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Abstract 

We propose a simple noninvasive technique called Holographic Deflection Imaging 

(HDI) to measure electric charge on individual aerosol particles. Many flows including 

atmospheric turbulence and pneumatic transport involve charged aerosols, where the electric 

forces between particles affects particle dynamics in a complex way. We devised a novel 

technique to measure bipolar charge distributions in polydispersed particle samples. The 

technique uses common optical hardware and a novel particle sizing algorithm for polydispersed 

size distributions. A charged particle sample is introduced into a vertical channel air flow and a 

horizontal electric field. For each particle, In-line digital holography is used to simultaneously 

track particle positions over successive holograms and decode size information from hologram 

interference fringes. This enables measurement of the electric-force-induced horizontal 

component of terminal velocity and the particle size. From velocity and size, particle charge is 

calculated using a force balance, assuming Stokes drag on spherical particles. Two experiments 

were conducted, one to validate HDI measurements of a bipolarly charged particle sample 

against an electrometer, and the other to demonstrate particle size effect on triboelectric charging 

of aerosols in a fan-driven isotropic turbulence chamber. The HDI setup was configured for each 

experiment, and measurement uncertainty was estimated. Experiment 1 found good agreement 

(< 5%) in mean charge between measurements by HDI and the electrometer. Experiment 2 

found nearly symmetric bipolar charge distributions, which broadened with increasing particle 

surface area, as expected for triboelectric charging by the symmetrically installed fans. 

vi 



 

 

   

             

              

               

                

              

           

       

              

                 

             

           

             

             

         

             

               

               

              

              

           

 

Chapter 1. Introduction 

Aerosols are commonly found in nature and engineering applications. In many cases such 

as droplets in clouds and powder pneumatic transport, the particles may be electrically charged. 

For example, droplets in atmospheric turbulence are charged by ions produced by cosmic rays [1, 

2], and powders in internal flows acquire charge through friction [3]. For like (same) or unlike 

(opposite) electric charge on aerosols, their repulsive or attractive force can drastically alter the 

particle dynamics compared to neutral particles, thereby promoting or inhibiting collision, 

coalescence, agglomeration, and deposition of aerosols. 

Since the electric forces between the particles affect their dynamics and interaction in a 

complex way, and in many instances there is no knowledge of the charge distribution, it is highly 

desirable to characterize the charge on particle samples with arbitrary charge and size 

distributions. While existing charge measurement techniques use costly specialized hardware, we 

designed an alternative simple experimental apparatus with two major requirements in mind: the 

apparatus must measure particle charge with arbitrary polarities, and the system should use 

simple, low-cost and commonly available optical diagnostics equipment. 

In general, there are two approaches to charge measurement—static and dynamic [4]. The 

static approach operates by sampling particles into one or more Faraday cups, collecting the total 

charge on the cup(s), and measuring it by an electrometer. The dynamic approach operates by 

recording electric field-induced motion of a particle and inferring the charge from this motion. 

Both approaches have advantages and drawbacks. In order to design our technique, we review 

existing approaches and discuss the tradeoffs and aforementioned requirements below. 
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The static approach, which measures collective charge on a particle sample, can be very 

simple. The simplest experimental setup utilizing the static approach consists of only a Faraday 

cup and electrometer. However, such a device measures only the sum of all particle charges, and 

thus it does not resolve bipolar charge distributions. Bipolar charge distributions appear in many 

research and practical applications. For example, in multi-component dry powder drug delivery, 

the inhaler spray induces large magnitudes of charge with both polarities on different medicine 

components upon aerosolization [5, 6]. To characterize bipolar charge distributions, the particles 

need to be sorted calibrated electrostatic precipitators into multiple Faraday cups, which provide 

multiple bins with average charge to grossly represent the charge distribution [7-9]. Adding 

Faraday cups and thus bins increases charge distribution resolution, but at the same time also 

increases system complexity. 

On the other hand, dynamic methods measure charge on each particle individually, 

irrespective of charge polarity. The resolution of the resulting charge distribution is only affected 

by the number of particles analyzed. The first dynamic charge measurement, the Millikan oil 

drop experiment, measured charge on a single motionless particle by balancing the Coulomb 

force from an electric field with gravity [10]. To measure charge on multiple monodispersed 

particles with pre-determined size, the apparatus of Hopper and Laby [11] turned the Millikan 

experiment on its side, balancing the Coulomb force with drag in the horizontal direction. This 

apparatus is simple in design, requiring only an electric field and a way to measure particle 

velocity, and has been implemented using modern equipment and measurement techniques as 

well [12, 13]. However, when particles are polydispersed (i.e. have a size distribution) as in most 

applications, the use of the dynamic approaches has been limited due to difficulty in estimating 

individual particle sizes [4]. 
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For polydispersed particles, one cannot assume one uniform particle size but has to 

measure individual particle size and charge simultaneously. To that end, two techniques have 

been reported: one measures the size of a particle silhouette [14], while the other encodes size 

into the velocity response [15]. The former technique appears to suffer from low resolution of 

particle sizing, based on the observable disparity between the particle images and the bounding 

circles around the particle images. The latter technique has been shown to have superior 

accuracy and has been developed into a commercial instrument named the E-SPART analyzer 

[15]. However, this apparatus requires actuators with sophisticated timing equipment to 

synchronize the interrogation equipment with the acoustic excitations that encode size 

information into the velocity response. This makes the hardware more cumbersome than the 

traditional dynamic charge measurement approach. 

To overcome the challenge of bipolar charge distribution measurement using a simple 

setup, we propose a novel dynamic charge measurement technique that accommodates 

polydispersed particles of a wide range of diameters and arbitrary charge distributions. This 

technique, called Holographic Deflection Imaging (HDI), will be described in the sections 

below. In addition, to estimate the measurement errors and experiment condition limits of the 

technique, we simulated a range of experiment conditions using computer-generated holograms. 

From this data, we determined the range of measurement conditions to achieve < 3% 
measurement error from to the size-finding algorithm. Furthermore, using computer-generated 

holograms, we estimated the error associated with nonspherical particles of aspect ratios up to 

1.5 at one representative recording condition. 

We then applied the HDI technique to measure particle charge in two experiments. First, 

we validated HDI charge measurement by cross-verifying the HDI-measured mean charge of a 
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bipolarly charged particle sample with the equivalent mean charge measurement from a 

calibrated electrometer. In the second experiment, we applied HDI charge measurement to 

triboelectrically charged particles with an expected bipolar charge distribution inside an enclosed 

fan-driven turbulence facility to observe hypothesized broadening of the charge distribution with 

an increase particle size. The expected positive correlation of charge and size was qualitatively 

observed. 
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Chapter 2. Principle of Holographic Deflection-Imaging Charge Measurement 

The HDI technique measures charged aerosol particle drift velocity in response to a horizontal 

electric field simultaneously with particle size to determine particle charge. These two quantities 

are acquired noninvasively through in-line digital holography following the procedures 

introduced in this section. 

