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Abstract

Total charge acquired by soda-lime glass particles of two di!erent sizes in nitrogen environment were mea-

sured in vibrated beds. A systematic di!erence of surface charge density was observed. Complementary

Discrete Element Method simulations were performed to examine how this size dependence could be cap-

tured in a tribocharging model. Neither dielectric breakdown of the gas nor charge relaxation could explain

the size dependence. A mechanistic model is not developed in this study, but experimental charge levels could

be captured by allowing the e!ective work function (EWF) to be di!erent for two particle sizes. The same

EWF di!erence between the two sizes could capture the results obtained in vibrated beds of two di!erent

dimensions and two di!erent wall materials. This approach was applied to examine the charging behavior

of a bidisperse system studied experimentally. Their results could be reproduced if size dependent EWF is

coupled with stochastic variation within each particle size.

Keywords: electrostatics, triboelectric charging, discrete element method, vibrated bed

1. Introduction

It is well known that materials can acquire static charges upon contact with other materials [1–10].

Such contact charging, also referred to as triboelectric charging (or simply tribocharging) is observed in

nature: particles develop static charges in sandstorms [11] and ash particles become charged during volcanic

eruptions [12]. It is also believed to be important for early stage planet formation from interstellar dust [13].5

In industry, granular materials are known to develop static charges via particle-wall and particle-particle

contacts [3, 14–16]. Although tribocharging has been utilized beneficially in applications such as powder

coating [17], powder separation [18] and air filtration [19], in most granular processes it is a nuisance that

could lead to disruption of flow and particulate mixing [20–22] and is a potential safety hazard. In fluidized

beds, tribocharging can a!ect particle agglomeration [23], particle segregation [24, 25], mixing e"ciencies [26]10

and particle entrainment [15, 27, 28]. In particular, in polymerization reactors, accumulation of static charges

causes wall-sheeting, leading to reactor shutdown and incurring high maintenance cost [29, 30].
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Although the phenomenon of tribocharging has been known for centuries, much still remains unknown

about the underlying physical mechanisms behind charge transfer. The primary species responsible for charge

transfer between insulators, which have very low charge mobility, is still under debate [1]. Electrons [6],15

nanopieces of charged material [31] and ions [10] are all considered as potential charge carriers. Electron

transfer is the mechanism for tribocharging between conductors with high charge mobility [6], but when it

comes to insulators with low charge mobility, the role of electron in charge transfer is unclear [1]. Secondly,

exchanging nanopieces of material that carry charges may also contribute to charge transfer [31], but its

significance in charge transfer is undermined by its random nature [7]. Lastly, ions adsorbed or loosely20

bound to material surfaces can be exchanged during contact, leading to a net transfer of charge between

contacting surfaces [10]. Recent experiments have shown that the polarity of static charges is a!ected by

surface hydrophilicity [32] and surface temperature [33], pointing to the important role of adsorbed OH"

ions in charge transfer between insulators.

Besides charge transfer mechanism, much e!ort has been devoted to understanding the direction and25

magnitude of charge transfer. Tribocharging series have been formulated empirically in order to capture

the direction of charge transfer between contacting surfaces. In a typical tribocharging series, materials are

ordered by their tendency to acquire positive and negative charges upon contact in experiments [10, 34].

McCarty and Whitesides [10] pointed out that it is possible to find from these series a correlation between

static charges and polarity, with polar materials picking up positive charges while nonpolar materials pick up30

negative charges. Zou et al. [35] established a quantitative tribocharging series for various polymers relative

to a liquid metal and found tribocharging to be related to the intrinsic surface properties of the contacting

materials. Thus, the direction of charge transfer is a!ected by the surface properties of the materials coming

into contact.

The amount of charge transfer between conductors has been shown to be well modeled by the di!erence in35

work functions [6], which is the energy required to remove one electron from a surface in vacuum. However,

for insulators, tribocharging correlates poorly with the work function di!erence [36]. Therefore, e!ective work

function (EWF) was proposed as a lumped parameter that is determined by surface properties pertaining

to charge transfer, so as to allow one to capture charge transfer properties phenomenologically [4] under the

same modeling framework used for metals.40

Particles made of the same material, but of di!erent sizes, are known to pick up di!erent charges during

contact. Some studies have reported that bigger (smaller) particles tend to charge positively (negatively) [30,

37–39], while others have reported the opposite trend [11, 40]. Understanding the influence of particle size

dependent charging is important in many particulate flow devices, such as fluidized beds, where particle size

distribution is common. One can readily ask two questions:45

(i) What is the mechanism behind size dependent particle charging?

(ii) How can one capture the size dependent charging in a simple phenomenological model that can be used
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to analyze the interplay between charging and flow in a system containing a large number of particles?

A number of studies have sought to address the first question. Gallo and Lama [41] formulated a model

for particle size dependent work function. However, this dependence was shown to be insignificant for50

particles bigger than 1µm [2]. Toth III et al. [42] proposed a microscopic non-equilibrium dynamics model

which attributed particle size dependent charging to asymmetric distribution of charge carriers on particles of

di!erent sizes. Waitukaitis et al. [9] conducted thermoluminescence measurement of the surface density of the

trapped electrons and concluded that they cannot adequately explain particle size dependent tribocharging

of a material. Recent experiments by Lee et al. [32] and Harris et al. [33] implicate adsorbed OH" ions as55

the charge species that are being transferred between surfaces. These authors also provide simple microscale

models to illustrate how size dependent charging can arise; however, such models are still primitive and

much work remains to be done to include in these models the e!ect of electric field [43, 44] at the contact

between the two surfaces, which can arise due to the charges on the contact surfaces as well as other sources

such as the charges on neighboring particles [8]. Furthermore, tracking the distribution of charges on each60

surface, as these microscale models do, adds to computational complexity, rendering simulations of interplay

between particle charging and flow in process devices containing a large number of particles computationally

very expensive. It leads to the second question above, which is the focus of this paper.

