 . 

It should also be noted that the above equation was derived by performing particle charge 

measurements at different lengths of a helical shaped tribocharger. However, this equation does 

not give any information on the variation of particle charge with the critical parameters governing 

helical gas/solids pipe flow systems. Hence, our study makes an attempt to provide empirical 

equations for variation of mean charge per particle with these parameters. 

3.2 Helical circular pipe flow 

3.2.1 Helical Single phase pipe flows 

A helical tube can be approximated as a toroidal tube with finite pitch, where pitch is defined as 

the perpendicular distance between two successive turns of the helix. For both the toroidal and 

helical pipe flows, the presence of the pipe curvature significantly modifies the flow dynamics 

inside [32-40) . In these curved pipe flows , the imbalance between the cross-stream or radial pressure 

gradient and curvature induced centrifugal forces causes a secondary flow that is orthogonal to the 

mean or primary flow direction. The centrifugal force moves the fluid near the pipe cross-section 

14 



centerline towards the outer bend and the fluid near the walls towards the inner bend, resulting in 

the secondary motion [32] . This secondary flow is characterized by the formation of a pair of 

counter-rotating twin vortices called dean vortices. These vortices force the mean velocity to be 

distributed non-uniformly in the cross section of the pipe such that its maximum is deflected 

towards the outer wall [33] . The pitch of the helical coil has an additional effect on this secondary 

flow, but only when its value is much greater than the circumference of the coil, otherwise the 

effect due to pitch is usually negligible [33, 40] . 

The strength or magnitude of this secondary flow in a curved pipe flow is characterized by a non

dimensional parameter called Dean Number, which is defined as-

De= Re.Jo -------------- (3) 

where De is the Dean number, Re is the Reynolds number of the viscous flow and o is the non

dimensional curvature ratio of the curved pipe. As the value of Dean number increases, the 

secondary flow strengthens. The Dean number represents the ratio of the square root of the product 

of the inertial and centrifugal forces to the viscous force of a fluid [32] . 

3.2.2 Helical Fluid/Solids pipeflow systems 

Due to the presence of the twin vortex structure in the helical pipe cross-section, the helical 

geometry often finds its extensive use in the liquid/solid, liquid/gas and gas/solid [33] multiphase 

flow systems for an enhanced fluid-particle mixing. Dean vortices are an attractive choice for fluid

particle mixing because the mixing effect induced by them does not require any rotary parts and 

thus, there is no expense of energy. Due to this mixing effect, there exist many interesting 
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applications in helical liquid/solids and liquid/gas pipe flows such as near-wall particle buildup 

reduction [39) and coiled membrane filtration [33, 39) . 

C 

h 

I 
2a 

Fig. 3: Showing the cross-section of a helical tube or pipe (left) 
and dean vortices in the pipe cross-section (right). 

The present study, however, focuses entirely on the helical gas/solids pipe flow systems. The 

conditions such as low humidity, enhanced particle-wall collisions due to mixing and the work 

function difference between the particles and the helical pipe wall, make the triboelectric charge 

generation in helical gas/solids pipe flow systems, inevitable. Therefore, the present study aims at 

investigating the triboelectric charge generation on solid particles during their pneumatic transport, 

in detail with the variation in the critical parameters governing a helical fluid/solids pipe flow 

system. 
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3.3 Critical parameters in helical fluids/solids pipe flow systems 

After thoroughly scavenging through the literature review on helical single phase and multiphase 

pipe flow systems respectively, the most crucial parameters governing such systems could be 

classified under two categories [32-44), : 

1) Directly impacting the flow dynamics - This category included the non-dimensional helical 

tube parameters such as curvature ratio oand the torsion parameter /3 and a non- dimensional flow 

parameter Re . The respective variation in o and /3 is known to cause changes in the secondary 

flow. However, a variation in the Re is known to cause changes to both secondary and mean flow. 

2) Directly impacting the particle dynamics - This included the non-dimensional parameter, Stokes 

Number St of the particles and its variation is known to cause changes in particle dynamics and 

their interaction with the fluid. 

As discussed previously, the parameter characterizing the strength of the secondary flow in the 

helical pipe flow, the Dean number, is a function of Reynolds number Re of the flow and the non

dimensional curvature ratio o of the helical pipe. However, the dependence of Dean number on 

Reando individually, is quite different. While an increase in the oalone increases the strength of 

the secondary flow without impacting the mean flow strength, an increase in Re at a constant o 

not only increases the strength of the secondary flow but also significantly strengthens the mean 

flow. Hence, it only seemed logical to dissociate the Dean number into the two independent 

variables namely Re and o and separately investigate the effects of their respective variation in 

our study. 
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Also in a few studies the effects of helical pipe pitch variation have been expressed in terms of 

helix angle [42], however, majority of the studies have resorted to using torsion terminology only 

and we will also follow the same in this study. Another parameter, which was seen in the study by 

only one research group was the orientation of the helical tube [36) . However, most studies in 

literature have not considered the effect of the helical tube orientation on the flow/particle 

characteristics and for the same reason the effect of helical tube orientation was not included in 

the present study. 

Therefore, in our study we only consider the four critical parameters governing the helical 

gas/solids pipe flow systems, for a better understanding of the triboelectric charge generation on 

particles in such systems: 1) Non-dimensional curvature ratio, 2) Non-dimensional torsion, 3) 

Stokes number and 4) Reynolds number. Each of these four parameters in our study is isolated and 

then varied individually for a distilled understanding oftriboelectric charge generation on particles 

in helical gas/solids pipe flow systems. We hypothesize that an isolated variation of each of these 

four parameters, will indirectly or directly have an effect on the particle-wall collisions and thus, 

on the charge generated on particles. These four parameters are discussed below. 

a) Curvature Ratio 

When fluid flows through a helical pipe, the curvature of the helical pipe causes the fluid to 

experience centrifugal force, which generates a pair of counter-rotating vortices called dean 

vortices in the helical pipe cross-section. The presence of this secondary flow stabilises the fluid 

inside thereby increasing the critical Reynolds number of the flow. In helical pipe flow studies, 
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the curvature can be mathematically represented in the form of a non-dimensional parameter 

denoted as o. The non-dimensional curvature ratio or curvature ratio for a helical pipe is defined 

as-

-------------- (4) 

where o is the non-dimensional curvature ratio, Rp is the radius of the helical pipe cross-section 

and Re is the radius of curvature of the helical coil. Now Re of a helical coil is given by-

ez + bz 
Re=-- -------------- ( 5) 

e 

where e is the centreline radius of the helical pipe and b is pitch factor of a helix [40), defined as 

b = h/2rr; his the helical pitch. 

Geometrically the Re of a helical coil becomes different from that for a toroidal pipe because of 

the presence of finite pitch. Substituting equation (5) in (4), we get-

ae 
o=-- -------------- ( 6) 

ez + bz 

where a is the helical pipe cross-sectional radius and o is the non-dimensional curvature ratio of a 

helical pipe. 

The effect of curvature ratio on the flow inside the helical pipe is of importance because even a 

mild pipe curvature is known to alter the flow dynamics inside the helical pipe. Studies in past 

have shown that an increase in the curvature ratio in a helical pipe flow system increases the 
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strength of the secondary flow relative to the mean flow. This is because increase in the curvature 

ratio means a tighter helix, which warrants an increased centrifugal force on the fluid, leading to a 

stronger secondary flow. This increases the fluid mixing within the pipe flow. 