2.1 Relation of Charge to Particle Velocity and Diameter 

We measure charge � on an individual particle by determining its velocity response in a uniform 

electric field, along with its diameter (. As illustrated in Fig. 1, a free-falling spherical aerosol 

particle falls in the – 6 direction in a uniform channel flow that is also flowing in the – 6 
direction. The channel flow passes the particle through a horizontal drift velocity from the 

electric force, expressed as 78 = �9. The electric force is opposed by the fluid drag force, which 

rapidly increases until it balances out the Coulomb force (within 100:; for particles in this 

study) and the particle reaches its terminal velocity �<. The particle then travels at terminal 

horizontal velocity �< for most of the residence time in the electric field. Since the particle 

Reynolds number is small (=>? < 0.5), using Stokes’s law the drag force is expressed as 7@ = 
3A:(�</BC. Since there is no acceleration, balancing 78 and 7@ 
yields 

� = �< ( DEF 
(1) 8 GH , 

I 
�< 

� 
x 

y 

JK JI 

Figure 1. Directionality of 
where � is particle charge, �< is terminal drift velocity, d is particle forces and particle 

velocity vector �. Fluid 

diameter, : is the dynamic viscosity of air, and BC is the velocity is in the – � 
direction. The shown 

particle has � > 0 such Cunningham slip correction factor [11]. Therefore, by measuring d 
that �< > 0. 
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and vx for each particle, individual particle charge polarity and magnitude can be measured. The 

horizontal velocity �< may be positive or negative, indicating the polarity of the particle’s 

charge. According to Eq. 1, if the particles are positively charged (� > 0), particles move to the 

right with the electric field lines of Fig. 1 (�< > 0). Conversely, negatively charged particles 

(� < 0) move to the left, opposite to the electric field lines of Fig. 1 (�< < 0). If � = 0, the 

particle has no horizontal velocity. 

2.2 Holographic Measurement Technique and Imaging Scheme 

To measure particle size ( and velocity �< simultaneously, we employ in-line digital 

holography owing to its simplicity and high resolution in the transverse (� and �) directions 

along a large depth of field [16]. While �< may be acquired through traditional 2D particle 

tracking velocimetry, in-line holography additionally records the interference between scattered 

light from the particle and reference beam for estimation of particle size. In in-line holography, a 

collimated laser beam passes through a field of spherical aerosol particles, producing forward 

scattering (object beam) on particles, which interferes with the unscattered portion of the beam 

(reference beam) to form interference fringes on a digital camera sensor. These fringes encode 

the particle size ( and instantaneous position, allowing storage and recovery of the scattered 

wavefront in silico [17]. Then we record multiple holograms over time, allowing extraction of 

velocity �<. 

The in-line hologram recording scheme is illustrated in Fig. 2, where we define the 

recording plane (camera sensor) ( , �) and coordinate system (�, �, ) with origin at the 

instantaneous location of the particle. A collimated laser beam from a continuous wave (CW) 

laser propagates along L through the sample volume, with aerosol flowing downwards along 6 
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and uniform electric field with lines pointing along M. An aerosol particle, denoted as &, scatters 

a small portion of the beam at position (��, ��, �). The scattered light (object beam) interferes 

with the unscattered light (reference beam), producing interference fringes on the digital camera 

sensor (recording plane), forming a digital hologram ℎ( , �). 

Although Fig. 2 illustrates the track of only one particle (for clarity purposes), many 

particles are recorded simultaneously in 3D. The maximum number of particles an in-line 

hologram can record, and thereby the number of particles in the sample volume, is limited to 

maintain sufficient signal to noise ratio due to intrinsic speckle noise caused by cross-

interference of fringes from many particles in in-line holography [18]. In the experiments 

performed in Section 4, speckle noise is mitigated by keeping particle number density near 2 × 
10NO particles per pixel (ppp), chosen such that few particle fringes overlap with one another on 

the recording plane. 
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2.3 Digital Hologram Recording and Reconstruction 

Here we describe the basic mathematics for digital 

holographic recording and reconstruction. The digital camera 

sensor records the intensity of the interference between the 

reference wave P (which is usually a plane wave P=1 for in-

� =line holography) and object wave Q: ℎ( , �) = |P S Q| 
Figure 3. A hologram |P|� S |Q|� S P∗Q S PQ∗ , where * denotes complex recording ℎ( , �) of eight 

particles with identical � is 

conjugate. Note that the interference fringes ℎ( , �) retain translated to many scanning 

planes (dashed rectangles). 

information of the complex waves Q and Q∗ , the latter of Reconstruction to the � plane 

(red outline) produces 
which can recover the real image of the 3D object field �����, �; ��� , where particles 

are bright spots on a dark 
during hologram reconstruction. 

background. 

The schema of hologram reconstruction is illustrated in Fig. 3. The hologram ℎ( , �) 
diffracts an illumination plane wave, producing the optical field �(�, �, ), which contains the 

reconstructed real image. For digital hologram reconstruction, T(�, �, ) can be calculated from 

the hologram ℎ( , �) through its convolution with the diffraction kernel U(�, �, ) [17]: 

T(�, �, ) = ℎ( , �) ∗ U(�, �, ), (2) 

where 

YZ[\]�EW/X^<_`a_`b_cd= VU(�, �, ) . (3) WX ^<_`a_`b_ 
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To visualize the continuous optical field in a way conducive to numerical analysis, 2D slices of 

T may be acquired by setting = e in Eq. 2 to yield T(�, �, )|bfbg, where ′ represents the 

axial depth of a particular plane of interest. 

For computational efficiency, the convolution in Eq. (2) is carried out in Fourier space in 

discrete coordinates (i, ,). Following the angular spectrum analysis of [19], the Fourier 

etransform (ℱ) of the diffraction kernel, ℱ(U(�, �, )|bfbg) = k(i, ,; ), is a transfer function 

efor input ℎ( , �) and output T( , �; ), given as 

k(i, ,; ′) = >�& lm �EbX 
g n1 − ] Xo � − \pXr 

s�d� t (4) pq�c 
where * is the laser wavelength, p is the pixel scale (effective pixel size in the particle space), Nx 

and Ny are the total number of pixels in the horizontal and vertical directions of the camera 

e sensor array, respectively. Therefore, in the Fourier space, ℱ(T(�, �; )) is simply a product of 

k(i, ,, ′) and ℱ(ℎ( , �)). In the spatial domain, T(�, �; ′) may be recovered by 

T(�, �; ′) = ℱNVuℱ(ℎ( , �)) ∘ k(i, ,, ′)w, (5) 

where ∘ is the elementwise multiplication operator. Since the analysis is a direct result of the 

requirement of light wave propagation to follow the Helmholtz equation, there is no assumed 

restriction to ′ beyond that which is necessary to assume scalar diffraction [19]. 

By using Eqs. (4) and (5) while changing ′ at regular intervals across the sample volume 

thickness, a stack of 2D fields T is produced that represents a voxel space of the sample volume. 

To emulate the image detection in physical reconstruction, we take the complex amplitude of 
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�T(�, �, ), yielding intensity |T| . Based on intensity, each particle appears as a bright 3D region 

against an overall dark background. 

2.4 Particle Position and Velocity Extraction by Holography 

In general, reconstruction of one hologram provides an instantaneous 3D particle field, 

allowing particle positions to be extracted at the time instant of recording. From particle 

positions reconstructed over successive time instants, we compose Lagrangian particle tracks to 

obtain the average drift velocity �< for each particle. 

Particle positions from T may be extracted either through an intensity-based particle 

extraction algorithm [20], which identifies centroids of the particle images, or through a 

complex-wave particle extraction algorithm, which augments intensity-based analysis by using 

the complex wavefront to discriminate against speckle noise. The advantage of the latter is its 

speckle suppression [21]. Since in the experiments of Section 4, speckle noise is inherently 

suppressed due to generally low seeding density (2 × 10NOppp) and if not low, is removed in the 

complex-wave-based particle sizing procedure, the intensity-based extraction is used owing to its 

simplicity in implementation. 

The procedure for intensity-based particle extraction is as follows. A threshold intensity 

is set to binarize the matrix of reconstructions into bright pixels (particles) and dark pixels 

(background), producing a 3D matrix of ones and zeros. The binary image is then dilated in three 

dimensions to re-combine any particles that were fragmented by binarization, then contiguous 

regions of bright pixels are identified in 3D and labelled. The centroid of each of these 

contiguous regions are taken as particle positions and are recorded. The degree of dilation and 

10 



 

 

              

   

               

             

               

             

                 

                 

               

               

      

              

               

                

               

              

              

             

             

             

               

              

level of the binarization threshold may be selected for a given experiment configuration and 

particle size range. 