A model for the rate of tribocharging based on the concept of EWF (or e!ective contact potential,

which is EWF divided by elementary charge), which is a lumped phenomenological parameter for the entire65

particle, is simple enough to be used in analysis of tribocharging in large scale simulations. In such a model,

the di!erence in EWF between two surfaces drives charge transfer, while the prevailing electric field due

to various sources (which include the charges on the particle(s), the image charge if one of the contacting

surfaces is a conducting wall, the so-called space charge e!ect which is the electric field due to other charged

particles present in the system) alters the driving force [45]. The prevailing electric field can lead to charge70

relaxation [8, 46, 47] and also cause dielectric breakdown [5, 48–50].

According to EWF-based tribocharging models [45, 51], if the EWF is independent of particle size, (i)

bidisperse mixtures of particles of the same material would not acquire bipolar charging, which has been

seen experimentally for some materials; and (ii) the surface charge density acquired by a single particle of

one material upon repeated contact with a wall of a di!erent material would be independent of particle75

size. Bipolar charging in bidisperse mixtures could be captured by these models if we let EWF to vary with

particle size, which could be viewed as a lumped phenomenological model attribute that leads to the same

outcome as the microscale models referred to above.

If EWF is indeed a function of particle size, one would expect to see appreciable di!erences in the charging

behavior of particles of di!erent sizes (but of same material) when they are brought into repeated contact80

with a surface made of a di!erent material. To test this, we measured the total charge acquired by soda-lime

glass particles as a function of particle mass loading for two di!erent average particle sizes (in a slightly

humid nitrogen environment) in acrylic-walled vibrated beds of two di!erent sizes and a polycarbonate-
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walled vibrated bed. Glass particles were chosen for this study as Lee et al. [37] found that a bidisperse

mixture of glass beads manifested bipolar charging. Our experiments, discussed below, do reveal a size85

dependence of surface charge density.

We also performed complementary tribocharging simulations to first ascertain that the size dependence

of surface charge density observed in the experiments cannot be explained by dielectric breakdown of the

gas or charge relaxation. We then found that the same di!erential EWF between the two soda-lime glass

particle sizes can capture the charging behavior in all three vibrated beds mentioned above. These findings,90

discussed below, lend support to using size dependent EWF as a practical approach to capture the e!ect of

particle size on charging behavior.

We then examined the charging behavior of bidisperse mixture of particles of the same material through

vibrated bed simulations. It is found that the charge distribution in bidisperse mixtures measured exper-

imentally by Lee et al. [37] can be reproduced only if both a di!erential EWF due to di!erent sizes and95

a stochastic contribution to EWF in each particle class are included in the simulations. The stochastic

contributions is supported by the experimental evidence that charge transferred during tribocharging follows

a distribution [52], where the stochastic nature may stem from surface distribution of charges and charge

carriers [53, 54].

2. Experimental materials and methods100

Glen Mills soda-lime glass particles, with two di!erent average diameters, were used in the vibrated bed

experiments. The particle size distribution, particle density and mass loadings are summarized in Table 1.

[Table 1 about here.]

Three cuboid-shaped vibrated beds were used in the experiments: one container with dimensions of

1## ! 1## ! 4.5##(henceforth referred to as the 1## bed) made of acrylic (PMMA) and two containers with105

dimensions of 2## ! 2## ! 4.5## (2## bed) made of PMMA and polycarbonate (PC). Vibration signal was

generated using a BK Precision 4003A function generator at a frequency of 30Hz and a gain level of 4,

which was then amplified to an amplitude of 7.9mm. The experiments were conducted inside a glove box

filled with nitrogen at a controlled relative humidity level of 5 ± 1%. In order to ensure consistent initial

conditions for every run, both the particles and the inner surface of the container were brushed with an110

AT6011 Audio-Technica antistatic brush before each run. Particles were then transferred to the respective

vibrated bed and subjected to vibration for 10 minutes. The total charge on the particles was measured

using a Monroe Electronics Faraday cup. Di!erent combinations of particle mass loading, particle size, bed

size and bed material were tested in this manner.

Prior to the experiments whose results are presented in this study, the charge on ten grams of glass115

particles of each size were measured after they were wiped with the anti-static brush. These experiments

were repeated five times to determine that the initial charges ranged from "11 pC/cm2 to 3 pC/cm2 of

4



external surface area for the 2.20mm particles and from "2 pC/cm2 to 10 pC/cm2 for the 1.46mm particles.

After vibration, the measured charges were in excess of 1 nC/cm2 for all the data presented below. Thus, the

magnitude of the initial charges on the particles was at least a factor 100 smaller than those measured after120

vibration and was well below the variability seen in the vibrated bed experiments. Therefore, we conclude

that the initial charges had little e!ect on the charges measured after the vibration.