Increase in the curvature ratio causes the twin dean vortices to shift slightly towards the outer bend 

and towards the respective side walls, thereby creating a higher in-plane velocity magnitude zone 

slightly on the outer side of the helical pipe cross-sectional plane and a lower velocity zone or the 

stagnation zone on the inner side. The strength of the secondary flow can go from being 5% of the 

mean flow for mild curvatures to being 20% of the mean flow for high curvature helical pipes, 

provided the effects from the pitch remain negligible [41) . 

Hypothesis : For the isolated variation in the curvature ratio of the helical pipe in our study, we 

expect a higher triboelectric charge to be generated on particles at higher curvature ratios. 

b) Torsion Parameter 

Geometrically torsion of a space curve means as to how sharply it is twisting out of the plane of 

curvature. For a helical pipe, it is defined as to how sharply the centreline of the helical pipe is 

twisting out of the curvature plane. The effect of torsion in a helical pipe arises because of the 

finite pitch of the coil and it becomes stronger only when the ratio of pitch of the coil to its 

circumference, starts becoming equal to or greater than unity. For a helical pipe with pipe cross

sectional radius a, radius of the helix c and pitch factor b, the non-dimensional torsion of the 

helical coil is defined by-

ab 
r=-- -------------- (7) 

cz + bz 
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where b = h/2rr and h is the helical coil pitch. Since torsion in a helical pipe arises from the 

presence of pitch, so for varying the torsion of a helical pipe, pitch of the coil is varied. However, 

varying the pitch will also inadvertently vary the curvature ratio of the coil, hence, the variation in 

the torsion should be done at a constant curvature ratio. A more convenient way to express the 

torsion parameter at a constant curvature ratio o is [40] : 

r 
---------------- (8)/3 = (20) 05 

where /3 is the non-dimensional torsion parameter, r is the non-dimensional torsion and o is the 

non-dimensional curvature ratio of the helical pipe. 

The effect of torsion on the helical pipe flow is of importance because unlike curvature ratio, 

torsion tends to have a de-stabilizing effect on the secondary flow in the pipe [40] . Studies in the 

past have shown that at a constant curvature ratio, the effects of torsion on helical pipe flow are 

negligible when {3 ~ 0(10- 2
) but as /3 increases, the effects start becoming noticeable [37, 40] . At 

a constant o, increase in /3 initially has negligible effect on the friction factor of the helical pipe 

flow. However as /3 is further increased, this friction factor also starts to increase and eventually 

reaches a maximum at a certain value of /3 [40] . As /3 is further increased, the friction factor 

decreases from this maximum value and starts approximating the value for a straight pipe at larger 

values of /3. This is because, increasing /3 tends to distort the twin-vortex structure in the helical 

pipe into a single vortex structure, such that the one which is rotating in the same direction as the 

torsion, gradually grows in size while the other one becomes smaller and eventually disappears. 

This corresponds to the value of /3 where the friction factor is maximum and the helical pipe has 
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only one vortex, completely occupying the pipe cross-section. Further increase in /3 causes 

weakening ofthis single vortex structure as the centrifugal effects due to curvature start to diminish 

and helical pipe and flow start approaching a straight pipe and Poiseuille flow, respectively [40) . 

Hypothesis : For an isolated variation of /3 , we expect very small changes on the particle charge 

when /3 ~ 0(10- 2
) , then an increase in the charge followed by a decrease as /3 is further increased. 

c) Stokes Number 

Stokes number or St ofa particle suspended in a fluid flow is a parameter pertaining to fluid/solids 

flow systems, which tells us how closely will the particle follow the flow. It is the measure of 

particle inertia in a particle laden flow under a fixed set of flow conditions. Low St particles tend 

to follow the flow more faithfully as compared to high St particles. Stokes number of an inertial 

particle is defined as -

-2 
pdP V 

St=-'---- -------------- (9)
18µD 

where p is the particle density, dp is the mean particle diameter for a particle size, V is the mean 

fluid velocity, µ is the dynamic viscosity of air and D is the pipe cross-sectional diameter or the 

characteristic length of the flow. 

In helical fluid/solids pipe flow systems, particles are pushed by the dean vortices towards the 

outer bend, the same dean vortices then transport these particles towards the inner bend via side 

walls, where they again get re-entrained towards for the outward motion [41) . Under the fixed flow 

conditions, an increase in the St of the particles in helical fluid/solids pipe flow systems causes 
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the particles to less faithfully follow the in-plane secondary flow. High St particles owing to a 

stronger centrifugal force , frequently get thrown out of the in-plane streamlines. This causes them 

to frequently collide with the walls of the helical pipe cross-section while they are being 

transported from the outer bend towards the inner bend by the secondary flow. For high St 

particles, majority of these collisions happen at the outer bend side because as the particles are 

being transported back towards the inner bend, the higher centrifugal force due to high St tends to 

again push the particles towards the outer bend side. 

Hypothesis: For an isolated variation of St under fixed flow conditions, we expect an increase in 

the particle charge with increasing St . 

d) Reynolds number 

Flow Reynolds number is the relative measure of inertial forces with respect to the viscous forces 

in a fluid flow. Reynolds number for a viscous fluid flow through a pipe is defined as -

pVD -------------- ( 10) Re=-
µ 

where p is the fluid density, V is the mean flow speed, D is the pipe cross-sectional diameter or 

the characteristic length of the flow and µ is the dynamic viscosity of air. 

When considering for a helical pipe flow, the presence of the curvature stabilizes the flow inside, 

thereby increasing the critical Reynolds number of the flow and thus delaying the onset of 

turbulence. Under fixed geometrical conditions when Reynolds number of the helical pipe flow 

increases, the centrifugal force due to the curvature increases, which in tum increases the strength 
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of the secondary flow. This leads to an increase in mixing within the fluid. However, it should be 

noted that increasing the Re in helical pipe flow also increases the mean flow within. This can lead 

to a shorter particle residence time inside the helical pipe. 

Hypothesis : For an isolated increase in the Re of the flow for fixed particle St and geometrical 

conditions of the helical pipe, an increase in the Re should increase the charge generated on 

particles is expected. 

A validation of the hypotheses proposed in this section will provide us with the ability to predict 

the charge generated on particles with the various parameters governing the helical gas/solids pipe 

flow systems, which can significantly help improve the processes such as ESP ofpowder mixture. 

The following chapter presents a meticulously crafted research strategy for achieving the same. 
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Chapter 4 

Research Design 

This chapter discusses the research design proposed for investigating the triboelectric charge 

generation on particles in a helical gas/solids pipe flow system with the critical parameters 

governing such a system namely, Non-dimensional Curvature ratio ( o) , Non-dimensional Torsion 

parameter (/3) , Stokes number (St) and Reynolds number (Re). 

An experimental research design is proposed, which is discussed under three heads : The first part 

describes in detail, the characteristics ofvarious components of the test setup involved in the study 

under three heads: Particle injection setup, Charge generation setup and Charge measurement 

apparatus. The second part discusses the experimental variation of critical parameters governing 

the helical gas-solids pipe flow systems and the methodology behind their respective variation, 

thereby creating a set of experimental conditions ofhelical gas/solids pipe flow systems. The third 

part describes a systematic approach to obtain a reliable triboelectric data, which is consistently 

followed throughout the entire study. 

4.1 Test Setup 

We use an experimental test setup for the generation and measurement of triboelectric charge on 

particles under various test conditions, in our study. The multifactorial dependence of charge 

generation on particles tends to complicate the numerical approaches for studying the particle 
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charge generation during the pneumatic transport. Therefore, majority of the studies pertaining to 

triboelectrification of particles tend to be experimental only. 