The particle positions obtained at each time step are then tracked in 3D to determine 

particle velocities. Since particle seeding density is kept low, particle tracking is straightforward; 

the nearest-neighbor algorithm [22] may be used after subtracting the mean flow of the sample 

volume. However, if there are ambiguities in particle pairing between successive frames (which 

may happen if seeding density is high), a more advanced tracking strategy such as the “shake the 

box” algorithm of [23] may be used. In this study we used an open-source 3D particle tracking 

code by Blair and Dufresne [24]. After tracking, the velocity component in the x-direction of 

each particle track is averaged across all tracked frames to calculate �< for each particle. 

2.5 Particle Size Measurement by Holography 

To acquire charge � on an individual particle, its diameter ( must be measured 

simultaneously with �<. In our HDI technique, the illumination laser light is scattered by the 

spherical particle based on (, *, and relative index of refraction , based on the Mie theory 

analysis [25, 26]. The scattered light interferes with the unscattered reference beam to form an 

in-line hologram at the recording plane. These recordings then elucidate particle size based on 

the Fourier spectrum of the resulting interference fringes corresponding to the particle. 

Particle-laden flows pose a unique challenge for particle sizing, since the particles must 

also have freedom to move. Conventional light-scattering particle sizing techniques such as laser 

particle diffraction [27] require particles to pass through a specific position. In contrast, 

holography can perform particle sizing dynamically in a 3D field. In fact, holography has long 

been recognized as a powerful approach to acquire both particle size and position simultaneously 

11 



 

 

            

                  

                

  

            

            

            

               

               

             

           

                

                

                 

              

               

             

             

      

                

              

              

in particle-laden flows [28, 29]. However, for particle tracking velocimetry applications where 

the number of particles to be sized may be on the order of thousands, sizing has been impractical 

due to the substantial time requirement for manual sizing of x� particle images tracked over xy 
frames. 

Recently, progress has been made in automated particle sizing using in-line holography 

by restricting the application to spherical particles. One approach to spherical-particle sizing 

directly measures particle radius from the reconstruction intensity, plotting and thresholding the 

reconstruction intensity near the particle as a function of the radial coordinate centered at the 

particle image center [30]. When particles are much larger than the pixel scale ((/& ≳ 10), this 

technique provides sufficient accuracy for particle size measurement (particles are 160 :i, and 

with pixel sizes 7.4:i). Another approach counts the intensity-weighted number of particle-

obstructed pixels in the hologram reconstruction, and relates it to a sphere with a size that 

obstructs the same number of pixels [31]. The technique is demonstrated for a wide range of 

particle sizes (20 :i through 90:i for pixel size 9:i) for accuracy of 10% of less. The 

drawback is the technique requires a calibration step where many particle images with known 

size must be related to the measurement output. This calibration is required because as the 

measured particle diameter approaches the pixel size, the approach overpredicts the particle size 

and becomes less sensitive to different particle diameters. To overcome this overprediction, the 

calibration step includes a correction factor 

In order to improve upon the sizing accuracy for small particles, Lu et al [32] introduced 

a sizing technique utilizing the angular spectrum of a single particle, rather than directly 

measuring particle size from the reconstruction intensity like the past two methods. This new 

12 



 

 

                   

               

                

             

              

      	       

               

                  

  	           

            

               

         

         

             

       	 	        

             

               

               

                 

            

                

               

sizing approach has been shown to be accurate for particles with size down to 2 to 3 pixels in 

diameter, and does not require calibration in order to utilize. This sizing technique assumes that 

only a single spherical particle exists in the sample volume and that the sphere can be 

approximated as a circular obstruction. The circular obstruction assumption is valid for spherical 

�E 
particles when the phase shift parameter { = X (|, − 1| (n is the refraction index ratio) is 

“sufficiently large” [33]. Under these assumptions, ℱ ]T��, �; ��c is represented by the Jinc 

function | (=)/(=) with argument = ∝ (. The Jinc function envelope oscillates in sign. Lu et al. V 
[32] posed a matched filter with filter parameter ~ to reverse the signs of the negative terms of 

| (=)/(=) in ℱ ]T��, �; ��c, producing a new “modified” aperture with a narrowed and V 
amplified central intensity when ~ = (. This amplification effect on the modified aperture 

intensity decreases quadratically about ~ = (, such that a parabolic fit of many iterations of the 

filter about ( will yield a precise size estimation. 

This matched-filtering technique was developed for holograms containing single 

particles, and has been tested through experiments on monodisperse droplets. In theory, the 

angular spectra of the particle images at = � are identical when completely isolated. In 

practice, many particles are analyzed simultaneously, such that the forward scattering of particle 

� from the hologram may overlap with the forward scattering of a nearby particle, causing cross-

interference. For monodisperse particles that are all at similar depth from the imaging plane this 

effect is small, since the multiple particle images are identical, and could be assumed as a single 

spatially periodic function. However, using this approach to size polydisperse particle samples 

poses an additional challenge in isolating the signals of each particle from one another, since the 

particle images differ, and spatial periodicity cannot be assumed. If a given particle � has 
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 	  distance 0.9 �, then cropping the 

particle from ����, �; � � ���
 . 

interference fringes that are in proximity to nearby particles with different sizes, the measured 

particle angular spectrum may contain information from the nearby particles. 

To prevent contamination, we have developed a technique that enables sizing of 

polydispersed particle samples by isolating the particle images through partial reconstruction. 

Since the fringes of in-line holograms of particles become larger with increasing �, particles are 

isolated by generating a new, secondary hologram by taking intensity of a reconstruction at a 

fraction of �, then cropping the particle image from this hologram. Since the particles have 

roughly similar �, when T is probed in the depth direction near to T(�, �; ), fringes from � 
particle � are less likely to overlap with others. 

The algorithm for isolating and cropping each particle � from ℎ( , �) is as follows, as 

illustrated in Fig. 4. First, ℎ( , �) is reconstructed using Eq. (4) to a fraction of the �th particle 

� 
depth �,�, � = bb�,

g
�, yielding �T��, �; � �,��� . � is chosen as 0.9 by manually observing 

��T��, �; � �, �� for varying values of �, and � 
choosing the largest � that ensured no overlap on 

25 holograms with image density 2 × 10NO ppp. 

The effect of � on accuracy at varying recording 

conditions is taken into account in Section 2.6. 

� 
Next, the particle image in �T��, �; � �,��� is 

cropped and is treated as a holographic recording, 

a “secondary hologram” of particle � at a distance 

(1 − �) � from the recording plane, denoted as 

����, �; � � ��� 

z 

Figure 4. Fringes from particle � are 

isolated by reconstructing to axial 

ℎ�( �, ��) 

ℎ( , �) 
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�ℎ�( �, ��). Then, �T��, �; � ��� is cropped about the center of particle � to an image of 

resolution x × x. The tradeoff of isolating particles in this manner is potential aliasing of the 

particle image through the sizing of the particle using an image with a lower resolution (the 

observable image covers (1 − �)� less area on the secondary hologram “sensor”), since the 

image is smaller yet the pixel size does not change. Conditions under which this aliasing effect 

becomes detrimental to analysis are determined in Section 2.6 so that they may be avoided in 

practice. 