We initially conducted experiments by vibrating 2.5 g of 2.20mm glass particles in 1## acrylic bed for two

di!erent time intervals: 10 minutes and 60 minutes. The same experiments were repeated (using particles

samples that have been wiped with anti-static brush every time) 5 times. The measured total charges were125

32.7±2.9 nC (10 minutes of vibration) and 33.7±2.1 nC (60 minutes of vibration), which were deemed close

enough. Laurentie et al. [45] conducted vibrated bed experiments using 40g of polycarbonate and polyamide

particles and found that mean charge per particle reaches equilibrium within 100 s. Our observations are

consistent with their experience. Thus, 10 minutes of vibration time was deemed su"cient for the particles

to reach their average steady state charge in our experiments.130

3. Mathematical Modeling

The computational approach undertaken in this paper is similar to that described in [55, 56]; so, only a

brief outline is presented below. Key model equations are summarized in Appendix A.

The simulation utilizes the Discrete Element Method (DEM) approach [57, 58]. Particle motion was

tracked by solving the Newton’s equation of motion, taking into account the normal and tangential contact135

forces with other particles and the wall, as well as gravitational and electrostatic forces. Rolling friction was

not accounted for in this study. The contact forces were evaluated by the Hertzian model [59, 60]. When

modeling contact force with a wall, the wall was treated as a particle with an infinite radius. The sizes

of particles used in each simulation followed a truncated Gaussian distribution that reflects the standard

deviation of particle size distribution measured experimentally.140

The electric field was evaluated using a particle-particle particle-mesh (PPPM) method [55, 61–63].

The electric field is a sum of the short-range contribution computed as a direct summation of Coulombic

interactions between particles within a screening distance shielded by a Gaussian cloud, and the long-range

contribution computed by solving the Poisson equation based on charge densities obtained from Gaussian

kernel smoothing; see Appendix A. (In other words, the overall electric field accounts for the field due to145

charges on the contacting surfaces as well as that due to the charges on the other particles in the system,

which has been referred to as the space charge [8]). Similar to studies by Sippola et al. [56] and Kolehmainen

et al. [51], the tribocharging model was adopted from Laurentie et al. [45] to account for charge transfer

between the particles and between the particles and the wall. The rate of charge transfer was determined

by the rate of change of contact area, e!ective work function di!erence (#!) between the two objects in150

contact as well as the electric field at the contact point.

5



Insulating wall boundary conditions were handled in the same way as was done by Sippola et al. [56].

Vibrated bed simulations were carried out by casting the model equations in the frame of the vibrating

container [56]. Simulations involving insulating wall materials began with particles and wall carrying no

initial charges. As the particles collide with the wall, they pick up some charge (with the wall picking up155

equal and opposite charge, which remains localized on the wall); the rate of charging is determined using the

tribocharging model of Laurentie et al. [45]. Particle-particle collisions transfer charges between particles.

(If the wall is made of a conducting material, the field due to the image charge should also be included in the

analysis; however, they did not enter in the results presented in this study, as we only considered insulating

walls.)160

When the electric field strength in the gap between two charged surfaces exceeds the Paschen limit for the

gas, dielectric breakdown will occur in the gap [5, 48–50], resulting in charge transfer through the gas until

the field drops down to the Paschen limit. This critical field strength is a decreasing function of separation

distance, reaching the dielectric strength of the medium [64], Eb, at large separations. As discussed in

Appendix B, dielectric breakdown is essentially irrelevant for the cases discussed in this study.165

The tribocharging model described by Laurentie et al. [45] does not include charge relaxation [8, 46, 47],

which limits the maximum charge acquired by the particles. We augmented the tribocharging model of

Laurentie et al. [45] by adding charge relaxation, as discussed in Appendices A and C. It is shown in

Appendix C that charge relaxation is not a significant consideration in our experiments and that it cannot

explain the size dependent charging manifested by the soda-lime glass beads.170

4. Results and Discussion

4.1. Tribocharging in monodisperse systems

Figure 1 shows the total charge as a function of total surface area of the glass particles of two di!erent

average particle sizes loaded in the three vibrated beds examined in this study. Total particle surface area

estimation took into consideration of the size distribution. It is clear from Figure 1 that the 1.46mm particles175

acquired higher charge per surface area than the 2.20mm particles. This can be contrasted with polyethylene

particles, which do not appear to manifest such size dependence [65].

[Figure 1 about here.]

We then set out to analyze the results reported in Figure 1 through vibrated bed simulations. First,

we ascertained through test simulations that model parameters such as coe"cients of restitution, friction180

coe"cients, particle sti!ness and acceleration factors used to speed up the tribocharging (which decreases

the computational cost) had little e!ect on the final charge value. We also confirmed that using vacuum

permittivity "0 instead of mixture permittivity "m when solving for electric field had little e!ect on the final

result; this is due to the fact that during vibration the bed is quite expanded and the di!erence between

mixture permittivity and the vacuum permittivity is very small. See Appendix D for sample results.185

6



Figure 2 shows the predicted total charge on the 2.20 mm and 1.46 mm particles under steady state

conditions as a function of the total surface area of the particles in the 1## and 2## vibrated beds; in these

simulations, the EWF di!erence between the particles and the insulating wall, #!, (which is defined as

!particle " !wall), was set (arbitrarily) to "1.0 eV. Three observations can be made from this figure:

i. Both particle sizes acquire the same charge in both 1## and 2## beds at very low mass loading levels where190

the space charge e!ect is negligible;

ii. At higher mass loading levels, the space charge e!ect lowers the charge per unit surface area. The space

charge e!ect is more pronounced in the smaller bed and hence the particles acquire lower charge in the

smaller bed. This is consistent with the trend shown in Figure 1;

iii. At high mass loading, the smaller particles acquire a slightly smaller charge. This is due to the fact that195

the mass of particles required to achieve a specified total surface area increases with particle size and

so the space charge is distributed over a larger bed volume for the larger particle. This is, however,

opposite of the trend seen in Figure 1.