For investigating the particle charge generation in helical gas/solids pipe flow systems, we selected 

several transporting pipes bent in the shape ofa helical coil, injected the micro sized solid particles 

into the air flow in the pipe and measured the corresponding charge generated. We chose 

Aluminum as the material for all the helical tubes and borosilicate glass as the material for the 

particles. The borosilicate glass particles were injected into the Aluminum helical tube in batches 

and the triboelectric charge acquired by them was measured by the charge measurement apparatus. 

The charge measurement apparatus used in our study consisted of Faraday cage and electrometer, 

which is standard in many studies [1] . The entire test setup is divided into three sections, which are 

discussed as follows. A schematic of the test setup is presented in Fig.4. 

.. Insu lated Cage 

(5) (6) 
_______ _[ 

Pa.rticle Injection Setup 
(1) - Compressed au 
(2) - Qtr. Turn Ball valve 
(3) - Point of injection 

Charge Generation Setup 
(4) Helical tube and Particles 

Charge Measurement Setup 
(5) Faraday Cup 
(6) Keithley 6514 E lectrometer 

Fig.4: Showing the schematic of the test setup used in our study. 
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4.1.1 Particle injection setup 

This part of the test setup allows for the particles to enter the helical tube and be pneumatically 

transported through the tube. Compressed air from a line in our laboratory at a Relative Humidity 

(RH) of 55% is delivered to the inlet of the helical tube through a quarter tum, in-line ball valve, 

which regulates the air-flow. Re of the flow is determined by measuring the air speed at the inlet 

ofthe helical tube using a hot wire anemometer. Known mass ofparticles is then injected in batches 

into the air stream using individual I ml syringes ( one batch per syringe), in succession. The point 

of injection of the particles is kept right next to the inlet of the helical tube to avoid any unwanted 

charging ofparticles during their injection and isolate the particle charging to the helical tube only. 

Also the particles are maintained in a dilute limit with the particle volume fraction of~ 10-5 to 

avoid the particle-particle interactions and isolating the particle charging solely to particle-wall 

interactions. 

4.1.2 Particle charge generation setup 

This setup is responsible for generating triboelectric charge on particles in our gas/solids helical 

pipe flow system, under various experimental conditions. This setup consists of: 1) Helical tube 

and 2) Particles. The particles are injected into the helical tube, wherein they acquire triboelectric 

charge due to the many particle-wall collisions during their pneumatic transport. 

Helical Tube 

The source of triboelectric charge generation on particles in our study is a helical shaped tube or 

pipe, fabricated by bending a circular cross-section Aluminum alloy 3003 tubing into a helical 

shape of desired specifications. We chose Aluminum alloy 3003 as the material for our helical 

tube because it was easily bendable, had a higher kink resistance and was easily available. A helical 
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tube can be defined as a Toroidal tube having a finite pitch in the plane perpendicular to the plane 

of curvature, with minimum possible pitch being equal to the cross-sectional diameter of the tube 

(See Fig. 3). This tubing met the ASTM B483 standards for Aluminum and Aluminum-alloy drawn 

tube and drawn pipe for general purpose applications. This tubing was seamless and hence 

provided a smooth interior for unrestricted flow. 

The bending of the original straight shaped tubing into helical shape ofvarious specifications, was 

carried out in the Machine and Fabrication shop at University at Buffalo. Fabricating the helical 

shape tubing of a particular helix curvature and pitch involved wrapping the original 4' long 

straight tubing in a right handed fashion around a cylinder of a certain diameter and length fitted 

in the chuck of a lathe machine, being rotated manually. Prior to its bending, the 4' long tubing 

was completely filled with sand in order to avoid crimping of the tube during bending and both 

the ends were sealed using a hot glue gun. The resulting helical tube was then emptied of sand and 

washed thoroughly for ensuring a smooth surface for the air flow. 

In our study, all the helical tubes were kept and supported in a vertical orientation to minimize the 

contributions of gravity on particle accumulation inside. It had been seen from our past 

experiments that in any other orientation, most particles accumulated inside the helical tube and 

very less came out, which was not sufficient for a reliable particle charge measurement. At all 

times, the Al-alloy helical pipe was kept grounded for not allowing the build-dup ofcharge on pipe 

wall. The inlet of the tube was kept horizontal for a smooth entry of particle-air mixture into the 

tube and outlet was vertical for a smooth entry of the charged particle-air mixture into the Faraday 

cup for charge measurement (See Fig.5). 
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Fig. 5: Showing the helical tube in vertical orientation with horizontal flow inlet and vertical flow exit. 

Property Specification 

Material Easy bend Al-alloy 3003 

Original length 4 ' 

OD 5/1 6" 

Thickness 0.035" 

ID or Characteristic flow diameter 0.243" 

Table 1: Showing the specification of the straight shaped Al tube used for fabricating helical tubes. 

Particles 

Throughout the study we use two classes of spherical shaped, hollow, borosilicate-glass particles. 

One class pertaining to low St , referred to as K-25 particles, whilst the other pertaining to high St 

referred to as S-60 particles. The difference between the particles in these two classes was in terms 

of the average density of the particles. The average density for S-60 particles was 600 kg /m3 and 

for the K-25 , 250 kg /m3
, as per the information provided by 3M Inc. The size distribution of 

these classes of particles was rather broad, thereby making them polydisperse i.e. 5 - 105 µm for 
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K-25 and 5 - 65 µm for S-60. Since charge is a function of particle size, size distribution of the 

particles in our experiments was kept as monodisperse as possible. This was achieved by sieving 

the K-25 and S-60 glass bubbles, respectively in a sonic particle separator (GilSonic UltraSiever 

GA-8, Fig.6) by selecting appropriate sized sieves based on ASTM (American Society for Testing 

Materials) standard E 161. Depending on the availability of the sieve mesh size, particles from both 

the classes were respectively sieved into narrowest possible size ranges. 

Fig.6: Showing GilSonic UltraSiever GA-8 particle siever. 

To minimize the cross contamination, the sieves were thoroughly cleaned using an ultrasonic 

cleaner (Branson 5 510) before switching between the two classes ofparticles. In our experimental 

study, we used the size range of 20-25 µm for both the classes of particles. 

Average particle density for each of the sieved size ranges was expected to differ from the average 

particle density of the unsorted lot, for both the classes. Therefore, the true density of the particles 

in the size range of 20 - 25 µm, was determined by performing Gas-Pycnometer measurements 
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on particles from both the classes in the selected size range. These measurements were performed 

by technicians in the Material Characterization Lab at University at Buffalo. The densities 

obtained from the Gas-Pycnometer test were treated as the true densities and were subsequently 

used in the calculation of St for the particles in our study. 

Particle Average particle density of the Pycnometer measurements of the true 
class original unsorted sample particle density for 20-25 µm range 
K-25 250 kg/m 3 361 kg/m 3 

S-60 600 kg/m 3 735 kg/m 3 

Table 2: Comparing the particle densities of unsorted particles with the pycnometer measured densities. 

4.1.3 Particle charge measurement setup 

This setup is responsible for the measurement of triboelectric charge generated on the particles 

transported through the helical pipe. This setup consists of: 1) Faraday cage, and 2) Electrometer, 

which work in combination with each other to quantify the charge on particles. Through the 

vertical outlet of the helical tube, the triboelectrically charged particles enter the Faraday cage 

where they transfer their charge to its inner electrode. The charge transferred is then displayed by 

the electrometer which is connected to the Faraday cage. Components of the particle charge 

measurement setup are discussed as follows. 