Next, ℎ ( , � ) is processed following the procedure laid out in Lu et al. [32]: The � � � 
procedure and equations used are outlined in this paragraph. If { ∝ ( is sufficiently large, the 

angular spectrum of ℎ ( , � ) may be approximated by the angular spectrum of a circular � � � 
aperture of the same diameter, e.g. ℱ�ℎ ( , �)� ≈ �(=) [33]. This spectrum is radially � 
symmetric, and may be expressed as the Jinc function with radial coordinate = [19] 

E? �(=) = |V(=)⁄(=) , where = = �p √i� S ,� , (5) 

where |V is the first-order Bessel function of the first kind, ( is the particle diameter, p is the 

hologram pixel size, N is the size of the individual particle hologram in pixels, and i and , 
represent the horizontal and vertical pixel coordinates respectively. As = increases, the complex 

valued �(=) will oscillate in sign following the envelope of the Jinc function. Lu et al. [32] 

found that a digital filter with parameter ~, expressed as 

V ]E� �e(i, ,, ~) = � 1 if |
V ]�pE� 

√i� S ,�c > 0 
, (6) −1 if | �p √i� S ,�c < 0 
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can reverse the sign of all the negative terms of the envelope of Eq. 5 when applied in 

reconstruction (where e = (1 − �) � ) as 

Te�� , � , ~; �� = ℱNV��′(i, ,, ~) ∘ �(i, ,; ′) ∘ ℱ�ℎ ( , � )� �. (7) � � � � � � 
This total sign reversal occurs when filter parameter ~ = (. Under this condition the sign 

reversal causes the point intensity of the particle image center (� = ��,�, � = ��,�, = �,�), 
���e�~; ��, , ��, , �, �� � to be enhanced by an order of magnitude compared to unfiltered � � � � �f?, 

� 
reconstruction using Eq. (5). As ~ diverges from (, ���e�~; �,�, ��,�, ��,��� decreases 

quadratically. Therefore, a parabolic fit about the expected value of ( yields an improved 

estimate of ( for monodisperse particles. 

� 
To extract ( from ��e�~; �,�, ��,�, ��,��� , hereby denoted as �(~), we generate �(~)� 

from 75% to 150% of the nominal size range of the polydispersed distribution using Eq. (7). 

When �(~)|�f?, it is known there is a local parabolic peak. However, this peak is not necessarily 

the global maximum, or the only peak in �(~). Therefore, we implement an approach to 

determine which peak corresponds to ~ = (. First, a low pass filter is used to eliminate peaks 

due to experiment noise. The present study uses a first order Savitsky-Golay filter with frame 

length of 21 samples to produce �′(~). Then all local maxima from �′(~) are recorded. If no 

maxima are found, i.e. there is no correlation between any of the matched filters �′(i, ,, ~) and 

ℱ�ℎ�( �, ��)�, the candidate is assumed to be speckle noise or a particle with insufficient signal 

to noise ratio and is neglected from analysis. For each maximum in �′(~), a parabolic fit is 

performed on �(~) near to the maximum to find the equation ℎ~� S �~ S � of best fit. Parabolic 

fits with a coefficient of determination “R-squared” of less than 0.75 are neglected, as they are 
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indicative of random noise. Of the remaining maxima, the parabolic fit with the smallest value of 

ℎ, that is, the largest amount of negative curvature, is identified as the parabola centered about (. 

Finally, the vertex of this parabolic fit is taken as the estimate of (. 

2.6 Experimental Condition Bounds for Particle Size Measurement 

To define the range of allowable recording conditions in experiments, we developed a map of 

acceptable experimental conditions for the particle sizing in HDI charge measurement, and 

verified that the extents of the map do not violate any physical assumptions. This map was 

developed by testing the sizing algorithm of Section 2.5 on simulated holograms of particles, and 

checking if the algorithm returns the particle size within 3%. The physical assumption to be 

tested was that of the circular aperture, which imposes a lower limit to measurable particle size 

as discussed in Section 2.5. 

The hologram recording conditions are the effective pixel size, or pixel scale, of the 

digital camera &, laser wavelength *, and recording distance � . Quantities were 

∗ nondimensionalized based on the wavelength as (/* = (∗ , &/* = *∗ , and �/* = . This test 

was performed for 0 ≤ ∗ ≤ 13 × 10� , 22 ≤ (∗ ≤ 200, and three values of &∗ : 8.7, 16, and 23. 

The ranges of ∗ and (∗ were chosen iteratively based on the extent of allowable (∗ 
measurements. The values of &∗ were chosen based on the upcoming experiments in Section 5: 

23 for Experiment 1, and 8.7 for Experiment 2, with an intermediate value. 

To carry out the test, the sizing algorithm is applied to simulated holograms with known 

∗(∗ &∗ , , and , which were generated by inverting the digital reconstruction process described in 

Section 2.3 by assuming T��, �; �� is the circle function with diameter (, as described below. 

The percent difference between the estimated and the given values of (∗ at the candidate 
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experiment condition combination determines whether the combination is allowable: if the 

∗ difference is below 3%, then the particular combination of (∗ , &∗ , and , is deemed allowable. 

The algorithm for generating simulated holograms is as follows. First, a sharp circular 

obstruction with diameter (∗ was defined by the circle function in the center of a pixel grid with 

pixel size (1/6)&∗ . The 6× scaling was performed to mitigate pixelation error in mapping the 

sharply defined curves of the obstruction onto the pixel grid. This scaling is balanced with the 

domain size, which drives computation time. A 4096 × 4096 pixel grid was used to keep 

computation time below 10 seconds per simulated hologram. Next, using Eq. (4), diffraction of a 

plane wave about the aperture was simulated. In this calculation, the pixel grid is ℎ( , �), 

analogous with a camera recording of intensity in the plane perpendicular with the circular 

∗ ∗ �obstruction. e is set to to acquire |�(�, �; )| , the simulated hologram. Numerical 

∗ �reconstruction produces artefacts along the periphery of the 4096 × 4096 grid of |�(�, �; )| ; 

∗ these were removed by cropping |�(�, �; )|� by 75% to 3076 × 3076. Finally, the cropped 

simulated hologram was then rescaled by a factor of 1/6 using bicubic interpolation so that the 

pixel size of the final 512 × 512 image was &∗ . This yields an artificially generated |ℎ ( , ��)|�� � 
with known recording conditions &∗, ∗, and (∗ . 

Based on this test, the map of the allowable recording conditions for HDI measurements 

is plotted in Fig. 5. The white and lightly shaded area in the map shows these combinations of 

(∗, &∗, and ∗ that the sizing algorithm of Section 2.5 estimates (∗ within 3%. Unallowable 

conditions are masked solid black. This map was used to guide the experimental design of the 

two studies to be described in section 3. These conditions are marked in Fig. 5(a) and Fig. 5(c) as 

colored shaded boxes and solid red lines. 
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∗ ∗ Figure 5. Map of allowable experimental conditions plotted for different ( − 
combinations with 3 &∗ values. The white and lightly shaded regions are allowable 

conditions, while black shaded regions are unallowable dueto undersampling (region 

marked “U”) or oversampling (region marked “O”). (a) &∗ = 8.7. Green and blue boxes 

represent the small and large charged particles in Experiment 2 of Section 3, respectively. 

(b) &∗ = 15. (c) &∗ = 22. The blue box represents the particles recorded in Experiment 1 

of section 3, and the vertical red lines represent the uncertainty analysis conditions of 

Section 3.3. 

The masked region in the upper left quadrant and left borders of Fig. 5(a-c), labelled U 

(for undersampling), consists of particles with small particle images compared to the pixel size. 

In this region, the interference fringes from the diverging wave forward-scattering lobe of 

particles are spatially undersampled by the camera pixels. This occurs due to two cooperating 

factors. First, the smaller angular aperture of the forward scattering lobe (inversely related to () 

∗ makes the forward scattering lobe propagate at shallower angles. The second factor is smaller , 

where the diverging wave has not had sufficient space to expand and allow for proper sampling 

of the interference fringes on the pixels. The masked region in the lower right quadrant and 

bottom borders of Fig. 5(a-c), labelled O (for oversampling), consists of particles that are 

spatially oversampled, with an angular aperture limited by the hologram domain rather than the 

angular aperture of the particle. This occurs due to two distinct factors. First, the masked region 

in the lower right quadrant of Fig. 5(a-c) oversampled particles since the image of the forward 

scattering on the hologram extended beyond the 512 × 512 hologram domain, thus reducing the 

19 



 

 

              

                

               

           

              

                 

           

              

    

                

                 

            

               

              

          

 
        

measurable information. Second, the masked region at the bottom border of Fig. 5(a-c) is 

unallowable due to oversampling causing Eq. (6) to never change signs and thus not modify the 

aperture as discussed in Section 2.5. Due to this oversampling region, the smallest measurable (∗ 
in the range of &∗ considered is (∗ = 23 at &∗ = 8.7. 