[Figure 2 about here.]

These simulations include the possibility of dielectric breakdown and charge relaxation (using typical200

values for the resistivities of the insulating wall material and the glass beads; see appendix C for further

details). Dielectric breakdown hardly occurs in these systems (see Appendix B for further discussion).

Disabling charge relaxation did not change the predicted charging levels (see Appendix C). The key takeaway

from Appendices B and C is that dielectric breakdown of the gas and charge relaxation cannot explain the size

dependence presented in Figure 1. In the Laurentie et al. [45] tribocharging model (presented in Appendix205

A), the EWF di!erence between the particles and the wall is the only remaining parameter that could be

adjusted to capture the size dependence in Figure 1.

Figure 3 shows the experimental data superimposed with simulation results (shown as lines) obtained by

assigning di!erent EWF (relative to the wall material) for the two particle sizes so as to make the model

prediction match the experimental data. The overall charge levels measured in the 2## acrylic bed (shown in210

Figure 3b) are higher than that in the 1## acrylic bed (shown in Figure 3a). As noted earlier, this di!erence

is due to the greater e!ect of many-body electric field on charge transfer in 1## bed, thus reducing the total

charge level. It is important to note that the same #! values (-0.85 eV for the 2.20mm particles and -1.40

eV for the 1.46mm particles) capture the results in both the 1## and 2## beds (Figure 3a and Figure 3b).

(It should be noted that the analysis uses a nominal value for the tunneling distance while estimating215

the EWF di!erence needed to fit the data. If one changes the assumed value of tunneling distance, the

estimated EWF di!erence will change. More precisely, we are only fitting the ratio of EWF di!erence and

tunneling distance.) This is the first necessary condition for particle size dependent EWF to be a practical

phenomenological parameter. The di!erential in #! between 2.20mm and 1.46mm soda-lime glass particles

is thus estimated to be 0.55eV.220
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[Figure 3 about here.]

Figure 3c shows that the experimental data obtained in the 2## PC bed can also be captured by the

models by properly tuning the #! values. These values will necessarily be di!erent from those used in

fitting the results of Figure 3b as the wall material is now di!erent. However, for particle size-dependent

EWF to be a practical phenomenological approach, a second necessary condition is that one should not have225

to change di!erential in #! between 2.20mm and 1.46mm soda lime glass particles when the wall material

is changed. As seen in Figure 3c , this di!erential does indeed remain unchanged at around 0.55 eV.

These experiments and complementary simulations have demonstrated that a tribocharging model based

on particle size dependent EWF satisfies the two essential requirements for the approach to be of any use.

Neither our experiments nor the simulations address the origin of such di!erential EWF due to particle size230

e!ect. Showing that size dependent EWF would emerge as an outcome of coarse graining the more detailed

microscale models being developed by other researchers [9, 32, 66] and extracting a model for the dependence

of EWF on the particle radius are challenges to be addressed in future studies.

4.2. Tribocharging in bidisperse mixtures

Even though such a particle size dependent #! model does not explain the physical basis of this particle235

size e!ect, it provides a means of evaluating the implication of particle size distribution on tribocharging.

With this in mind, we consider the following bidisperse system as an example. Lee et al. [37] measured the

charge distribution in a bidisperse mixture of particles, which was mixed well to allow for tribocharging

between particles and then discharged through an orifice to enable charge measurement. In this experiment,

the walls of the container, which were coated with the same particles, are believed to have contributed little240

to the charging, and the charge transfer is principally between the mobile particles.

We set out to determine the EWF-based model attributes that would be required to reproduce these

experimental results. As the specific geometry of the device used to induce tribocharging through a large

number of particle-particle collisions is not a critical consideration, we performed our simulations in a vibrated

bed, stipulating that no charge transfer occurs at the walls and that the normal component of the electric field245

at the wall is zero. We then asked if particle size dependent EWF alone can capture the charge distribution

observed in the experiment of Lee et al. [37] with glass beads.

Figure 4a illustrates the simulation set up, which is a rectangular box with dimension of 0.006m !

0.006m ! 0.03m; 800 large particles (Db = 326±10µm) and 800 small particles (Ds = 251±10µm) were

placed in the bed and subject to vibration at 30Hz frequency and 7.9mm amplitude.250

[Figure 4 about here.]

[Table 2 about here.]

The mean charge observed in Lee et al. [37] were +1.8 ! 106e and "2.3 ! 106e for the big and small

particles, respectively. The widths of the charge distribution were 2.9! 106e and 1.6! 106e for the big and
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small particles, respectively [9, 37]. Under the framework of Laurentie et al. [45] model, one can readily255

estimate the di!erence in mean ! between the big and small particles by considering single big particle (Db

= 326µm, qb = +2.0 ! 106e) and single small particle (Ds = 251µm, qs = "2.0 ! 106e) contacting each

other. At equilibrium, the electric field will be balanced by the EWF di!erence, which is defined as !s " !b,

where !s and !b are the EWF of the small particle and big particle respectively, so that no further charge

transfer takes place:260

!s " !b

#ce
"Esb · nsb = 0. (1)

The electric field at contact point is found by applying Coulomb’s law assuming that charges are dis-

tributed uniformly on the surface of each particle. Using this equation, the di!erence in mean ! can be

estimated as 0.14eV. Figure 4b shows the charge distribution obtained from vibrated bed simulations when

fixed EWF are assigned to the two particle sizes. Assigning !b = 0 and !s = 0.14eV correctly captures

the mean charge measured in the experiments; however, the standard deviations of the charge distribution265

(1!105e for both particle sizes) are much smaller than the experimentally observed standard deviations

(2.9!106e for big particles and 1.6!106e for small particles). Thus, we conclude that particle size dependent

EWF can reproduce the mean charge observed experimentally, but is insu"cient to capture the rather wide

charge distribution.