Faraday cup 

A Faraday cup is placed in the path of a stream of charged aerosol particles for measuring the 

charge on them. The Faraday cup has an outer grounded metal shield surrounding an inner metal 

electrode, which is electrically isolated from the outer metal shield by means of an insulating 

material. This inner electrode is connected with an electrometer. The charged glass aerosol 
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particles exiting the helical tube are collected into the inner metal electrode cup, where they induce 

a small net charge on the metal walls upon hitting them. This small net charge on the inner 

electrode then leads to a small current flow, which is detected by the electrometer connected with 

the Faraday cup to measure and display the charge on particles. 

Electrometer 

An electrometer serves to quantify and display the charge transferred from the charged aerosol 

particles to the Faraday cup. The electrometer used in our study was the Keithley Model 6514 (See 

Fig. 7). Model 6514 is a Solid state electrometer, which consists of a solid state amplifier that 

amplifies the small currents produced by the Faraday cup for an accurate voltage and hence charge 

measurement. An accurately known capacitor is placed in the feedback loop of the amplifier so 

that the voltage developed is proportional to the integral of the input current from the Faraday cup 

in accordance with the following formula : 

1 Q
V = -f idt = - -------------- ( 11) 

C C 
where; V is the voltage, C is the known capacitance, Q is the charge outputted. The voltage is 

scaled and displayed as charge [ Model 6514 manual]. 

Fig.7: Showing Kiethley Model 
6514 Electrometer. 
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4.2 Design Parameters 

In this part we discuss the variation of the critical parameters concomitant to helical gas/solids pipe 

flow systems, namely: 1) Non-dimensional Curvature ratio o, 2) Non-dimensional Torsion 

parameter /3 ,3) Particle Stokes number St and 4) Flow Reynolds number Re , and the methodology 

behind their isolated variation. As mentioned in section 3.3 the above parameters were finalised as 

the design parameters for the current study after a thorough literature review and parameters such 

as helical tube orientation were rejected. 

Variation ofNon-Dimensional Curvature ratio 8 

In the section 3.3 , we introduced the concept of curvature ratio for a helical pipe flow system, 

discussed its geometrical and physical interpretation, and also the effect it has on the helical pipe 

flow upon its variation. In this section, we present the various experimental conditions pertaining 

to the isolated variation of the curvature ratio of the helical pipe for investigating our hypothesis. 

Curvature ratio is varied while keeping the torsion parameter /3 negligible (/3 ~ 0(10- 2
)) , at two 

fixed St 0.82 and 1.67 of particles and Re 3750 of the flow. 

The non-dimensional curvature ratio or curvature ratio 1s a parameter, which geometrically 

characterizes a helical pipe and is defined as -

ac 
o=--

cz + bz 

In our experimental study, the curvature ratio of a fixed cross-sectional diameter helical pipe was 

varied by varying the radius of curvature c of the helical pipe centreline (See Fig.8). Unlike a 

toroidal pipe, in a helical pipe presence offinite pitch gives rise to another parameter called torsion. 

Torsion tends to have a strong effect on the secondary flow inside the helical pipe, but only at the 
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higher values of /3 , which is also a function of the radius of curvature c. Therefore, in order to 

isolate the changes in the particle charging in our helical gas/solids pipe flow system, to the 

curvature ratio variation alone, the curvature ratio was varied such that the torsion parameter /3 

was always negligible (/3 ~ 0(10- 2
) , Table 3). This was achieved by keeping the helical pitch of 

the pipe to minimal (i.e. equal to the pipe cross-sectional diameter), while varying the centreline 

curvature radius c so as to render the contributions from torsion, negligible. 

It should be noted that the charge generated on particles in a helical tube will also a known function 

of the length of the helical tube. Therefore, in order to further isolate the changes in particle 

charging strictly to the curvature ratio variation, the lengths of the individual Al-alloy tubes prior 

to their bending into a particular helical geometry were kept identical, i.e. 4'. 

Case 2a (in) C (in) h (in) b (in) 8 T p L (ft) 
A 0.243 0.625 0.243 0.038 0.053 0.0009 0.0028 4 
B 0.243 0.75 0.243 0.038 0.061 0.001 0.0033 4 

C 0.243 1.25 0.243 0.038 0.097 0.003 0.0068 4 
D 0.243 2.0 0.243 0.038 0.16 0.008 0.014 4 
E 0.243 2.25 0.243 0.038 0.19 0.012 0.02 4 

Table 3: Showing the various experimental conditions pertaining to li variation at negligible p and fixed Re. 

Case A: 
li = 0.053 

Case B: 
li = 0.061 

Case C: 
li = 0.097 

Case D: 
li = 0.016 Case E: 

li = 0.019 

Fig. 8: Showing the helical pipes used in the li variation study. 
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Variation ofnon-dimensional Torsion parameter p 

In the section 3.3, we introduced the concept of torsion for a helical pipe flow system, discussed 

its geometrical and physical interpretation, and also the effect it has on the helical pipe flow upon 

its variation. In this section, we present the various experimental conditions pertaining to the 

isolated variation of the torsion parameter /3 of the helical pipe for investigating our hypothesis. 

Torsion parameter is varied at a constant o ~ 0.05 , at two fixed St 0.82 and 1.67 of particles and 

Re 3750 of the flow. 

Unlike a toroidal pipe, helical pipe has a finite pitch that gives rise to another parameter called 

Torsion. The non-dimensional torsion, which also geometrically characterizes a helical pipe is 

defined as -

ab 
r=--

cz + bz 

Since torsion is an effect that is pitch induced, hence, in order to vary the torsion, pitch of the 

helical coil has to be varied. However, from the equation ( 4) it is seen that if the pitch of the helical 

coil is changed for varying the torsion, the curvature ratio owill also change. Therefore, in order 

to isolate the effects of changes in the particle charge in helical gas-solids pipe flow to the torsion 

variation alone, pitch factor band radius of curvature of the pipe centreline c were varied such that 

the curvature ratio o remained approximately the same throughout. A more convenient way to 

express the torsion parameter at a constant curvature ratio owas introduced by Kao and is defined 

as : 
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r 
/3 = (20) 05 

where /3 is the non-dimensional torsion parameter, r is the non-dimensional torsion and o is the 

non-dimensional curvature ratio. Therefore, in our experimental study for varying the torsion 

parameter /3 for a fixed cross-sectional helical pipe, the coil pitch Ph was varied along with the 

radius of curvature c such that the curvature ratio o remained constant throughout the torsion 

variation (See Fig.9). This was achieved by bending the straight shaped, 4 ' long Al-alloy tubes, 

around cylinders of varying lengths (for different b) and diameters (for different c). 

Case A: 
p = 0.038 

Case B: 
p = 0.074 

/ 
Case C: 
p = 0.099 

Case D: 
p = 0.19 

Case E: 
p = 0.26 

Fig. 9: Showing the helical pipes used in the p variation study at a constant representative curvature ratio li::::: 0. 05. 
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length of the helical tube. Therefore, here also for further isolating the changes in particle charging 

strictly to the torsion parameter variation, the lengths of the individual Al-alloy tubes prior to their 

bending into a particular helical geometry were kept identical, i.e. 4 ' . 

Case 2a (in) C (in) h (in) b (in) 8 T p L (ft) r 
A 0.243 2.42 3.8 15.6 0.048 0.012 0.038 4 0.25 
B 0.243 2.0 6.3 25.4 0.048 0.023 0.074 4 0.48 

C 0.243 1.77 7.08 28.6 0.049 0.031 0.099 4 0.63 
D 0.243 0.98 7.48 30.2 0.050 0.060 0.19 4 1.21 
E 0.243 0.625 6.5 26.2 0.051 0.085 0.26 4 1.65 

Table 4: Showing the various experimental conditions pertaining to p variation at a constant 
representative li::::: 0.05 and fixed Re. 