One key physical assumption in the sizing technique described in Section 2.5 is that 

particles may be assumed to be a circular obstruction in the reference beam. As discussed in [33], 

�E 
this assumption is valid when the phase shift parameter { = X ((, − 1) = 2A(∗(, − 1) is 

“sufficiently large”, meaning smaller particles may be prone to error due to improper assumption 

of particle scattering. 

However, it is not obvious what the level of { that achieves “sufficiency” in the context 

of HDI measurements. In order to verify that all allowable conditions from the maps in Fig. 5 

satisfy the circular obstruction assumption, we compare the assumed Fraunhofer scattering about 

a circular aperture from the smallest allowable (∗ = 23 with the Mie scattering from a solid 

sphere with diameter (∗ = 23. This is performed by following the methodology of [33]. The 

intensity of Fraunhofer diffraction about a disk is described as 

� _�(�) = �(0) ����]�E?∗ ¡¢]£cc¤ . (8) �E?∗ ¡¢]£c _ 
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dB)The Mie scattering intensity was calculated 

using the freeware program MiePlot [34]. 

The ratio of these intensities with respect to 

the intensity at scattering angle � = 0, �(0), 

are plotted in Fig. 6 as a function of Scattering Angle � 
Figure. 6. Comparison of relative intensity of Mie 

scattering angle in decibels. The Fraunhofer scattering and Fraunhofer diffraction about a disk 

as afunction of scattering angle for (∗ = (/* = 
diffraction matches Mie scattering for the 23, , = 1.5. Agreement is observed between the 

first two scattering lobes; differences may only be 

first two scattering lobes, then deviates from observed by when dynamic range >40dB. 

Mie scattering for the third and fourth lobes. This mismatch occurs when the scattering intensity 

is near -50 dB with respect to the peak intensity at � = 0. 

The imaging equipment used in this study had a dynamic range of approximately 40dB 

owing to the mean filtering background subtraction used to remove imperfections in the 

reference beam. This means that the third scattering lobe and beyond were not observable due to 

the limited dynamic range of the camera. Therefore, differences in scattering between the 

measurements and the circular obstruction assumption are not expected to contribute to the 

sizing results across the allowable recording conditions in Fig. 5(a-c). 

Furthermore, it is also noted that electric charge on particles could alter the scattering of 

particles according to electromagnetic theory, which is not accounted for by the Fraunhofer 

diffraction model used to arrive at Eqs. (5)-(7). However, for larger (∗ (non-nanoscale particles, 

as in this study) this effect is considered to produce only negligible perturbations to the resulting 

function of intensity versus scattering angle [35, 36], meaning the threshold for any effect of 

charge on particle scattering is expected to be smaller than (∗ = 23. 
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Chapter 3. Charge Measurement Experiments Using HDI 

Using the HDI measurement principle, we performed charge measurements and quantified 

experimental uncertainties in two experiments. In the first, we verified accuracy of the HDI 

system. To that end, we measured charge on bipolarly charged particle samples using HDI and a 

calibrated electrometer, and compared the results. A basic HDI apparatus following the 

illustration in Fig. 2 was built and then used to measure the average charge of a reference 

bipolarly charged particle sample with known mean charge by a calibrated electrometer. The 

second experiment was designed to investigate the feasibility of measuring charge on particles 

that acquired charged triboelectrically in a fan-driven isotropic turbulence chamber, and observe 

how particle size affects the resulting particle charge distributions. In this experiment we used 

two particle samples with different sizes (mean diameters 22.5:i and 35:i). Each sample was 

charged in the turbulence chamber one at a time, and was extracted and measured using HDI. To 

measure charge on the smaller particles, a lens was added to the HDI apparatus. The differences 

in the two charge distributions were then compared. 

3.1 Experiment 1: Validation of HDI Measurement 

To validate the technique HDI, we compare charge measurement results by HDI against a 

standard setup–a Faraday cup coupled with a calibrated electrometer. This experiment served as 

a functional check, since measurements using HDI does not intrinsically need calibration. 

3.1.1 Particles and HDI setup 

To carry out this experiment, a device to generate particles with a constant charge 

distribution was needed. A tube system made of three different materials was used to generate a 

bipolar charge distribution on particles, for which the procedure for injecting and handling the 
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particles to avoid variation in charging was based on guidelines set in [3]. The particles were 

borosilicate glass spheres (3M glass bubbles, K25, nominal true density {� = 0.25¦/§§), sieved 

to contain particles nominally with diameter between 38:i and 45:i. To charge the particles, a 

tube system with 1/4” inner diameter composed of three different materials was constructed: 6” 

of horizontal, straight PVC tubing with a hole for the syringes was connected to an electrically 

grounded aluminum tube bent into a horizontal-axis helix with a radius of curvature 2.5” and 

pitch 3/8”, then finally through a 4” vertical straight paper tube. Each of the three components 

produced either positive or negative charges on the particles, so based on [37] the three materials 

were used in series to bipolarly charge particles. 

To take the charge measurements, a simple HDI setup without a lens and a Faraday cup 

and electrometer setup were constructed. The Faraday cup coupled with an electrometer was 

assembled, and operated based on common guidelines [4]. The Faraday cup was a 3” diameter, 

6” depth stainless steel cup surrounded by a grounded aluminum cylinder acting as a Faraday 

cage. The cup and cage were connected to a calibrated Kiethley 616 electrometer. The 

electrometer specification reports a minimum charge measurement accuracy of ¨5%. 

The HDI apparatus for Experiment 1 was constructed following the principle of Section 

2.2, pictured in Fig. 7. A 10 kV DC power amplifier (Trek 609B-3) charged 

capacitor with 14cm spacing (9 ≤ 7.1 × 10O © i) two ⁄ on 

sides of a transparent rectangular duct. A 532 ,i Dantec 

FlowLite LDV laser, expanded by a 10x collimating beam 

expander, was used to illuminate the sample volume. To 

a parallel plate 

Figure 7. Benchtop HDI 

apparatus for Experiment 1.
record holograms and track particles, a high speed camera was 
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used (IDT Motion Pro X-3), with 12:i pixel size. Thus, in this test, &∗ was fixed at = 
12:i/0.532:i = 23. 

The measurements were carried out on both the electrometer and the HDI system, 

following basic handling guidelines for charged particles to minimize variation in charge 

between from one sample to another sample [3, 38]. The glass particles were stored in a glass jar, 

and upon use were drawn using identical new plastic syringes. The back pressure, temperature, 

and humidity of the charging tube were kept constant throughout the trials. These particles were 

weighed, keeping each sample near 0.045 ¨ 0.01 grams, which corresponds to approximately 

6 × 10ª particles per sample, then the particles were injected into the charging tube system, 

driven by air with constant back pressure, temperature, and humidity. Based on this procedure, 

the particle charge distributions should be essentially identical between samples. 

3.1.2 Validation Experiment Results 

In order to determine the sample size required for measurements, we first measure the mean 

charge using the electrometer to find convergence owing to the speed of electrometer 

measurements. Ten charged particle samples (≈ 6 × 10« particles) were measured by the 

electrometer, yielding a final total charge per mass of −2.42 × 10N¬B/¦. Taking the cumulative 

average of each of the ten trials, by the third sample, the cumulative average charge per mass of 

the first three samples was < 5% difference from the total average charge per mass. This 

indicated that the average charge had converged by the third sample measurement. Based on this 

determination, we measured charge on three samples using HDI for comparable estimates of the 

mean charge. 