The standard deviations of the particle sizes measured in the experiment are 10µm for both particle270

sizes [37]. If we assume that EWF varies linearly with size between Ds = 251µm to Db = 326µm, the

standard deviation in particle sizes would correspond to around 0.02eV for both big and small particles.

Figure 4c shows the charge distribution when the EWFs are !b = 0±0.02 eV, !s = 0.14±0.02 eV, assuming

that EWF varies linearly with particle size. With this EWF distribution, the standard deviation for the

charges are 7!105 e and 5!105 e for the big and small particles respectively, which are still smaller than275

the experimental charge standard deviation (See Figure 4c). Therefore, the charge distribution cannot be

attributed to the particle size distribution in each particle size cut. A larger standard deviation in EWF is

required to capture the experimentally observed charge distribution, which could arise, for example, if there

is an appreciable variation of the surface composition from one particle to another [53, 54]. Figure 4d shows

the charge distribution for !b = 0±0.08 eV, !s = 0.14±0.07 eV, which captures both the mean charge and280

charge distribution from experiment.

Admittedly, fitting the experimental data by tuning a model parameter is not a useful activity, as one

would have to do such tuning for every system. We engaged in such a tuning exercise in this example in order

to illustrate that size dependent EWF can capture size dependent tribocharging on an average and that the

full distribution of charges can be captured only when an additional postulate such as a stochastic variability285

of the EWF from particle to particle, which is supported by the experimental evidence by Haeberle et al.

[52], is included.
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5. Summary

Particles made of the same material, but di!erent sizes are known to acquire di!erent charges through

tribocharging. Even though the mechanisms for the e!ect of particle size on tribocharging still remain under290

debate, we demonstrate that this size dependence can be captured by allowing the EWF to be dependent

on particle size. Specifically, based on results from vibrated bed experiments with soda-lime particles and

complementary simulations using an EWF-based tribocharging model, we find that particle size dependent

EWF is required to capture the experimental data. These EWF values are shown to be independent of the

size of the vibrated bed and the di!erential EWF due to size di!erence is found to be independent of wall295

materials; these characteristics are necessary conditions for a phenomenological approach based on particle

size dependent EWF to be viable. Size dependent EWF values can be extracted from small-scale experiments

such as vibrated beds and used to simulate the interplay between charging and flow in larger scale systems

such as fluidized beds.

Not all materials manifest size dependent surface charge density. While size dependent EWF is needed300

to capture the experimental measurements obtained with soda-lime glass particles, it should not be needed

for polyethylene particles, which do not show size dependent surface charge density [65]. It clearly points

to the need for a mechanistic microscale model that can di!erentiate between the surface characteristics of

materials. Recent work [32, 33] suggests that this di!erence is likely related to the hydrophilicity of the

surfaces, but more work needs to be done.305

We then considered a bidisperse system and outlined a simple method to estimate the EWF di!erential

between di!erent particle sizes. Such EWF di!erential alone is found to be su"cient to capture the mean

charge between two particle sizes; however, in order to capture the charge distribution, one must include a

distribution of EWF for each particle size. The relative importance of the mean charge between two particle

sizes and the charge distribution in each particle size cut in fluid-particle and particulate flows is not well310

understood, although one would suspect the former to be more important (being a lower order moment). It

can be captured without resorting to distribution of EWF for each particle size. It would be interesting to

apply such models to flows of practical relevance to better understand the implication of this size-dependent

particle charging on flow characteristics in devices such as fluidized beds.
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Appendix A: Mathematical model equations

A.1 Discrete Element Method

In Discrete Element Method, particle motion is modeled by solving the following Newton’s equations of320

motion.

mi
dvi

dt
=

!

j

(fnc,ij + f tc,ij) +
!

w

(fnc,iw + f tc,iw) + fe,i +mig (A.1)

Ii
d$i

dt
=

!

j

Tt,ij +
!

w

Tt,iw (A.2)

In the equations, the mass of particle i is mi. The moment of inertia is Ii, translational velocity is vi

and angular velocity is $i. fnc,ij and f tc,ij are the normal and tangential contact forces between particle i and

particle j. fnc,iw and f tc,iw are the normal and tangential contact forces between particle i and a wall. fe,i is

the electrostatic force on particle i. mig is the gravitational force. Tt,ij is torque acting on particle i due to325

particle j. Tt,iw is the torque acting on particle i due to a wall.

The contact forces between particles and the wall are quantified using a Hertzian spring-dashpot model;

see Kolehmainen et al. [67] for further details.

A.2 Computing electric field and electrostatic force

The electrostatic forces acting on particle i, fe,i, include Coulombic interactions and dielectrophoretic330

forces. In this study, we only consider Coulombic interactions, which can be computed as

fe,i = qiE(xi) (A.3)

where qi is the charge of particle i, E(xi) is the electric field at the particle position xi. Ei(x), electric

field at x due to particle i located at xi, is,

Ei(x) =
qi

4%"r2
n (A.4)

where " is the permittivity of the medium, r = ||x" xi|| and n = (x" xi)/r.

The electric field experienced by particle i, E(xi), as a result of charges carried by all the particles in the335

system can be deposed into two contributions [61–63],

E(xi) = El(xi) +
!

0<||xj"xi||<!