Variation ofStokes number St 

In the section 3 .3 we introduced the concept of St and also discussed the changes in the particle 

behaviour in a helical gas/solids pipe flow system upon St variation. In this section we present 

various experimental conditions pertaining to the St variation of the inertial particles, for 

investigating our hypothesis. The St of the particles was varied at a fixed Re 3750 of the flow and 

for each case pertaining to the respective variation of o, and /3. 

Particle Stokes number or St is the measure ofparticle inertia in a particle laden flow under a fixed 

set of flow conditions and is defined as -

-2 
Ptruedp V

St=----
18µD 

For studying the effect ofparticle St variation on the charge generated on particles, particle density 

was varied, while keeping the particle diameter, flow velocity and pipe cross-sectional diameter 
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constant. For our study we selected two classes of particles namely K-25 or low-St particles and 

S-60 or high-St particles, both made from borosilicate glass but having different mean particle 

density. It was absolutely necessary that both the particle classes be of the same material so that 

the work function of the particles didn' t change upon St variation. The particles involved in our 

study were made from Borosilicate glass. 

For investigating the effects of St variation on the changes in the charge generated on particles, 

the respective cases of Curvature ratio variation and Torsion variation were performed under two 

St under the exact flow conditions and the results were plotted together. Based on the availability 

of the different particle size ranges post sieving, we selected the size range of 20-25 µm diameter 

to be used in our study, for both particle classes. For the chosen size distribution, we assumed a 

mean particle diameter ( dp) of 22.5 µm for both the particle classes and calculated the St based 

on dp only. As mentioned in the section 3 .1.2, for the selected size range, the true particle density 

for each particle class was the one obtained from the Gas-Pycnometer measurements. Based on 

these true densities, mean particle diameter dp and fixed flow conditions, the St of the particles 

was calculated, which is shown below-

-Class D (mm) V (m/s) Re dP (µm) Ptrue (kg/m3
) St Designation 

K-25 6.16 9 3750 22.5 361 0.82 low St 

S-60 6.16 9 3750 22.5 735 1.67 high St 

Table 5: Showing various experimental conditions pertaining to St variation at fixed Re. 

It should also be noted that particle diameter was not chosen as the independent variable to study 

the effect of St on particle charge generation as the correlation between the particle charge and its 

mean diameter, already existed. Flow velocity was also not chosen as an independent variable to 
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study the effect of St on particle charge generation because varying the flow velocity would also 

vary the Re. Similarly varying the pipe cross-sectional diameter would also vary the Curvature 

ratio o and also the Torsion parameter /3. Therefore, varying St by changing the mean particle 

density seemed like a plausible approach. 

Variation ofReynolds number Re 

In the section 3.3 we introduced the concept of Re and also discussed the changes to the helical 

pipe flow upon its variation. In this section we present various experimental conditions pertaining 

to the Re variation of the helical pipe flow, for investigating our hypothesis. Re of the flow was 

varied at a fixed St 0.82 of the particles and under fixed set ofhelical pipe geometrical conditions 

o= 0.16 and /3 = 0.014. 

Reynolds number is the relative measure of inertial forces with respect to the viscous forces in a 

fluid flow. Reynolds number of a flow is defined as -

pVD
Re=-

µ 

The Re in our helical gas/solids pipe flow system was varied by varying the mean flow velocity 

of the air. However, St is also a function of mean flow velocity V, so the Re variation had to be 

done in such a way that the St always remained fixed. As there were two different true particle 

densities Prrue involved in our study, the high density particles i.e. S-60 were used for the low air 

speed or low Re case, whilst the low density particles i.e. K-25 were used for the high air speed or 

high Re case, such that the particle St always remained constant throughout the Re variation. The 

effect of Re variation at constant St on particle charge generation, was studied for a helical pipe 
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of fixed curvature o = 0.19 and torsion parameter /3 = 0.02. Re variation is presented below in 

the Table 6. 

-
Class D (mm) V (m/s) St dP (µm) Ptrue (kg/m3 

) Re 
K-25 6.16 9 0.82 22.5 361 3750 
S-60 6.16 4.5 0.82 22.5 735 1875 

Table 6: Showing the various experimental conditions pertaining to Re variation at a constant St. 

4.3 Systematic procedure 

In the sections 3.1 and 3.2, we discussed the characteristics of various material components 

involved in our experimental study followed by a discussion on the variation of our parameter 

space, respectively. In this section, we discuss the systematic approach for performing a 

triboelectric test and for obtaining reliable triboelectric particle charge measurement results. 

Towards the end of this section we will also present some preliminary measurements, which will 

pave the way for executing the core experiments throughout the parameter space of our study. 

Procedure for a triboelectric test 

Once the test setup is complete, the next step is to perform reliable triboelectric tests under various 

experimental conditions as mentioned in the section 4.2. A schematic of the test setup is shown in 

the Fig. 4. A basic triboelectric test in our study involved injecting a known mass of borosilicate 

glass particles through syringes in successive batches, in an air flow already setup inside the helical 

pipe followed by the particle charge measurement using an electrometer. From the charge 

measured and the known mass of injected particles, the charge to mass ratio for the particles is 

calculated. This charge to mass ratio is then multiplied by the mean mass of single particle to 

compute mean charge per particle. Before performing a triboelectric test, ambient conditions such 

as Relative Humidity and the initial conditions such as initial particle charge have to be controlled 
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because triboelectric charge generation is very sensitive to these conditions [23) . Throughout the 

course of our experiments, RH remained approximately the same, i.e. ~ 55 %. Also prior to 

performing the triboelectric tests, no initial charge was observed on any of the particle classes used 

in our study. 

In addition to this, throughout our experiments the Al-alloy helical pipe was kept grounded for the 

dissipation of any charge generated on it because of the impacts from the particles. Also, the point 

of injection of particles was kept right next to the inlet of the helical pipe for avoiding any 

unnecessary charging of particles prior to their entry into the helical pipe. 

Procedure for obtaining reliable and repeatable triboelectric data 

However, despite adopting all the necessary possible measures to achieve accurate triboelectric 

results, one question, which still needed to be addressed was how many of these batches will give 

us a reliable and repeatable triboelectric measurement of charge to mass ratio? For this, we 

followed the approach presented by Ndama et al. for obtaining reliable triboelectric results for 

batch injection of particles under the constant initial conditions [23) . The minimum number of 

successive batch injections for a reliable and repeatable charge measurement for a fixed 

experimental condition was the one at which the progressive weighted average of particle charge 

to mass ratio started approaching an asymptotic value. The asymptotic value was treated as the 

representative charge to mass ratio for the experimental condition at hand. This charge to mass 

value was then multiplied by the mean mass of a single particle to calculate the mean charge per 

particle. The progressive weighted average of the charge to mass can be calculated as -

-------------- ( 12) 
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where N is the number of successive batches, qm,N is the progressive weighted average of the 

charge to mass ratio, qm,N is the charge to mass ratio for each of the N individual batches and mN 

is the known mass of each of the N different individual batches. The mean charge per particle qm 

was then obtained by multiplying qm,N with the mean mass of the particle mp. 

