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Abstract 
We present a method for creating a new type of model particle that allows us to measure the mass transfer rate from the 
particle surface to the surrounding water. We use hollow glass spheres and sugar to create neutrally buoyant particles in 
a variety of molded shapes. These particles are an alternative to traditional gypsum objects for measuring mass transfer, 
with the important characteristic of being neutrally buoyant. This is an inexpensive method that allows for custom particle 
shapes to be manufactured with different densities. We test the utility of these particles by measuring their dissolution rates 
in homogeneous, isotropic turbulence in our laboratory turbulence tank. Our measurements fit our proposed model, and give 
a faster dissolution rate for rod-shaped particles than for disc-shaped ones.
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1  Introduction

Mass transfer is an important topic in many areas of sci-
ence and engineering (Bird and Stewart 2007; Nazaroff and 
Alvarez-Cohen 2001). Industrial examples include chemical 
reactors (Boon-Long et al. 1978; Sano et al. 1974) and phar-
maceuticals (Grijseels et al. 1981). Environmental exam-
ples include the moderation of biomass decay by bacteria 
(Nazaroff and Alvarez-Cohen 2001; Stocker et al. 2008; 
Kiørboe et al. 2002) and copepods (Lombard et al. 2013), 
zooplankton finding mates (Bagøien and Kiørboe 2005), and 
ctenophore locomotion (Sasson et al. 2018). Some of these 
particle sizes lie within the inertial subrange (Byron et al. 
2015), the scale of turbulence which has a nearly constant 
rate of energy transfer from large scales to small scales with-
out significant energy loss due to viscosity. For particles in 
this size range, we are interested in the relationship between 
their shape, motion, and flux.

Particles whose size are in the inertial subrange of tur-
bulence are influenced by unsteady fluid forcing (from the 
turbulent flow), by the boundary layer surrounding the 
particle, and by inertia from the particle mass. This is an 
interesting regime in which particles are large enough to 
inertially cross fluid streamlines, yet small enough to be 
moved by turbulent fluctuations. In addition to size, we 
consider shape as an important feature because shape and 
size work together to determine how a particle reacts to 
ambient turbulent forcing (Bordoloi and Variano 2017). 
The influence of shape on rotation has recently become 
the subject of investigation (Voth and Soldati 2017; Pujara 
et al. 2018) and rotation likely influences mass transfer. 
Defining the shape–motion–flux relationship will help 
clarify fundamental questions about particle–turbulence 
interactions within the inertial subrange.

Particles smaller than the Kolmogorov scale, the smallest 
lengthscale of turbulence, move with a Stokesian response to 
a time-varying linear shear flow. Simulations of this motion 
in turbulence demonstrate differences in the ways rods and 
dics move in turbulent flows (Byron et al. 2015; Shima and 
Voth 2014; Chevillard and Meneveau 2013; Pujara et al. 
2019). Rods tend to spin more around their symmetry axis 
while discs have a tendency to tumble (rotate around the axis 
perpendicular to the symmetry axis) (Byron et al. 2015). 
It is currently an open question whether the tendency of a 
certain shape towards tumbling versus spinning persists for 
particles in the inertial subrange. Such particles have length-
scales longer than the Kolmogorov scale, but smaller than 
the energy-containing scales that begin the turbulent ‘cas-
cade.’ A scale in between those two extremes is the Taylor 
lengthscale (Pope 2000).

Previous work by Haugen et al. (2017) on mass trans-
fer in turbulent suspensions of sub-Kolmogorov scale 

particles used extensions of point-particle methods 
(Balachandar and Eaton 2010). Using the point-particle 
approach fails when particles are larger than the Kolmogo-
rov scale. Our particles, being near the Taylor scale, expe-
rience both fluid viscous forces and particle inertial forces 
at non-negligible magnitudes. To understand how particles 
at the Taylor scale interact with turbulence requires resolv-
ing the unsteady particle boundary layer as part of the 
turbulent direct numerical simulation (DNS) (Cisse et al. 
2013; Voth 2015; Fornari et al. 2016; Do-Quang et al. 
2014; Lucci et al. 2010; Uhlmann 2008). However, DNS 
is not yet practical for looking at mass transfer across the 
fluid–particle interface due to the costly extra grid resolu-
tion needed to resolve scalar fields down to the smallest 
scale of mass transport, the Batchelor scale. Therefore, 
laboratory methods are currently the most practical means 
by which to measure mass transfer rate of Taylor-scale-
sized particles in turbulent flow.