Es
j(xi) (A.5)

where El(xi) is the long-range contribution to electric field at position of particle i and Es
j(xi) is the

short-range contribution to electric field at position of particle i due to particle j. & is the screening distance
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of the Gaussian cloud which is usually a few particle diameter (In this study, the screening distance is twice

the particle diameter).340

El(xi) is obtained from long-range electric potential, !l

El(xi) = "#!l(xi) (A.6)

where !l can be obtained from solving the Poisson equation involving long-range charge densities in a mesh

x.

# · ("#!l(x)) = "'lq(x) (A.7)

The long-range charge density in mesh position x is given by summing up the Gaussian cloud of charge

densities of all particles in the domain.

'lq(x) =
!

i

qiGi(x) (A.8)

where qi is the charge of particle i, Gi(x) is a Gaussian kernel centered at particle i given by345

Gi(x) =
1

(
$
2%&)3

exp("
r2

2&2
) (A.9)

where r = ||x" xi||, x is the mesh position, xi is the position of particle i, & is the screening distance of

the Gaussian kernel.

Es
i (x) is obtained from short-range electric potential due to particle i, !s

i

Es
i (x) = "#!s

i (x) (A.10)

where electric potential due to particle i, !s
i (x), can be represented as a point charge screened by a Gaussian

cloud350

!s
i (x) = qi

"

R3

#(y " xi)"Gi(y)

4%"(y " xi)
dy =

qierfc(
r$
2!

)

4%"r
(A.11)

Here #(·) is the delta functon. Thus, Es
i (x) can be given by,

Es
i (x) = qin(

erfc( r$
2!

)

4%"r2
+

#

2
" exp("

r2

2!2 )

4%"&r
) (A.12)
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A.3 Tribocharging and charge relaxation models

Tribocharging model used in this study is adapted from Laurentie et al. [45]. The rate of change of charge

on particle i, dqi/dt, is written as

dqi
dt

= "
!

j

Q̇ij (A.13)

where Q̇ij , the rate of charge transfer from particle i to particle j, modeled as355

Q̇ij = H(
dAij

dt
)
dAij

dt
"(
!i " !j

#ce
"Eij · nij)"H(|

dAij

dt
|)
Eij · nij

'
Aij (A.14)

Here Aij is the area of overlap between particle i and particle j ; " is the electric permittivity of the

medium; !i and !j are the e!ective work functions of particle i and j respectively; #c is the tunneling

distance (taken to be 500nm [45]); e is elementary charge; Eij · nij is the electric field at the contact point;

' is e!ective resistivity. The first term on the right-hand side is given by Laurentie et al. [45]. H(·) is

the Heaviside functon. In the first term on the right-hand side, charge transfer is driven by e!ective work360

function, and H(dAij

dt ) allows charge transfer to occur when particles are approaching each other.

To account for possible charge relaxation, we have added the second term to the right-hand side of

Equation A.14. The time constant for relaxation has been set by Itakura et al. [46] to be the product of

dielectric permittivity and resistivity of the material; we replaced the solid permittivity ("s) with mixture

permittivity ("), which would overestimate the rate of charge relaxation. (We did this to show that even with365

this overestimation, charge relaxation cannot explain the particle size e!ect. A somewhat more accurate

model would multiply the charge relaxation term by "/"s). When two dissimilar surfaces come into contact, it

is reasonable to expect that the relaxation time would be determined by the surface having higher resistivity.

Thus, for example, when modeling charge relaxation between soda-lime glass beads and PMMA walls, the

resistivity of PMMA, which is much higher than that of glass, is used. (If the resistance of the wall is less370

than that of the particles, one would use the resistance of the particle for charge relaxation during particle-

wall contact.) On the other hand, for charge transfer between two glass beads, the resistivity of the glass

is used in this expression. H(| dAij

dt |) is included in the second term so that charge relaxation is allowed to

proceed only when there is a non-zero change in contact area.

We impose this constraint based on the following experimental observation. Five grams of 2.20 mm375

particles and a 2.5ml polystyrene macro-cuvette were first brushed using an anti-static brush in the glovebox.

It was ascertained that the charges on the particles were very small. The particles were then placed in the

cuvettes, sealed and then manually shaken vigorously. The particles were then transferred to a Faraday cup

and the charges were measured. This experiment was repeated several times to get an average charge of

2.9 ± 0.6 nC. A similar series of experiments were then repeated, except that the particles were allowed to380

sit for di!erent durations of time (several hours) before measuring the charges. The charge levels were found

to be 3.2± 1.0 nC after 24 hours and 3.0± 0.7 nC after 40 hours, which remain relatively constant for a long

13



time, indicating that charge relaxation (the second term in the model) is insignificant in a static bed. If the

Heaviside function is not included in the second term, the model would predict that the charges would drain

in a static bed. See Appendix C for an example illustrating the role of charge relaxation.385

A.4 Particle softening and acceleration of triboelectric charging

The Young’s modulus of glass particles used in the present study is 72GPa. Simulations using the

true value of the Young’s modulus require very small timesteps, rendering DEM simulations prohibitively

expensive. As a result, it is quite common to perform simulations using much lower Young’s modulus values;

this results in exaggerated overlap between particles during collisional interactions, which in turn leads to390

overestimation of the rate of charge transfer in a collision. The impact of this overestimation has been

examined previously by Kolehmainen et al. [67], who introduced a softness correction factor to compensate

for the overestimation. These authors also introduced an acceleration factor to speed up the tribocharging,

thereby decreasing the computational cost. Readers are referred to Kolehmainen et al. [67] for further details.