For determining the minimum number of batch injections N0 , required to obtain a reliable 

triboelectric data for both the particle classes viz. K-25 and S-60 involved in our study, two sets 

of triboelectric tests at a duration of 60 minutes apart were performed for each of the particle 

classes, under identical experimental conditions ( o = 0.097, /3 = 0.0068 , Re ~ 4400). Each of 

the two sets of triboelectric tests involved successive batch injections of known mass of particles, 

into a helical pipe arbitrarily chosen from our parameter space, at a certain Re flow and calculating 

the corresponding charge to mass ratio for each batch injection. These individual charge to mass 

ratios were then used to calculate qm,N for each injection and the resulting values of qm,N were 

then plotted against the total number of injections in that particular triboelectric test. The value of 

N at which qm,N started approaching an asymptotic value was regarded as the minimum batch 

injections N0 required for obtaining a reliable and repeatable triboelectric data and the 

corresponding value of qm,N was treated as the representative charge to mass ratio or qm,No for 

that particular triboelectric test. 

In order to verify the repeatability of this triboelectric test or in other words the number N0 obtained 

from the first set oftriboelectric test, the second set of the triboelectric test was performed roughly 

60 minutes after the first set. The second set was executed under the same experimental conditions, 
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with the same class of particles, as the first set. Prior to performing the second set of tests, the 

helical pipe was thoroughly flushed off of the particles left behind from the first set of tests. This 

was done in order to keep the initial conditions the same for both the sets of triboelectric tests. The 

qm,N for the second set of triboelectric test was calculated and plotted following the same 

methodology as the first set and the representative charge to mass ratio for the second set was 

again the one at which qm,N started approaching an asymptotic value, i.e. qm,No. 

Upon consolidating the results from both the sets of triboelectric tests for both K-25 and S-60 

particles, it was seen that for each particle class the values of qm,No from both the sets of 

triboelectric tests were within 5-7% of each other, which was an acceptable variation [23) . It was 

also observed that for each particle class, the number N0 from both the triboelectric tests was nearly 

the same. 

Together, this established the reliability and repeatability of the triboelectric results obtained for 

the experimental condition at hand. The respective results for K-25 and S-60 particles are presented 

below in Table 7 and Figs. 10 (a) and 10 (b). 

K - 25 parHcle class S - 60 particle class 
Prop,erty 

First Set Second Set First Set Second Set 

q u~,No (C/ Kg) 
0.001387122 0.001323821 0.001209355 0_001286416 

Nn 22 22 24 24 

Mean particle mass n1p (k9) - 12 2.15 X 10 - 12 2.15 X 10 - 12 4.38X 10 4.38X 10- 12 

Mean Chat1?:e!Pariide (C) - 15 2.98X 10 - 15 2.85 X 10 - 155.3 X 10 - 15 5.63 X 10

PerceutaJ?;e dif. amon,i: ihvo sets 4.56 % 6.37 % 

Table 7: Showing the results of preliminary triboelectric test for K-25 and S-60 particles. 
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However, a rational concern at this point would be whether or not the values of N0 obtained from 

these preliminary measurements, change with the various experimental conditions mentioned in 

section 4.2.2. It will be seen in section 5 from the various qm,N vs N plots that the respective values 

of N0 from the preliminary measurements closely matched the values of N0 obtained for all the 

different experimental conditions, for both the particle classes. This indicated that for a particular 

pipe and particle system, the value of N0 is weakly dependent on the experimental conditions, 

instead it is strongly dependent on the system itself We follow this methodology throughout the 

experimental conditions mentioned in our study for obtaining a reliable set of triboelectric results. 
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Chapter 5 

Results and Discussions 

5.1 Effect of Curvature Ratio 

Experimental Results 
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negligible pat fixed Re and two different St conditions. 
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Fig. 11 presents the variation in the triboelectric particle charge with curvature ratio (o) of the 

helical pipe under negligible pipe torsion (/3 ~ 0(10- 2
)) , fixed Re and at particle St= 0.82 and 

1.67 conditions, in a helical gas/solids pipe flow system. The X - axis represents the isolated 

variation in the curvature ratio of the helical pipe and the Y - axis represents the magnitude of the 

mean charge per particle qm in the order of 10-14 C. The two curves correspond to the two St 

conditions involved in the study of curvature ratio variation. Each data point in the figure 

represents the qm for each case of curvature ratio variation. qm for each case was calculated by 

multiplying the representative charge to mass ratio for that condition with the mean mass of the 

particle (See section 3.3). Figs 12 (a) and (b) present how the progressive weighted average charge 

to mass ratio, asymptotes with the number of test runs, for each case of curvature ratio variation at 

both St conditions, respectively. 

Figure 11 shows that the mean charge per particle qm increased exponentially with the curvature 

ratio of the helical tube and the trend of variation was similar at both the St conditions. The 

variation of particle charge with curvature ratio, in our study, was described by fitting an 

exponential model of type aebx, to the experimental data. The respective equations for the 

variation of qm with o for the range of 0.053 ~ o~ 0.19, under negligible /3 , fixed Re, and at 

two different St conditions are presented below. 

9 2058qm = qm(o) = 1.088 X 10-15 e · , for low St particles -------------- ( 13) 

95648qm = qm(o) = 2.199 X 10-15 e , for high St particles -------------- ( 14) 
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For the range of o in our study, charge measurement results against curvature ratio variation 

displayed a similar trend for both St conditions. This can be seen by comparing the values of the 

coefficients a and b for both the St conditions, in the Table 8. 

Coefficient Low St High St 
b 9.205 9.564 

a 1.088 X 10-15 2.199 X 10-15 

Table 8: Comparing the coefficients a and b for low St and high St for the li variation study. 

From the Table 8 we can see that the values of b for both the St conditions were very close to each 

other, suggesting a similar variation trend for qm with o for both the cases. We can also see that 

the coefficient a corresponds to qm for the case ofa straight pipe, i.e. o= 0, of same cross-sectional 

diameter as that of the helical pipe and under the same conditions of St and Re. So at o= 0, qm(O) 

= a, for both the St conditions. 
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Interpretation of the effect of curvature ratio results -

The effect of the isolated variation of curvature ratio in a helical gas/solids pipe flow system, on 

the mean charge generated per particle qm can be interpreted as: 

An increase in the curvature ratio for helical gas/solids pipe flow systems causes the swirling flow 

to become stronger, which tends to push the particles more and more out towards the walls of the 

pipe cross-section when they're being continuously transported from outer bend towards the inner 

bend. This leads to the particles colliding more frequently and with greater impact strength with 

the helical pipe cross-section walls. 
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When these particles arrive in the stagnation zone or the lower velocity zone in the inner bend, 

they get pushed towards the outer bend wall due to the centrifugal force from the mean flow, to 

get re-entrained in the dean vortices. This centrifugal force increases with high o due to the coils 

getting tighter, which causes the particles to collide with the outer bend wall with a higher impact 

strength. Together, this leads to an increase in the triboelectric charge transfer between the particles 

and wall surface due to increase in number and the impact strength ofparticle-wall collisions. This 

ultimately leads a higher charge generation on particles at higher curvature ratios, which is shown 

in the Fig. 11. 