Since the electrometer outputs a charge per mass, while the HDI outputs a charge 

distribution, for the results to be comparable, both outputs need to be interpreted as the average 
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charge of a particle in the sample. To convert the electrometer-measured average charge per 

mass, we assume the particles are monodisperse 42.5 :i diameter spheres. Then, the average 

charge on a single particle is determined to be −1.13 × 10�>, where > is the number of 

elementary charges. On the other hand, HDI measures individual particle charges from all three 

trials (≈ 1 × 10� particles total), and the average of all the analyzed particles is calculated as 

−1.08 × 10�>. The difference in average charge between the two trials is 4.4%, which is under 

half the minimum electrometer accuracy (¨5%). 

The HDI-measured charge distribution is plotted in Fig. 8, with two overlapping black 

bars representing the two average charges. Despite the 

much higher variance in charge compared to the mean, 

the two measurement techniques converged to the same 

mean. We conclude from this experiment that the HDI 

apparatus can acquire distributions of charged particles 
Figure. 8. Plot of HDI-measured 

charge distribution (black curve). regardless of polarity, and the mean charge from this 
The overlapped vertical lines show 

the mean charge of the HDI-distribution agrees with a measurements from a calibrated 
measured distribution (−1.08 × 10� 
e) and mean charge measured by the device. Despite the tradeoff of HDI having a smaller 
electrometer (−1.13 × 10� e). 

particle sample size, the results of the two approaches 

yielded comparable results. 
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3.2 Experiment 2: Measurement of Triboelectrically Generated Charge in a Turbulence 

Chamber 

The purpose of this second experiment was to 

investigate feasibility in conducting a well-controlled 

study of the effect of electric charge on the dispersion 

and motion of particles in a novel fan-driven 

Homogeneous Isotropic Turbulence (HIT) chamber 

[39]. Pictured in Fig. 9, the HIT chamber was designed 

to study particle dynamics in isotropic turbulence with 

much lower effect of gravity on the particles (7 up to 

25) compared to conventional chambers using synthetic 

Figure 9. The 1-meter diameter 

fan-driven “soccer ball” 

Homogeneous Isotropic Turbulence 

(HIT) chamber, with acetal plastic 

fans. 

jets. It uses 20 symmetrically positioned fans to generate a region of stationary isotropic 

turbulence in the chamber center. Using particle imaging velocimetry (PIV), turbulent flow in 

the chamber was completely characterized. The isotropic turbulence in the central region was of 

at least 4.8cm diameter, with a Taylor scale Reynolds number =>X between 246 and 384 

depending on the fan speed [39]. For inertial particles without charge, the HIT chamber has been 

used to study the effects of Stokes number (®¯) on particle relative motion [40], as well as 

develop a particle-pair relative velocity measurement technique, where the particles were 

electrically netural by coating the fans with carbon conductive paint [41]. 

In many important particle-laden flows in nature, the particles may be electrically 

charged. For example charge plays a role in the physics of ice particles in clouds [42], particles 

in dust devils [43], and fuel sprays and internal combustion [44] to name a few. How the electric 

force between particles in these flows compete with the ambient turbulent flows to control 
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particle motion is still an open question. Studies have begun to address this category of questions 

by observing impact of charge on the particle radial distribution function and relative velocities 

in isotropic turbulence for small =>X [45, 46], yet many more questions still remain unanswered. 

We believe that if the particles were allowed to acquire electric charge from friction with 

the fans, this facility would provide an excellent opportunity to study the interaction among the 

electric (Coulomb) force, turbulent force, and particle inertia. However, independently varying 

the charge with respect to =>X and ®¯ are technically challenging, especially when the more 

general bipolar charge distribution is desired. In this experiment, we set out to generate two 

distinct levels of bipolar charge distributions inside the HIT chamber at the same flow condition, 

apply HDI to the charged particles by extracting them from the chamber, and then measure 

resulting the charge distribution. 

3.2.1 Triboelectric Particle Charging in the HIT Chamber 

To explore the feasibility of studying the charge effect on particle dynamics in the HIT 

chamber, the first step was to control the charge on particles inside the flow facility reliably. This 

requires a method to generate and independently vary charge with flow conditions. 

First, particles must have a way to be charged. Owing to the triboelectric effect, the 

borosilicate glass particles inside the HIT chamber are charged by friction with the fans. To 

charge particles negatively, the fans can be made out of acetal (POM) plastic. Acetal plastic was 

observed to produce negative charge on borosilicate glass by rubbing borosilicate glass test tubes 

with the acetal plastic fans, and measuring the charge polarity with a Faraday cup and 

electrometer. Furthermore, negative charge on particles has been directly observed on the 3M 

glass bubbles using the acetal plastic fans [47]. To charge particles positively, the acetal plastic 
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fans may be coated in resin-based paint, based on the triboelectric series [48]. If neutral particles 

are required, fans may be coated in conductive carbon paint [41]. 

Using a mixture of the bare acetal and resin-paint-coated fans consequently yields a 

mixture of positive and negative charge on the particles. In this experiment, we desire bipolar 

charge distributions to test whether these distributions broaden with increasing particle size. To 

that end, 10 of the 20 fans were symmetrically coated with resin paint, and the other 10 fans were 

left as bare acetal plastic, with all other chamber internal surfaces coated in liquid SiO2 coating 

to minimize other uncontrolled triboelectric charging. 

To find a simple way to vary charge strength under constant flow conditions, we reason 

that particle size should affect the particle charge distribution when all else is constant. It is 

known that the level of charge per unit surface area asymptotes over many impacts [49]. Since 

particles tumble and accumulate charge over their entire surfaces, it is expected that particles that 

have through chance collided predominantly with either the positive- or negative-charging fans 

asymptote to a constant level of charge per surface area over the entire particle. By this 

reasoning, if particles are larger in size and thus surface area, the particle charge magnitude is 

larger, and the charge distribution should widen. 

However, varying only diameter not only alters charge but also alters ®¯ ∝ {(� . To 

conduct a controlled experiment, the increased particle inertia should be accounted for by 

correspondingly reducing the particle density. In this experiment, this was accomplished without 

changing particle materials by using hollow particles with smaller shell thicknesses for the 

particles with larger diameter. We used smaller particles (diameter range 20:i − 25:i by 

sieving) with higher true density (3M S60 glass bubbles with {� = 0.60¦/§§), and larger 
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particles (diameter range 32:i − 38:i by sieving) with lower true density (3M K25 {� = 
0.25¦/§§). Both of these particle types yield ®¯ ≈ 1.19 at =>X 324 to achieve varying size and 

thus charge at constant flow conditions. 

3.2.2 Sampling from the HIT chamber 

A key technical challenge is in how to apply HDI to measure the charged particles inside the HIT 

chamber. Ideally, particle charge should be measured in situ; however this is not feasible since 

the required particle seeding density for HDI is smaller than what is practical for flow field 

measurements. Furthermore, it is physically prohibitive since one must design a non-intrusive 

mechanism to apply a uniform electric field at will, and account for particle inertia and fluid flow 

velocity when determining �<. 

Therefore, to measure the charged particles in a channel flow, a system was built to 

extract particles from the HIT chamber as illustrated in Fig. 10. A 0.75m long glass sampling 

tube with a 90°, 10cm bend radius connected the center of the HIT chamber to the sample 

volume of HDI. Borosilicate glass was used as the 

tube material to minimize tube-induced triboelectric 

charging. The tube was inserted into the core of the 

HIT chamber such that the two fan types were 

symmetrically distributed around the inlet to the tube. 

The positive pressure from the chamber fans and 

negative pressure from an in-line blower acted 

together to draw the particles through the glass 

sampling tube and into the HDI setup. This allowed 

Figure 10. Experimental setup 

for measuring particle charge in 

the HIT chamber. A 0.75m 3/8” 

diameter glass tube with 10cm 

radius 90° bend connects the 

HDI system to the chamber after 

a 20 minute charging time. 
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particles to be successfully extracted from the HIT chamber, with seeding density controlled by 

controlling the strength of the in-line blower. 