It is simply noted here that both softness correction and acceleration factor were included in this study to395

speed up the computations. The DEM and tribocharging model parameters included in Table 3 are used in

all the simulations, unless stated otherwise.

[Table 3 about here.]

Appendix B: Analysis of dielectric breakdown

According to Paschen’s law [68], for dielectric breakdown of the gas in the gap between two surfaces,400

the breakdown electric field strength is a function of separation distance and gas pressure. Applying the

Paschen breakdown criterion to gas-particle systems is conceptually straightforward when only two surfaces

are involved [48, 50]. However, the analysis is much more complicated when many charged particles are

present in a system, as the electric field in the gap between any two surfaces is now influenced by all the

charged surfaces. Rigorously testing for the likelihood of dielectric breakdown between every pair of surfaces405

at every time step in a tribocharging simulation involving many particles is computationally very expensive

and often impractical. In this study, we probed the possibility of dielectric breakdown in our system in the

following three simpler ways.

First, we performed tribocharging simulations of the vibrated bed assuming that dielectric breakdown

does not occur, allowing the total charges on the particles to reach a steady state. Then we continued the410

simulations and collected several snapshots of particle positions and charges. We then post-processed the

snapshots to check if the electric field between any two points exceeded the Paschen breakdown condition for

nitrogen gas (with the Paschen breakdown field strength being a function of separation distance). Paschen

breakdown condition was not met in any of the snapshots.

Second, we asked if breakdown would be predicted to occur if we set the critical electric field strength415

as the dielectric strength of the gas (irrespective of the separation between the surfaces). The Paschen
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breakdown voltage is a function of the product of separation distance and gas pressure (pd). It attains a

minimum value at some (pd)min and increases gradually for pd > (pd)min. For nitrogen at atmospheric

pressure, the breakdown field strength at (pd)min is around 48.7 MV/m and it decreases as the gap width

increases, approaching the dielectric strength of the gas at large separations, Eb (around 3.6 MV/m for420

nitrogen [64]). The maximum charge that an isolated particle can carry is 4%r2"Eb where r is the particle

radius. We found that less than 0.1% of the particle in our snapshots have reached this limit.

The second test based on single particle limit is not applicable in a multi-particle system, as the electric

field is a!ected by the presence of other particles. Hence, an alternative approach would be to require that

the electric field at particle-particle and particle-wall contact be below the dielectric strength of the gas [49].425

Since the electric field at the contact points are calculated at every time step, imposing this limit requires

only minimal additional computations. Such hard limit is conveniently placed by adding a penalty (which

can be thought of as dielectric breakdown). Accordingly, we modified the rate of charging described in

Appendix A as follows:

Q̇ij =

$

%

%

%

%

%

&

%

%

%

%

%

'

H(dAij

dt )dAij

dt "(#i"#j

$ce
"Eij · nij)"H(| dAij

dt |)Eij ·nij

% Aij , if |Eij · nij | % Eb

"&d2

id
2

j

d2

i+d2

j

(Eb "Eij · nij), if Eij · nij > Eb

"&d2

id
2

j

d2

i+d2

j

("Eb "Eij · nij), if Eij · nij < "Eb

(A.15)

where di and dj are diameters of particle i and j respectively. Eb is the dielectric strength of the medium.430

When the electric field strength at the contact point is below Eb, charge transfer proceeds as our original

model equation (first equation). When the electric field strength exceeds Eb, the rate of charge transfer

will follow either the second or the third equation so that the electric field strength at the point of contact

is driven down to Eb. We repeated the many simulations using Eb=3.6MV/m (the dielectric strength of

nitrogen [64]) and found that it had virtually no e!ect of the extent of charging, indicating that dielectric435

breakdown is not significant in any of the cases investigated in our study and it is not the reason for the

observed particle size e!ect.

Appendix C: Analysis of charge relaxation model

Simulations were performed for both particle sizes using di!erent resistivities that quantifies charge

relaxation. For charge relaxation at particle-particle contact, the resistivity was set to 1012$m , which is a440

typical value for soda-lime glass. The typical value for the resistivity of PMMA is 1014$m. Simulations were

performed for three di!erent resistivity values for charge relaxation at particle-wall contact. Simulations

were also performed disabling charge relaxation for particle-wall and particle-particle contacts. In these

simulations, the e!ective work function di!erence between the wall material and the glass was set to "0.85 eV

(independent of particle size). Dielectric breakdown was not included as it was already established (see445

Appendix B) that it is not relevant for the present simulations.
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Figure 5 presents the total charge on the particles at steady state as a function of surface area of the

particles in a 1## bed for various assumptions about charge relaxation. Results are shown in panel (a) for

the two di!erent particle sizes without relaxation and with relaxation using the nominal wall resistivity of

1014$m. This figure shows that charge relaxation did not occur to a significant extent in these simulations.450

The resistivity of polycarbonate is comparable to that of PMMA and so little charge relaxation is expected

to occur in polycarbonate bed as well.

[Figure 5 about here.]

Charge relaxation can be significant at lower resistivities. This is illustrated in panel (b) where results

are shown for three di!erent wall resistivity values. Clearly, charge relaxation can lower the charges acquired455

by the particles. (When the resistance of the wall drops below that of the glass beads, the relaxation at the

wall will be limited by the resistivity of the particles and so results are not shown for values smaller than

that of the particles.)

An important observation from Figure 5 is that charge relaxation does not introduce appreciable particle

size e!ect in charging. Thus, charge relaxation is not responsible for the size dependence seen in Figure 1 of460

the main text. One could go one step further and argue that the situation in panel (a) is more relevant for

our system and that charge relaxation is irrelevant for our system.