It should be noted that the empirical relation between qm and owas obtained for a range of0.053~ 

o ~O .19 only and under the conditions ofnegligible /3. It could be possible that this trend may not 

continue to vary exponentially when o becomes sufficiently large. However, significantly large 

values of o, i.e. o » 0.2 or c / a ~ 1 at a negligible /3 for a helical pipe, are usually impractical for 

engineering systems involving helical gas/solids pipe flows. Hence, for now, we can say that the 

equations (13) and (14) could still be used to predict qm for a practical range of o, at negligible /3 

5.2 Effect of Torsion 

Experimental Results 

Fig. 13 presents the variation in the triboelectric particle charge with Torsion parameter (/3) of the 

helical pipe under constant curvature ratio o~ 0.05 , fixed Re= 3750 and at particle St= 0.82 and 

1.67 conditions, in a helical gas/solids pipe flow system. The X - axis represents the isolated 

variation in the torsion parameter of the helical pipe and the Y - axis represents the magnitude of 
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the mean charge per particle qm in the order of 10-14 C. Again the two curves correspond to the 

two St conditions involved in the study of torsion variation. Each data point in the figure represents 

the qm for each case of torsion variation. qm for each case and was calculated by multiplying the 

representative charge to mass ratio for that condition with the mean mass of the particle (See 

section 3.3). Figs 14 (a) and (b) present how the progressive weighted average charge to mass ratio 

asymptotes with the number of test runs, for each case of torsion variation at both St conditions, 

respectively. Figure 13 shows that upon increasing /3 of the helical pipe, the qm initially remained 

nearly the same but increased as /3 was further increased. The trend ofvariation of qm with /3 was 

similar at both the St conditions. The variation of particle charge with torsion parameter, in our 

study, was described by fitting a quadratic model of type ax 2 +bx+ c, to the experimental data. 
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The respective equations for the variation of qm with /3 for the range of 0.038 ::::; /3 ::::; 0.26, at a 

fixed o ~ 0.05 , Re, and at two different St conditions are presented as follows. 

qm = qm (/3) =1.885 X 10-14/3 2 - 2.979 X 10-15/3 + 1.49 X 10-15 , for low St particles (15) 

qm = qm (/3) = 3.07 X 10-14/3 2 - 4.447 X 10-15 /3 + 3.17 X 10-15 , for high St particles (16) 

An important observation from the variation of qm with /3 was that when /3 approached to zero, 

i.e. the negligible torsion for the same value of o, i.e. 8 ~ 0.05 , the qm for each St condition was 

then represented as: qm(0) = 1.49 x 10-15 for low St particles and qm(0) = 3.17 x 10-15 for high 

St particles. These values of qm closely matched with the corresponding values of qm for the case 

of 8 = 0.053 from the curvature ratio variation for both St conditions, which was under negligible 

torsion conditions. This suggested that for different cases of helical pipes under the conditions of 

same o, length, Re and St , as long as the effects from /3 remained negligible, the value of qm 

would be the same for all the cases. 
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Interpretation of the effect of torsion results -

The effect of the isolated variation of torsion parameter in a helical gas/solids pipe flow system, 

on the mean charge generated per particle qm can be interpreted as: 

As torsion parameter increases at a constant curvature ratio, initially its impact on the secondary 

flow and thus the friction factor in the helical pipe flow is negligible as long as /3 ~ 0(10- 2
). For 

negligible changes in the secondary flow, the particle-wall interactions will nearly stay the same, 

thereby very minutely affecting the triboelectric charge generated on particles. This is clearly seen 

in the Fig. 12 by looking at qm for the torsion parameter range of 0.038 ~ /3 ~ 0.099, in which 

the effect of variation of /3 on qm is negligible. Now as the value of /3 further increases, the value 

of qm also increases. 
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This is because when the effect of torsion starts becoming prominent with increasing /3 , it tends to 

distort the twin vortex structure in such a way that the dean vortex spinning in the same direction 

as the torsion of the pipe starts increasing in size, causing the friction factor in the helical pipe flow 

to increase. Owing to the increase in the size of the secondary flow vortex, the particle-wall contact 

gets enhanced leading to an increased number of particle-wall collisions. This results in higher 

triboelectric charge generation on particles, which can be clearly seen for /3 > 0.099. 

Ideally for a further increase in /3 , the friction factor would have continued to rise, become 

maximum and then started to decrease at even higher values of /3 and we expected the qm also to 

follow a similar trend, based on the results obtained. However, owing to manufacturing constraints 

it was impossible for us to fabricate helical pipes corresponding to higher values of /3 and we could 

go only till /3 = 0.26. Therefore, the full effect of /3 on qm couldn't be explored in our study. 

5.3 Effect of Stokes number 

Experimental Results 

The effect ofSt on particle charging was studied by performing the respective studies ofcurvature 

ratio variation and torsion parameter variation at two different St of the particles, under exact same 

flow conditions, i.e. Re= 3750. The two St of particles used in our study were 0.82, i.e. low St 

and 1.67, i.e. high St. 

Table 9 and Fig. 15 show the results of qm for each condition pertaining to the curvature ratio 

variation at the two St conditions. For the Fig. 15, the X-axis represents the two St of the particles 
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involved in our study and the Y - axis represents magnitude of the qm in the order of 10-15 C. 

The various dotted line plots in the Fig. 14 correspond to the different cases of ovariation. From 

the Table 9 and Fig. 15, we can see that the ratio of qm for both St conditions at all the values of 

curvature ratio in our study was averagely 2.16, which was nearly equal to the ratio of the St of the 

two particle classes in our study, i.e. 2.03. 

0 q,,n at St 1liUH q tn at St l .!67 Cha1'e:e Ra1tio 
0.053 1.55E-15 3.19586E-15 2.06 
0.061 1.59378E-15 3.51757E-15 2.21 

0.09 2.09928E- l 5 4.90274E-15 2.34 
0.15 3.80126E-15 8.00592E-15 2.11 
0.19 6.93954E-15 1.47437E-14 2.12 

Table 9: Showing values of the qm at both St conditions in the li variation study 
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In other words, in our study for curvature ratio variation at two different St conditions, doubling 

the particle St doubled the qm , under the same flow conditions. 

Table 10 and Fig. 16 show the results of qm for each condition pertaining to the torsion parameter 

variation study at the two St conditions. Here again for the Fig. 16, the X - axis represented the 

two St of the particles involved in our study and the Y - axis represented magnitude of qm in the 

order of 10-15 C. The various dotted line plots in the Fig. 16 corresponded to different cases of /3 

variation. 

tJ q1ift. at St([UH qHt- at St l.167 Cha:rge Ratio 

(1.038 l.41508E- l5 3_0l445E-l5 2-13 
()_(174 139627E- l5 3_042.E-15 2-17 

()_(199 l_401J:96E- l5 J_05646E-l5 2-18 

0_19 lJS289E-15 3_J9774E- l 5 2-08 

0-26 L9855E-l5 4_10739E-l5 2-06 

Table 10: Showing the progressive weighted average charge to mass ratio for various cases of p with N at St = 1.67. 
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From the Table 10 and Fig. 16, we can see that the ratio of qm for both St conditions at all the 

values of torsion parameter in our study also was averagely 2.12, again being nearly equal to the 

ratio of the St of the two particle classes in our study, i.e. 2.03. Here also, we see that for torsion 

parameter variation at two different St conditions, doubling the particle St doubled the qm, under 

the same flow conditions as in the case of ovariation. 

Based on the results of qm obtained for various pipe configurations (Fig. 15 and 16, Table 9 and 

10) at two different St but at a constant Re, we made a calculated guesswork for predicting the 

variation of qm with St , which is presented by the equation (17). 