3.2.3 HDI Configuration 

In this experiment, particle sizes are between the nominal diameter ranges offered by standard 

sieves. The smaller particles are nominally 20:i to 25:i, while the larger particles are 

nominally 32:i to 38:i. Without using a lens, particles imaged at &∗ = 23, as in experiment 

1, would have an unacceptably small (∗ according to Fig. 5c. Therefore, a lens was added to 

decrease &∗ and thereby extend the lower bound of (∗ . The magnification from the lens offers an 

effective pixel size of 5.5:i, and therefore &∗ = 8.7. At this magnification, according to Fig. 

5(a), particle size with (∗ = 33 may be measured by the algorithm with < 3% algorithm-

introduced error. The methodology for implementing lens imaging for holographic imaging has 

been outlined in [50] and is given in appendix A. 

Along with accommodating a lens, this system had the alternate goal of being a 

standalone, reconfigurable HDI setup for future experiments. As shown in Fig. 11, this system 

consisted of a 603 nm direct diode laser 

(Wicked Lasers Inferno) run at half power (375 

mW), and placed in-line with 10× expanding 

collimating optics, a high-speed camera (IDT 

Motion Pro X-3, 12:i pixels) and a lens 

(Infinity K2/SC with CF-3 objective, ° = 
2.1). The components were mounted to a linear 

traverse on a mobile cart that is levelled using 

stabilizer legs when in use. To generate the 

Figure 11. HDI charge measurement 

apparatus. The components are mounted to a 

mobile cart and may be transported to the 

charged particle source. 
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electric field, a 10 kV DC power amplifier (Trek 609B-3) charges two parallel plates with 14cm 

spacing on two sides of a transparent rectangular duct to produce an electric field (9 ≤ 7.1 × 
10O ± ). Alternatively, a smaller DC-DC amplifier (pictured in Fig. 11) or a Cockroft-Walton o 
multiplier may be used to charge the parallel plate capacitor. 

3.2.4 HDI Measurement and Results 

To perform the charge distribution measurements, for each particle type the HIT chamber 

fans were first started at 2500 RPM, corresponding to =>X = 324 [39], and particles are injected. 

After exactly 20 minutes, the glass sampling tube was inserted into the chamber such that the 

tube entrance is in the center of the chamber. The vacuum in-line blower was turned on, which 

created a negative pressure difference and drove a pipe flow with Reynolds number based on 

pipe diameter =>@ ≈ 300. Particles are drawn at approximately 0.5 i/; out of the tube to the 

HDI apparatus wherein particle charge is measured. 

The resulting individual particle charges were composed into charge distributions and 

plotted in Fig. 12. Each of the two 

distributions are composed of 

approximately 1500 particles each. The 

larger particles (32:i ≤ ( ≤ 38:i) 

had a obtained a wider charge 

distribution than the smaller particles 

(20:i ≤ ( ≤ 25:i) as hypothesized. 

However, the width of the distribution 

does not scale with particle surface area 

as we originally expected. While the 
Figure 12. Charge distributions measured from the HIT 

chamber through the 90°sampling tube. 
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ratio of surface areas is nominally 2.4, the ratio of standard deviations of the charge distributions 

was 4.7. This means that the standard deviation of charge increased faster with ( than the 

increase in surface area, indicating that charge is not directly proportional to surface area. This is 

physically possible, since even the strongest charged particles near the tails of the PDF are not 

near charge saturation [51]. This result means that as surface area is increasing, the charge per 

surface area is also increasing, meaning that the larger surface area is enhancing the strength of 

triboelectrification with the fans. This may be due to a change in weight of the particle affecting 

the impact strength on the fans. Another explanation for this effect is that larger particles may 

have a higher probability to impact fans due to the larger displaced volume of larger particles. 

This underprediction of charging with increasing size adds additional complexity to the problem 

of independently controlling charge. To predict the variation of charge with size, these issues 

must be resolved. 

Furthermore, any sampling device, such as the glass tube used here will add complexity. 

By sampling particles, the opportunity for unwanted triboelectric charging that could 

contaminate the original charge distribution exists. The question remains open for whether better 

results would be obtained from sampling the charge from the chamber, which subjects particles 

to invasive transport, or from implementing HDI charge measurement inside the flow facility, 

which limits seeding density of the particles and requires surmounting multiple technical 

challenges. This study and development of a charged particle measurement technique paves the 

way for future work which must combine measurement of charge with measurement of particle 

dynamics in isotropic turbulence to understand the effects of charge and turbulence on particle 

motion. 
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3.3 Uncertainty Estimation 

To estimate the precision of the estimations determined in Section 3.2, we determine the 

measurement uncertainty for both cases, based on the uncertainty in particle sizing for (, and 

particle tracking for �<. These two uncertainties are in turn are a function of the experimental 

conditions, and will be manipulated to determine the relative uncertainties in charge 

measurement of both experiments, as a function of particle charge. 

Assuming that �< and d are the only factors of Eq. 1 containing uncertainty, the 

uncertainty in a single charge measurement is expressed as [52]: 

�²� = ³(²�<)� ] ´µ c� S (²()� ]´µ 
. (9) ´2q ´?c 

Where the notation ²= indicates the uncertainty of quantity =, with a given confidence level. 

Thus, in order to determine the uncertainty in q for a general measurement, the uncertainties in 

�< and ( must be determined. 

First we estimate the uncertainty in �<. Since the velocity component �< is entirely in the 

recording plane, the large out-of-plane uncertainty of in-line holography [17] does not affect ²�<, 

rather, the much smaller transverse velocity uncertainty [53] affects �<. In-plane velocity 

measurement uncertainties from a well-designed particle 2D tracking velocimetry system 

(balanced pixel displacement between frames with particle number density, etc.) typically yield 

sub-pixel uncertainties for the position measurements, i.e. a conservative estimate of particle 

positioning uncertainty is ²/& < 1 where ² is particle location uncertainty. A conservative 

estimate of particle velocity uncertainty is therefore expressed as 

²�< = ²/Δ¯ ≈ &7, (10) 
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(

where Δ¯ is the time between frames of the camera, and 7 is the framerate of the camera. 

Next, we estimate the uncertainty in (. Size measurement uncertainty is not well-

documented as positioning uncertainty; therefore we classify it for a representative range of 

recording conditions within the map prescribed in Fig. 5. A sampling of Fig. 5c, illustrated as the 

red vertical lines in Fig. 5c, was made by following the procedure of Section 2.6 to generate and 

test 8400 holograms. The particle diameter range was 2800 cases in the range 62 ≤ (∗ ≤ 147 
∗ =with equal spacing. The particle recording depths and pixel size were (4.5 × 10�, 9.0 × 

10�, 14 × 10�) and &∗ = 23, respectively. As a result of the test, whose procedure is given in 

Section 2.6, the percent differences between the estimations and known diameters were plotted 

as a histogram in Fig. 13. The mean percent error of this sample is 0.58%, and the standard 

deviation is ·? = 0.55%. To assign a number to the uncertainty in size measurement, we take 

three times the standard deviation 

²(/( = 3·? = 1.7%, (11) 

which is greater than 94% of the 8400 sampled particles. Therefore, since these conditions are 

considered representative for the acceptable 

conditions within the maps of Fig. 5, the 

uncertainty in sizing for both experiments 1 

¸? 
and 2 are taken to be ? = 0.017 with 94% 

confidence. 