Appendix D: Sensitivity analsyis

Prior to simulations reported in this study, we performed many simulations testing the sensitivity of the

predictions to model parameters. Parameters associated with contact mechanics were found to have little465

influence on the steady state charge acquired by the particles. We also ascertained by performing a few

simulations with higher Young’s modulus values that the degree of softening used in this study (see Table 3)

did not a!ect the results. For the sake of brevity, these sensitivity tests are not presented here. In this

appendix we provide one illustration showing that the relative permittivity of the mixture exerts only a very

weak influence on the simulation results.470

In the results presented in the main part of the paper, only the vacuum permittivity was used while solving

the Poisson equation. It would be more accurate to include the e!ect of particles (whose permittivity di!ers

from that of the gas) when computing the long-range electric field by solving the following more general

form of the Poisson equation.

# · ("r#!) = "
'q
"0

(D.1)

where 'q is the charge density, ! is the electric potential of the computational cell, "0 is the permittivity of

vacuum and "r is the permittivity of the mixture relative to vacuum. Figure 6 compares the final charge

levels obtained for assuming "r = 1 and "r = "m, where "m is the relative permittivity of the gas-solid
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mixture obtained from the Bruggeman equation [69]

(g =

(

"s " "m
"s " "g

)(

"g
"m

)
1

3

(D.2)

where "s, "g, (g are the relative permittivity of solid, relative permittivity of gas and void fraction respec-

tively. The total charge obtained by assuming "r = 1 is very close to that of "r = "m. Thus, in this system,

"r = 1 is a valid assumption for resolving the electric potential. This is due to the fact the bed of glass

beads expands appreciably upon vigorous vibration so that the void fraction of particles is quite close to

1 (typically above 0.95). As a result, the mixture permittivity is only slightly larger than that of the gas,475

which in turn is only slightly di!erent from that of vacuum.

[Figure 6 about here.]
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Figure 1: Total measured charge < q >exp as a function of the total surface area of particles < Sp,i > loaded in various vibrated
beds: 1"" !1"" !4.5"" acrylic bed (1"" PMMA bed), 2"" !2"" !4.5"" acrylic bed (2"" PMMA bed) and 2"" !2"" !4.5"" polycarbonate
bed (2"" PC bed). The symbol Sp,i refers to the surface area of particle i that is assumed spherical. Results are shown for
particle mass loadings of 2.5 g, 3.5 g and 4.5 g. Each data point represents the average of four separate experiments. Vibration
amplitude: 7.9mm; frequency: 30Hz; duration: 10 minutes. Experiments were performed in a N2-filled glove box (relative
humidity = 5± 1%). Total charge on the particles was measured using a Faraday cup. The uncertainty in the measurement is
shown by the error bar. Error bar may be smaller than the size of the marker for certain points.
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(a) Bidisperse simulation illustration (b) !b = 0 eV !s = 0.14 eV
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(c) !b = (0.00± 0.02) eV !s = (0.14± 0.02) eV
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(d) !b = (0.00± 0.08) eV !s = (0.14± 0.07) eV
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Figure 4: Simulation of tribocharging in a bidisperse system allowing for particle size dependent EWF: (a) schematic of the
vibrated bed simulation with 800 big particles (red), Db = 326±10µm and 800 small particles (blue), Ds = 251±10µm. Panels
(b) – (d) show distribution of charges for various assumptions about EWF. Also see Table 2. for additional information.
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Figure 5: Total charge < qp,i > vs particle surface area < Sp,i > for the two di!erent particles in the 2"" bed. Panel (a)
compares the results obtained in simulations without any relaxation with those allowing for relaxation with wall resistivity =
1014#m (typical value for PMMA). Panel (b) illustrates the e!ect of wall resistivity by comparing the results for three di!erent
wall resistivities (1014#m, 1013#m and 1012#m). Particle resistivity = 1012#m (typical of glass). "! = "0.85 eV for both
particle sizes.
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Figure 6: Total charge < qp,i > vs particle surface area < Sp,i > for 2.20mm particles by using "r = 1 and "r = "m. "! =
-1.0eV. Simulations were performed in the 2"" bed
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Table 1: Mean diameter, standard deviation of diameter and particle density for the two groups of particles. For each particle
size, three mass loadings were used.

&dp' (mm) &(dp) (mm) ' (kg/m3) Mass loading (g) Number of Particles

1.46 0.11 2400
2.5 653
3.5 914
4.5 1175

2.20 0.13 2400
2.5 182
3.5 255
4.5 327
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Table 2: Particle e!ective work function "! distribution and corresponding charge distribution for the bidisperse system in
Fig 4.

Case Particle Type ![eV] q [106e]

a
big 0 2.0±.1
small 0.14 -2.0±.1

b
big 0±.02 2.0±.7
small 0.14±.02 -2.0±.5

c
big 0±.08 2.0±2.9
small 0.14±.07 -2.0±1.6
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Table 3: Model parameters for DEM and tribocharging model. These parameters are used in all simulations, unless stated
otherwise.

Real Young’s modulus (Pa) 7.2! 1010

Young’s modulus used in simulations (Pa) 1! 107

Poisson ratio 0.22
Coe"cient of restitution 0.9
Friction coe"cient 0.5
Particle density (kg/m3) 2400
Tunnelling distance, #c(m) 5! 10"7

Particle resistivity ($m) 1! 1012

Wall resistivity ($m) 1! 1014

Relative permittivity of N2 at atm pressure 1.00058
Relative permittivity of glass 7.5
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