Direct measurements of mass transfer rates traditionally 
used gypsum (plaster of Paris) to measure flow velocity via 
dissolution rates in both laboratory and field experiments 
(Porter et al. 2000; Angradi and Hood 1998; Baird and 
Atkinson 1997; Pachon-Rodriguez and Colombani 2013). 
Before going to the field, laboratory calibrations were used 
to correlate flowrate with dissolution (Angradi and Hood 
1998; Baird and Atkinson 1997; Pachon-Rodriguez and 
Colombani 2013; Thompson and Glenn 1994). Plaster of 
Paris was molded into shapes such as spheres (Porter et al. 
2000), cubes (Angradi and Hood 1998), and corals (Baird 
and Atkinson 1997), before being fixed in place as water 
flowed past. The results of these experiments were reliable 
only under certain conditions: the flow statistics of the cali-
bration flow system needed to match the flow statistics of 
the natural environment where the method was deployed. 
More recent studies used X-ray computed tomography (CT) 
scanning and digital holographic microscopy, respectively, 
to calculate the dissolution rate of gypsum forms (Feng et al. 
2017; Chang 2013). These methods did not require com-
parisons between the rate of dissolving in a laboratory flow 
and that of the field to find a dissolution rate, leading to 
more flexibility in experimental set-ups. Nonetheless, these 
objects were still fixed in space.

Studies by Huang et  al. (2015) have taken a similar 
approach of using dissolution to characterize water motion 
coupled with shape dynamics. In these experiments, hard 
candies (instead of gypsum) were dissolved in laminar high-
speed flows to study the evolution of particle shape and the 
receding candy surface. This process showed shape con-
vergence of cylinders and hemispheres to a steady terminal 
form (Huang et al. 2015). The overall dissolution rate of 
the sugar increased with the square root of flow speed, and 
the volume of the submerged body vanished quadratically 
in time. Due to the shape-flow feedback, this experiment 
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resulted in a moving boundary layer problem (Huang et al. 
2015). Using scaling laws, Huang et al. (2015) were able to 
find a recession velocity based only on relevant scales such 
as diffusivity and boundary layer thickness. Their experi-
ments show evolution of a solid body towards a state of 
uniform shear and therefore uniform material flux (Huang 
et al. 2015). While these experiments could hold insights 
into the behavior of our freely moving sugar particles, their 
experiments were performed in laminar flow and simplified 
to a 2D model. Turbulence, on the other hand, is inherently 
3D and unsteady.

Some research teams have investigated freely moving 
particles in turbulence; however, these studies only looked 
at granular particles (Sano et al. 1974) and spheres (Sano 
et al. 1974; Machicoane et al. 2013; Levins and Glastonbury 
1972; Boon-Long et al. 1978). In the experiments by Sano 
et al. (1974) and Levins and Glastonbury (1972), mass trans-
fer rates of granular particles and spherical ion exchange 
beads of relatively small sizes (60-600�m in diameter) were 
characterized using the Schmidt ( Sc = �∕D ) and Sherwood 
( Sh = kdp∕D ) numbers (Sano et al. 1974; Levins and Glas-
tonbury 1972). The Schmidt number describes the ratio of 
momentum diffusion to mass diffusion with � being the kine-
matic viscosity [ (length)2∕(time) ] and D the mass diffusivity 
[ (length)2∕(time) ]. The Sherwood number is often written as 
a function of the Schmidt number, and relates the convec-
tive mass transfer rate to the diffusion rate. In the Sherwood 
number, k is the mass transfer coefficient [(length)/(time)] 
and dp is the particle diameter; D is the mass diffusivity, 
same as in the Schmidt number. Boon-Long et al. (1978) 
did similar experiments with spherical benzoic acid particles 
(2.2–4.3 mm in diameter) dissolving in water (Boon-Long 
et al. 1978). We are interested in doing freely moving parti-
cle experiments as well, but with larger particles in a variety 
of anisotropic shapes.