After substituting Eqs. (10) and (11) 

Figure 13. Size measurement error PDF for 
into Eq. (9), and dividing both sides by � = &∗ = 23, ∗ = 4.5 × 10�, 9.0 × 10�, 14 ×10�), and 3 ≤ (∗ ≤ 7 .DEF�<(�, where � = we obtain8GH , 
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¸µ ]�º?» V½� 
µ = ¹ µ c� S 0.017�¼ . (12) 

Eq. 12 is then plotted for experiments 1 and 2; the resulting charge measurement uncertainty is a 

function of charge, and is plotted as the solid and dashed lines in Fig. 14. At small charge, the 

uncertainty due to particle velocity uncertainty (first term of the right hand side of Eq. (12) ) 

dominates, since ²�</�< is small. As charge increases, velocity uncertainty becomes weak 

compared to the size measurement uncertainty, which is independent of charge, and thus the 

diameter uncertainty dominates. As evidenced by Figs. 7 and 12, about half of the particles have 

charge greater than 5 × 10� , indicating for a majority of the particles, ²(/( dominates the 

charge measurement uncertainty. Therefore, attempts to improve charge measurement 

uncertainty should focus on improving the uncertainty in particle sizing. One should note that 

despite the large charge measurement uncertainty 

for particles near the mean charge (≈ 8% for 1 × 
10�>), the uncertainty in the mean charge would 

not be 8%, since the variance of the distribution 

plotted in Fig. 8 was large enough that most 

particles composing the distribution were of an Figure 14. Uncertainty in charge 

measurement for the three sizes of particles 

order of magnitude higher and thus had smaller used in experiments, at 94% confidence. 

Relative uncertainty asymptotes to 1.7% as 

charge increases towards saturation. individual uncertainties. 
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Chapter 4. Conclusions 

In this study, we developed a new method of measuring particle charge, named 

Holographic Deflection Imaging, or HDI charge measurement. This dynamic charge 

measurement technique is capable of measuring charge distributions of polydispersed particles 

regardless of polarity, using routinely available hardware. By imaging particles moving through 

a uniform electric field using in-line holography at appropriate recording conditions, particle 

sizes and responses to an electric field may be measured on multiple particles simultaneously to 

acquire their charge. These individual particle charges collectively can compose charge 

distributions. 

A key innovation of this technique is the automated measurement of individual particle 

diameter and charge in a polydispersed particle sample using in-line holography with minimal 

hardware: only a camera, a laser, high voltage power supply, and a computer. The automated 

size measurement algorithm is built upon [32], and improves upon past particle sizers through its 

simplicity in design and capability of measuring particles in a polydispersed sample across a 

wide, well-defined range of recording conditions. 

Based on these foundations, we then performed two experiments. The first validation 

experiment using a Faraday cup coupled with a calibrated electrometer to showed that the HDI 

measurements were accurate since mean particle charges measured by HDI and the calibrated 

electrometer of bipolar charge from a repeatable charged particle source differed by < 5%, 

which was smaller than the electrometer uncertainty. In the second experiment, we laid the 

foundations of a controlled investigation of the effects of charge on particle dynamics, devising a 

new way to produce and vary bipolar charge in turbulence flow facilities using triboelectricity. 

By testing this method, we determine that there are still unknown phenomena that affect the level 
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of charge present on the particles associated with the variation in the level of charge per unit area 

with particle size. These experiments lay the groundwork for a study which combines charge 

measurement with measurement of particle dynamics inside the turbulent flow facility. 
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Appendix A. HDI Measurement Using a Lens 

For flexibility in recording 

conditions and increased spatial 

resolution, a camera lens may be 

added in front of the hologram 

recording sensor. By adjusting the 

focal distance of the lens, &∗ and 

∗ can be adjusted without 

changing the camera sensor or 

physical recording distance. While 

it is possible to measure charge without a lens for systems of larger (> 40:i) particles as done 

in Section 3.1, measurements with smaller particles and larger physical recording distances are 

made possible using a camera lens. The lens allows for control over the effective pixel size & 
through magnification based on the lens equation, and allows for control of ∗ (down to ∗ ≈ 0), 

as described below. 

The general in-line hologram recording configuration using a lens is illustrated in Fig A1 

[50]. The lens transforms the planar reference wave and spherical object wave (particle scattered 

light) into two spherical waves with different curvatures. Even though Eq. (4) was developed for 

planar reference waves, it was determined in [50] that it may be also used to instead obtain 

apparent particle position (��, ��, �), related to actual particle position (��, ��, �) through the 

relation 

°��� = °��, �� = °��, � = �, (9) 

Figure A1. In-line holography system with a lens with 

focal length F. The recording plane is translated to the 

ghost recording plane by the lens imaging equation, 

wherein � is now the particle depth when 

reconstructed using a plane wave reference beam. 
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based on analysis of the lens imaging equation and magnification equations of holography [54]. 

Besides the reduction in &∗ from magnification, adding a lens removes the restriction of 

minimum recording distance ∗ due to the camera sensor being outside the flow facility. The 

apparent particle position (� , � , ) is measured from a ghost recording plane with an axial � � � 
depth ¾¿ S ¾À from the camera sensor, where ¾¿ is the ghost hologram plane distance from the 

lens and ¾À is the length of the lens, and ¾¿ = °¾À. One way to obtain ¾¿ and ° experimentally 

is by placing a transparent dot grid target with known grid spacing perpendicular to the laser 

beam at the depth at which the interference fringes collapse onto the particle image as recorded 

by the camera. This location is marked as = ¾À S ¾¿. Then, by relating the known dot grid 

spacing and camera pixel size to the number of pixels between the center of each dot, ° may be 

recovered. 
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Appendix B. Effects of Nonspherical Particles 

An assumption of particle diameter measurement is that the particle is spherical. However, in 

experiments with droplets or powders, the particle may not be perfectly spherical. In this case, it 

is important to define ( in Eq. (1) as the Stokes diameter, or electrical mobility diameter, which 

is by definition the diameter of a perfect sphere that has velocity of �< in such an electric field of 

strength 9. Through the analysis below, the particle sizing technique of Section 2.5, when 

applied to spheroidal particles, is observed to recover the volume-equivalent diameter dve, that is, 

the diameter of a sphere of identical volume to the analyzed particle. The quantity (23 is related 

to ( through the dynamic shape factor Á [55] 

( = Á (23 GG
H

H((?)) , (8) ?ÂÃ 

where Á is a function of shape and orientation with respect to the flow. In the case of spheroids, 

dynamic shape factors have been documented as a function of both aspect ratio and orientation 

[56]. 

To briefly explore the effects of nonsphericity on the size measurements, we use the 

strategy of Section 2.6 to plot diameter estimation error as a function of the aspect ratio of 

simulated spheroidal particles of varying size. We 

generate synthetic individual particle holograms 

with aspect ratio from 1 to 1.5 at the recording 

conditions &∗ = 9.1, 1.4 × 10� with particle ∗ = 
∗ diameters (23 = (23/* between 27 and 64, and 

∗ then measure error using the approach of (23 
Section 2.6. As plotted in Fig B1, below aspect 

Figure B1. Percent error in (23 estimation as a 

function ofaspect ratio for &∗ = 9.1, ∗ = 1.4 × 10� . Solid line: parabolic fit of results. 
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ratios of 1.5, the percent error in (23 estimation does not strongly depend on (23, and 

monotonically increases with particle aspect ratio (AR). A parabolic fit of this data yields the 

following relation of error as a function of aspect ratio 

²(23 = −0.13Ä=� S 0.46Ä= − 0.34 , (9) 

which may either allow for estimation of uncertainty of size measurement for particles with 

unknown or varying aspect ratios, such as in droplets that change in morphology over time, or be 

used as a correction factor for particles with a known constant aspect ratio and orientation with 

∗ respect to the flow. Eq. 9 is not necessarily valid outside *∗ = 9.1, ∗ = 1.4 × 10� , and 27 ≤ (23 < 
64, and should be regenerated using this procedure at the desired measurement conditions as 

necessary. 
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