---- _ ---- Sthigh -------------- ( 1 7) qm,high St - qm,low St·(-St)
low 

Interpretation of the Stokes number effect -

The effect of the isolated variation of St in a helical gas/solids pipe flow system, on the mean 

charge generated per particle qm can be interpreted as: 

From the Figs. 15 and 16 and Tables 9 and 10, we see that for an isolated variation of St , doubling 

the St of the particles doubled the qm. As mentioned in section 3.3 , under fixed flow conditions, 

an increase in the St of the particles in helical fluid/solids pipe flow systems causes the particles 

to less faithfully follow the in-plane secondary flow. This causes the high St particles to get more 

frequently thrown out of the in-plane streamlines leading to more frequent high impact strength 

collisions with the walls of the helical pipe cross-section when being transported towards the inner 

bend. Doubling the St of the particles at constant flow and curvature ratio conditions also doubles 

the centrifugal force experienced by them from their motion along the pipe centerline. So when 
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present at the inner bend, this higher centrifugal force causes the high St particles to collide with 

the outer wall with a higher impact strength. Together, this leads to an increase in the transfer of 

electrons between the particle and the wall surface, leading to higher qm on high St particles. 

It could be possible that for the case of high St particles at higher curvature ratios, majority of the 

particle triboelectrification takes place because of their high impact strength collisions with the 

outer bend. 

5.4 Effect of Reynolds number 

Experimental Results 

Fig. 17 presents the variation in the triboelectric particle charge with Reynolds number Re of the 

flow under fixed conditions of curvature ratio o= 0.19 and torsion parameter {3 ~ 0(10- 2
) of the 

helical pipe and at constant particled St = 0.82. The X - axis represents the isolated variation in 

the Re of helical pipe flow and the Y - axis represents the magnitude of the mean charge per 

particle qm in the order of 10-14 C. The two bar graphs correspond to the qm at two different Re 

of the flow. Here again the qm for each case was calculated by multiplying the representative 

charge to mass ratio for that condition with the mean mass of the particle (See section 3.3). Fig. 

18 presents how the progressive weighted average charge to mass ratio asymptotes with the 

number of test runs, for each case of Re variation at constant curvature ratio, torsion and St. From 

the Fig. 16 it is seen as the Re of the flow increases, the qm under the conditions of constant St 

mcreases. 
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Interpretation of the Reynolds number effect 

The effect of the isolated variation of Re in a helical gas/solids pipe flow system, on the mean 

charge generated per particle qm can be interpreted as : 

Increasing the Re of the helical gas/solids pipe flows increases the centrifugal force due to the 

curvature, which increases the strength of the secondary flow. This stronger swirl at high Re again 

increases the frequency of the particle-wall collisions along the helical pipe cross-section, which 

leads to a higher triboelectric charge generation on particles. An increase in the Re also increases 

the mean flow within the helical pipe thereby exhibiting stronger centrifugal forces on the particles, 

which can cause a significant amount of higher impact strength collisions at the outer wall. This 

again contributes towards a higher triboelectric charge generation on the particles. 
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Chapter 6 

Limitations 

While these results, for the first time, presented a rich knowledge pertaining to triboelectric charge 

generation in helical gas/solids pipe flow systems, there were a few shortcomings to the study. 

Firstly, for computing the charge to mass ratio for each batch injection, the mass of the particles 

before their injection into the helical tube was used as it was difficult to accurately measure the 

mass of the particles exiting the tube. Therefore, this mass deficit due to the particle deposition 

was not considered in our study. Secondly, owing to manufacturing limitations, the full effect of 

torsion on particle charge could not be explored. The variation of /3 in our study still comes under 

the range of low to moderate torsion. Therefore, the quadratic model fitted for particle charge 

variation with /3 does not capture the effects of high torsion of pipe on particle charging. Lastly, 

due to the limited availability of the different density borosilicate glass particles in our lab, we 

could perform our studies for only two St cases and hence for only two Re values. 

61 



Chapter 7 

Future studies 

While the present study did provide useful information pertaining to a detailed investigation of 

triboelectrification ofparticles in a helical gas/solids pipe flow system with its critical parameters, 

it could not obtain an exhaustive parameter space owing to the limited availability of resources. 

The future studies should, therefore, consider a broader range for a variation in these parameters, 

especially for torsion and St. Since the charge qm was studied as a function of o, /3 , St and Re, 

i.e. qm = qm(o , {3 ,St, Re) , the future study should focus on creating a high-dimensional surface 

using these four variables and one functional axis representing qm , for a comprehensive 

understanding of qm with the critical parameters. An exhaustive parameter space will lead to 

obtaining several empirical equations pertaining to the isolated variation ofeach of the four critical 

parameters. This will create a set of functions, which can lead to the formation of a high 

dimensional or a 3D surface. This 3D surface can be represented on a spatial coordinate system 

with two of the axes denoting the range of two critical parameters while the others remain fixed 

and the third one representing qm . Corresponding to the qm axis, this surface is likely to have one 

highest magnitude and one lowest magnitude point, which can be denoted by qmH and qmL 

respectively. Now, from this surface, a helical shaped pipe of a particular configuration can then 
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be selected depending on whether the application at hand necessitates a higher (ESP) or a lower 

(coiled reactor) triboelectric charge on particles in the given helical gas/solids pipe flow system. 

In our study, due to the limited availability of the equipment, a broader range of all the four critical 

parameters could not be exhausted, thereby leading to only a few conditional empirical equations, 

which could not be used to obtain a high-dimensional surface. Therefore, the future studies should 

be aimed at obtaining such a surface by investigating qm using an exhaustive parameter space, 

which could help better design the helical pipes for helical gas/solids pipe flow applications from 

the consideration of particle triboelectrification. 
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Chapter 8 

Conclusion 

We performed a detailed investigation of triboelectric charge generation on particles in a helical 

gas/solids pipe flow system. Due to the presence of curvature induced secondary flow or the dean 

vortices in the helical pipe cross-section, the particle-fluid mixing within in the helical 

fluid/solids pipe flows gets significantly enhanced leading to frequent pipe-wall collisions. This 

along with conducive factors such as low Relive Humidity and difference in the work function of 

the particles and pipe wall, generate a significantly high amount of charge on particles, which 

becomes an additional domain of study for such flow systems. However, there exists no clear 

understanding about the dependence of particle charge on the critical parameters governing such 

flow systems. The present research addressed this gap by first identifying the parameters critical 

to helical gas/solids pipe flow systems and proposing a methodology for their isolated variation. 

This was followed by obtaining a set of results against the various experimental conditions and 

based on this data, formulating the empirical equations representing the variation ofparticle charge 

with the critical parameters identified. We had hypothesized that a variation in: non-dimensional 

curvature ratio o, non-dimensional torsion parameter /3 , Stokes number St and Reynolds number 

Re, viz. critical parameters, will alter the particle-wall interactions thereby affecting the 
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triboelectric charge generation on particles. The results obtained were consistent with the 

hypothesis made pertaining to the isolated variation of each parameter. While this novel study did 

provide useful information on triboelectric charging of particles in helical gas/solids pipe flow 

systems, the empirical equations obtained were only from a limited set ofexperimental conditions. 

Owing to the manufacturing limitations and limited availability of the particles, an exhaustive 

sample space ofthe critical parameters could not be considered in this study, especially for Torsion 

parameter and Stokes number. Due to this, the empirical equations obtained in our study could not 

be used to form a high-dimensional surface better describing the dependence of qm on the critical 

parameters governing helical gas/solids pipe flows. 

Therefore, the author is of opinion that the future studies should consider a broader range for each 

of the four critical parameters mentioned in this study to ultimately form a high dimensional 

surface using the empirical functions for the dependence of qm with o, /3 , St and Re. Successful 

formation of this high dimensional surface would help better design the helical pipes for the 

gas/solids systems from the particle triboelectrification considerations. 
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