Machicoane et al. (2013) used larger particles (1–3 cm 
in diameter) to study the heat transfer rates of melting 
ice balls. The authors placed ice balls in a turbulent von 
Kármán apparatus with parallel lighting and used afocal 
shadowgraphy to measure melting rates of the spheres. In 
comparing ice balls that were fixed in space with those that 

could freely move about, the authors found that the shape 
of the fixed ice sphere became ellipsoidal over its melt-
ing period due to the anisotropy of the flow, while the ice 
sphere that was freely moving melted isotropically in all 
of the tested flows (Machicoane et al. 2013). The authors 
predict this could be due to the particle’s ability to rotate 
on itself while it is melting (Machicoane et al. 2013).

In this study, we focus on freely moving particles which 
dissolve along their Lagrangian trajectories. To conduct 
experiments with particles suspended in a turbulent flow, 
the particles need to be neutrally buoyant. Neither gypsum, 
ice, nor sugar alone meet this requirement. Therefore we 
have developed a sugar-glass-sphere compound that can be 
used to measure dissolution in a similar manner as gyp-
sum. In this paper, we explain the method for manufactur-
ing such particles and use example particles to explore 
how shape affects the mass transfer rate from a particle’s 
surface in a turbulent flow.

2 � Methods

Two different shapes were tested in this experiment, shown 
in Fig. 1. The first shape, called ‘discs,’ had dimensions 
of 12.7 mm × 12.7 mm × 6.35 mm and the second shape, 
called ‘rods,’ had dimensions of 6.35 mm × 6.35 mm × 
25.4 mm. These dimensions provided two different aspect 
ratios (aspect ratio = symmetry axis length : degener-
ate axis length) for examination while keeping volume 
constant. The disc-like particles had an aspect ratio of 
1/2, and the rod-like particles had an aspect ratio of 4. 
Volume-matched particles were chosen because studies 
show that particle volume, and not surface area or aspect 
ratio, control the rotation of Taylor-scale-sized particles 
suspended in isotropic turbulence (Bordoloi and Variano 
2017; Byron et al. 2015). Because rotation and mass trans-
fer both depend on fluid shear near the particle surface, 
we take rotation as an initial prediction of mass transfer 
behavior.

Fig. 1   Neutrally buoyant 
dissolving particles using our 
new manufacturing method. 
Rod-shaped particles are shown 
on the left and disc-shaped 
particles are shown on the 
right. The rod-shaped particles 
pictured are matched by volume 
to the disc-shaped particles
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2.1 � Fabrication of particles

The particles were made from a mixture of sucrose, dextrose, 
and hollow glass spheres, which was heated and poured into 
molds where they cooled and hardened. A series of positive 
and negative molds was created (shown in Fig. 2). The first 
mold is a positive mold of the particles, and was made using 
the Monoprice Mini 3D printer and PLA plastic. The second 
mold, made out of silicone, is a negative mold of the parti-
cles. Vegetable oil was used as a release agent and applied 
to the positive mold before the mixing of silicone began. 
The silicone was mixed by combining reagents A and B of 
PlatSilⓇ 73–15 Liquid Rubber according to the manufac-
turer’s direction, using equal proportions by weight. Mixed 
silicone was poured into the oiled positive mold and set for 
5 h before it was demolded. Excess rubber around the edges 
was trimmed with a razor blade.

Once the silicone molds were created, they were filled 
with the cooked sugar-glass recipe to make the particles. The 
recipe required mixing 24.0 g of sucrose (Fisher Scientific 
S5-3), 1.5 g of dextrose (Fisher Scientific BP350-1), and 
5.55 g of hollow glass spheres ( 3MTM Glass Bubbles K37) in 
a 100 mL beaker. Then 10 mL of deionized water was added 
to help combine the ingredients into a slurry. The ingredi-
ents were added one-by-one and the combined cumulative 
mass of the ingredients and the beaker was recorded between 
consecutive additions. The stirrer bar and thermometer were 
added to the beaker and recorded. Recording the mass of 
each component was essential to having a consistent water 
concentration in the final particle. The size of the beaker was 
important for achieving the proper consistency of the mix-
ture before it was molded. The thermometer gave the most 
accurate temperature readings when it was submerged in at 
least one inch of the mixture. Working with this constraint, a 
100 mL beaker provided the most consistent results regard-
ing temperature measurements and volume capacity of the 
beaker to avoid the mixture over-boiling.

The mixture was heated on a hot plate with an average 
steady-state surface temperature of 256 ◦C ± 2 ◦C . As the 
mixture cooked, the total mass was monitored to measure 
the amount of water that had evaporated. When the water 
concentration reached 5% of the mixture’s mass, the mixture 
was poured into the silicone molds. A water concentration of 
5% was normally achieved at a temperature of 121 ◦C ± 2 ◦C 
(about 20 min after boiling, characterized by bubble for-
mation, began). At this point, the mixture was light tan in 
color, and a filament of it would easily snap if dropped into 
a glass of cold water. One batch of the above recipe filled 
approximately two of the silicone molds pictured in Fig. 2.

The cooked slurry solidified quickly after it was removed 
from the heat, which made casting the particles a time-sen-
sitive process. The beaker was insulated with a neoprene 
beverage sleeve to help mitigate this problem. The rapid 
cooling did not leave enough time for any air bubbles intro-
duced when pouring the mixture to rise and escape from the 
mold before the shape hardened. To minimize the number of 
trapped bubbles, the mixture was poured into the center of 
the mold cavity; the mixture flowed out from the center to 
fill the corners. This technique slightly reduced the amount 
of large air pockets trapped along the edges and corners of a 
hardened particle. Those particles for which air was trapped 
inside during molding were discarded at a later stage. A 
glass stirrer bar was used to aid in pouring the mixture from 
the beaker to the mold. After the molds were filled, they 
were leveled by scraping the stirrer bar across the top of the 
mold. This leveling process occasionally created a vacuum 
resulting in a depression on the surface of the particles. 
Particles with severe depressions were not used for testing. 
After the mixture was poured into the molds, it was left to 
cool to room temperature before being demolded and sanded 
to remove any jagged edges.

Rod- and disc-shaped particles each had their individual 
molding challenges. The majority of the disc-like particles 
did not trap air pockets within them, but the mixture often 
did not flow all the way to the corners of the mold cavity, 
leaving the edges of the particles rounder than the intended 
shape. For the rod-like particles, the corners presented less 
of a problem. However, on average, there were more rod-
like particles that contained hidden air pockets than disc-like 
particles. An example of this can be seen in Fig. 3, where the 
rod-like particle dissolved irregularly due to the hollow cavi-
ties. The cavity inside the particle did not become apparent 
until the particle started to dissolve. When cavities appeared, 
the particle and the data were discarded and the experiment 
was repeated with a new particle. Some batches of particles 
had more air pockets in them than others, depending on how 
quickly the mixture was poured into the molds after reach-
ing the ideal water concentration. The results presented here 
include only particles that maintained their shape as they 
were tested.

Fig. 2   3D printed positive rod-shaped mold, negative silicone mold, 
and finished neutrally buoyant rod-shaped particle
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2.1.1 � Limitations

The method described in Sect. 2.1 fulfilled our goal to 
find a pourable recipe that creates particles capable of 
holding their shape as they dissolve. However, there were 
some limitations regarding the shelf-life of the particles 
and their moldability. The shelf-life, or how long a certain 
batch of particles can be stored, depends on their moisture 
content and the relative humidity the day they were made 
and during storage. In certain situations, the particles may 
become sticky during storage and start to “weep,” i.e. lose 
their structure and have a fluctuating water content (Ergun 
et al. 2010). Fluctuating water content is a result of the 
water activity in a particle and causes structural instability, 
shortening the allowable storage time between manufac-
turing and testing.

The particles typically start with low water activity, 
indicating little water in the particle is available to contrib-
ute to physical or chemical processes (Ergun et al. 2010). 
This leads to the movement of moisture from the air to the 
particle surface. To visualize this, imagine finding a piece 
of old candy in the back of the pantry. Old candy tends to 
be sticky and difficult to separate from its wrapper (Hartel 

et al. 2018). The old candy has increased in water content 
as it gains water molecules from the air around it, making 
it sticky.

Exchange of water molecules between air and particles 
is not one-directional nor is the water concentration in each 
medium often at equilibrium. Once the surface of the parti-
cles (or candy) starts accepting water, the total water activity 
of the particles will increase. As a result of the increased 
water activity, more water will move from the particle to 
the air than from the air to the particle (a net loss in water). 
Since the particle now has fewer water molecules than the 
air, it will start accepting water molecules again. The trad-
ing of water molecules from the air to the particles and back 
again leads to disintegration of the particles, and causes 
them to become soft, sticky, and lose their shape (Ergun 
et al. 2010). Figure 4b and d show examples of weeping 
particles; Fig. 4a and e show incompletely molded particles; 
Fig. 4c is the final recipe used.

The temperature of the recipe during cooking strongly 
influences the final water content of a particle as well. A 
batch cooked too long will have a very low water content, 
and, therefore, low water activity. The lower the water activ-
ity is, the more rapidly water will move from the atmosphere 

Fig. 3   a Shows an example disc-like particle as it dissolves. b Shows a dissolving rod-like particle with trapped air bubbles

Fig. 4   Results from recipe trials. The dextrose-to-sucrose ratio is 
increasing from sample a to sample e. a No dextrose, low-temp; b no 
dextrose, high-temp; c low dextrose-to-sucrose ratio, mid-temp; d low 

dextrose-to-sucrose ratio, high-temp; e high dextrose-to-sucrose ratio, 
mid-temp. The side-length of each of the cubes pictured is 7.5 mm
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to the particle as a result of a steeper concentration gradi-
ent. The higher gradient leads to faster decomposition of 
the shape and a shorter amount of time the particle can be 
stored before it is tested. Arriving at the ideal water con-
tent and temperature combination also influences how well 
the molds can be filled and leveled off. In our effort to find 
a procedure reliable enough for scientific study, we tested 
over 100 batches varying recipes and methods of mixing and 
molding. Small fluctuations in the initial mass of a particle 
were not uncommon as a result of small variations in particle 
manufacturing. Considering all these variations, the results 
are still quite clustered and repeatable (see Sect. 3). Slight 
departures from neutral buoyancy are visually obvious to 
the experimenter. Our recipe using 5.55 g of bubbles stays 
suspended in the tank, while the one with 5.60 g and 5.50 g 
go directly to the top or bottom of the tank and stay there.

2.2 � Evaluation of particles

The turbulence tank described in Bellani and Variano (2014) 
was used to evaluate the shape dependence of the mass trans-
fer rate. The test section of the tank is 80 cm × 80 cm × 75 
cm and is located in the middle of the tank between two 
mesh screens. The screens were used to prevent particles 
from going into the jet intake. Turbulence in the tank was 
created by two 8 × 8 arrays of synthetic jets, located at oppo-
site ends of the tank, and positioned to face each other. The 
jets were randomly actuated in a way to maximize isotropy 
and minimize mean flow (Bellani and Variano 2014). The 
turbulence tank was filled with filtered and degassed tap 
water. A schematic of the tank is shown in Fig. 5.

Turbulent quantities were taken from Byron (2015) and 
Bellani et al. (2013) and averaged over the entire volume 
of the test section. The volume-averaged energy dissi-
pation rate was 5.49 × 10−5m2∕s3 , the volume-averaged 
turbulent velocity ( urms ) was 1.98 × 10−2m∕s , and the 
volume-averaged Taylor scale was �� = 1.55 × 10−2m . 
The proposed characteristic scale of interest for particle 

dynamics is the diameter of a sphere with the same volume 
as that of our particles. This particle equivalent diameter, 
deq , can be non-dimensionalized using the Taylor scale: 
deq ∗= deq∕�� = 0.81 . In following the method used by 
Machicoane et al. (2013), we calculate a mixed Reynolds 
number urms ∗ deq∕� = 247 . We do not vary the turbulence 
intensity in this study, so comparisons between turbulent 
forcing and mass transfer rates are not included.

The mass transfer rate of the shapes was characterized 
by taking measurements of the mass of a single particle 
until it had completely dissolved. This was repeated one-
by-one for each rod- and disc-shaped particle that was 
tested. Each particle was dropped into the tank while the 
jets were firing, and then was removed from the tank after 
60–80 s using an aquarium fish net. KimwipesTM were 
used to prevent the particles from sticking to the scale. 
Once the wipe was placed on the scale, the scale was tared 
and the mass of the particle was measured. The mass of the 
particle and the amount of time it spent in the tank were 
recorded. After the measurements were taken, the particle 
was placed back in the tank so it could continue to inter-
act with the flow. The process of removing the particle, 
recording the time, and recording its mass, was repeated 
until the particle was too small to register on the scale (less 
than 0.1 g). The presented data show the results of the 
two shapes that were tested. This experiment was repeated 
multiple times to check repeatability. Presented here are 
the results for approximately 30 disc- and 30 rod-shaped 
particles.

Although the rod- and disc-shaped particles became skin-
nier and flatter as they dissolved, they still maintained their 
‘rod’ and ‘disc’ form. Evidence of this shape-similarity is 
shown in Fig. 3. The dissolving rod-like particles were more 
fragile than the disc-like particles, but they generally did not 
break due to handling or fluid motion unless they contained 
air bubbles resulting from poor manufacturing (evidence of 
this shown in Fig. 3b). Both types of particles held their 
shape until they were too small to accurately register on the 
weighing scale at our disposal. This success was sensitive to 
following the appropriate recipe and achieving the correct 
temperature and water content (Fig. 4c).

The neutrally buoyant particles do get stalled at bounda-
ries, and can spend anywhere from about 2 s to 2 min there. 
They always leave the boundary, and the majority of time 
is spent in the tank and not at boundaries. Particle behavior 
appears to be the same at each of the boundary types (one 
free-slip surface, one no-slip bottom, two no-slip walls, and 
two porous walls). Figure 6 shows a short time-lapse (6 s 
at 1-s intervals) of particle motion. At the beginning of the 
time-lapse, the particle moved 2–3 times its length in 1 s. At 
the end of the time lapse, the particle was almost stationary 
for several seconds. The particle was not near the boundaries 
when these images were taken.

Fig. 5   Turbulence tank used to evaluate sugar-glass-sphere particles. 
The screens were placed in the tank to enhance flow isotropy and to 
keep the particles from coming into contact with the jet arrays. Units 
in the diagram are in centimeters. The entire length of the tank is 360 
cm and the cross section is 80 cm by 80 cm
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3 � Analysis and results

Figure 7 shows the particle mass (normalized by the parti-
cle’s initial mass) as it dissolves over time. Excluding nor-
malization, these data are unprocessed. The mass flux away 
from the particle is greater at early times, i.e. when the par-
ticle is larger. This is no surprise, given that surface area is 
larger at early times. A classic model for dissolution that is 
based only on geometry is the Hixson–Crowell model (Hix-
son and Crowell 1931). It assumes that mass flux away from 
the surface is a constant, and that geometry is simple enough 
that particle lengths decrease linearly with time. Since we 
are using a normalized mass, we use a model based on the 
percentage change of each side length.

Inspired by the Hixson–Crowell model, we assume 
that mass is lost normal to the surface at a constant rate 
k [length∕time] , and that all sides recede a length kt in a 
direction normal to the surface. Implicit in this formula-
tion is the fact that the dissolution rate is not influenced 
by the accumulation of solute in the ambient fluid nor in 
the boundary layer close to the particle. This method has a 
small bias in how it handles the corners of objects, but the 
spread in our data suggests that it is not worth proceeding 
to more advanced models that integrate local fluxes around 
the surface.

Our model is shown in Eq. 1. Here l
0
 , w

0
 , and h

0
 are the 

initial length, width, and height of the particles, respectively. 
Vt is the particle volume at a given time, t. We assume that 
density is constant, so volume and mass are linearly related.

The presented data in Fig. 7 exhibit a trend in agreement 
with the proposed model. In this model, we assume that 
the mass flux is constant for a particle freely suspended in 
turbulence. Results from Machicoane et al. (2013) provide 

(1)Vt = (l
0
− kt)(w

0
− kt)(h

0
− kt)

support for this assumption. Turbulence is one of several 
effects that are grouped into a single factor k. We cannot 
predict k a priori, but the new method presented herein pro-
vides a potential route to assembling a large enough dataset 
of dissolution rates that one could connect k to the dynamics 
of the unsteady boundary layer on suspended particles.

The model in Eq. 1 was fitted to the data in Fig. 7 using 
a non-linear, iterative least squares regression via Matlab’s 
nlinfit routine. The single fit parameter is the dissolution 
rate, k. Table 1 summarizes the important calculated values. 
The 95% confidence interval for Fig. 7 was calculated using 
the Jacobian and the residuals for the fit via Matlab’s nlparci 
(“nonlinear parameter confidence intervals”) routine.

4 � Discussion

In the proposed model, predicting k a priori is challenging 
because it combines turbulence and material properties into 
a single value. Nevertheless, the data from our experiments 
seem to fit this model relatively well. As seen in Fig. 7, the 
fitted curve for the rod-like data is lower and steeper than 
the curve for the disc-like data, indicating that the rod-like 
particles lose mass faster than the disc-like ones.

Fig. 6   Time lapse of particles suspended in turbulence tank. These 
images cover 6 s of particle motion. At the beginning the particle 
had a downward trajectory due to the momentum from being dropped 
in the tank. After around 2 s, the particle starts to rotate in space at 
approximately a constant location

Table 1   Dissolution rate, k, as measured for rod- and disc-shaped 
particles

These values were calculated using the model presented in Eq. 1 and 
shown in Fig. 7

Particle type Cube root dissolu-
tion rate, k

0
 [cm/

min]

95% Confidence 
interval [cm/min]

R-squared 
value [−]

Rod-like 0.044 [0.043 0.045] 0.970
Disc-like 0.0405 [0.040 0.041] 0.984

Fig. 7   The fit of the data to the proposed model. The rod-like data 
are shown as green circles, the disc-like data are shown as blue stars. 
The solid line is the fit to the data points, and the dashed line is the 
95% confidence interval. Each trajectory is a single particle. Vertical 
variation is due to individual particle idiosyncrasy. It is seen from the 
slopes that the rod-like particles dissolve more rapidly than the disc-
like particles
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One reason rod- and disc-like particles have different dis-
solution rates could be due to the difference in aspect ratios 
which cause particles to sample the turbulence in a biased 
manner (Byron et al. 2015). Another reason for the different 
dissolution rates in volume-matched particles could be due 
to the difference in their specific surfaces (surface-area-to-
volume ratios).

Future work using the technique presented herein will be 
able to cover a large enough parameter space to fit a model 
that parses out the different effects of shape, size, turbulence 
intensity, etc. For example, a model would ideally include 
factors for the turbulent boundary layer thickness around 
the particle, the dissolution rate of the particle in laminar 
flow, and shape effects. We would like to separate out the 
effect of factors such as aspect ratio, edge length, and cor-
ners and protrusions, as well as particle kinematics in turbu-
lence, e.g. rods experiencing more ‘angular slip’ or sweeping 
out broader volumes of space as they rotate. For now, we 
have chosen a one-parameter model because it matches the 
amount of data we have.

5 � Conclusion

In this paper, we present an alternative to the gypsum dis-
solution method for measuring mass transfer in turbulent 
flow. We show a successful recipe for a neutrally buoyant 
mixture of sugar and hollow glass spheres and a method for 
molding the recipe into disc- and rod-shaped particles. We 
found that the data followed the proposed dissolution model 
and that rod-shaped particles had a slightly faster dissolution 
rate compared to disc-shaped particles.

While we encountered challenges with molding the par-
ticles and maximizing their shelf life, we found this method 
to be successful. The high viscosity of the mixture and its 
rapid cooling time made producing sharp edges difficult. 
Insulating the cooking vessel helped with the overall pour-
ability and moldability of the mixture, which increased 
the frequency of achieving the desired particle shape. To 
minimize particle degradation, accurate water content and 
temperature measurements were vital and ensured optimal 
particle composition.

Determining particle-specific dissolution rate param-
eters is important for understanding the shape–motion–flux 
relationships of dissolving objects. Additional experiments 
exploring the surface-area-to-volume ratio of the dissolv-
ing particles should be performed, where both the surface 
area and the mass are recorded at each time interval. More 
shapes and surface-area-to-volume ratios should also be 
tested along with varying the turbulence intensity to explore 
how the dissolution relates to deq , surface area, volume, and 
turbulence.
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