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In the present study, a refractive-index matching (RIM) technique using hydrogel particles was
developed to quantitatively measure turbulence characteristics in dense suspensions. Compared to
classic RIM methods, the use of superabsorbent polymer (SAP) material significantly simplifies
experimental procedures and avoids strict experimental controls, which makes the method particularly suitable for turbulence measurements in dense suspensions. Because of the high absorbency of
the approximately 1 mm SAP particles, optical visibility is achieved even in dense suspensions on
the order of 20% by volume. Furthermore, the small hydrogel particle diameter allows for a particle diameter-to-integral scale ratio value of 1/20. The new method is then used to reveal the flow
characteristics in decaying turbulence with suspension volume fractions up to 18.4% (the measurements pass through approximately 85 hydrogel particle-water interfaces). Evidence of turbulence
attenuation in suspensions is demonstrated and attributed to the inhibition of turbulence production in said suspensions. The modulations in turbulence decay are apparent even in low suspension
volume fractions (2.3%), whereas the turbulence characteristics of suspensions at higher volume
fractions of 9.2% and 18.4% are observed to converge on each other. Published by AIP Publishing.
https://doi.org/10.1063/1.5031767

I. INTRODUCTION

Dense suspensions, defined by a volume fraction Φ > 8%
based on the criterion of inter-particle distance being twice
that of the particle diameter itself, are ubiquitous in biological
systems, environmental flows, and various industrial applications.1–3 Furthermore, such suspensions regularly transition to
a turbulent state. For example, the occurrence of transition to
turbulence in the cardiovascular system has been of hemodynamic interest for many decades.4–6 The solid particle transport
performance of liquids in turbulent flows is important for the
study of sediment within rivers and marine flows,1,7 as well
as emerging semi-solid flow cell technology.8,9 The modification of turbulence characteristics in dilutions has also been
observed experimentally.10–12 Tanaka and Eaton13 compared
a large range of experiments with dilute suspensions and concluded that the turbulent kinetic energy is influenced by the
Reynolds number and a so-called particle momentum number.
However, such models only consider the interactions between
particles and the carrier fluid appropriate for dilute suspensions
(Φ < 8%).
In dense suspensions, on the other hand, the interactions
and lubrication between particles contribute significantly to
the flow’s behavior. Previous investigations of dense suspensions were limited to laminar flows and focused on effective
viscosities such as shear thinning or thickening and jamming
behaviors in high volume fractions; Stickel and Powell14 provided a comprehensive review on the changes in rheological
properties in such cases. Others have used analog fluids, such
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as solutions with xanthan gum, to investigate the influence
of non-Newtonian properties of dense suspensions on the
turbulence statistics (e.g., mean velocity, turbulence intensity,
wall shear rate, and shear stress).15–18 Sherwood19 showed
theoretically that for a higher viscosity, a power-law fluid
will increase the decay rate of turbulence. In a similar manner, Rahgozar and Rival20 showed experimentally that the
turbulent kinetic energy, dissipation rate, and integral length
scales are all modified in the presence of a shear-thinning
fluid. However, there is no evidence to suggest that a simple
non-Newtonian fluid can necessarily represent the interactions and lubrication between particles associated with true
dense suspensions. In parallel, researchers have directly simulated turbulence in dense suspensions using the immersed
boundary method (IBM).21–23 For instance, Picano et al.21
simulated turbulent channel flow in dense suspensions with
neutrally buoyant spheres. Here they found an overall increase
in drag to be the primary response of the particle-induced
stress. Fornari et al.22 further reported that, in comparison
with varying volume fractions, the suspended particle density
itself has a relatively small impact on the turbulence statistics.
Costa et al.23 investigated the effect of particle size on the
inner boundary layer of dense-suspension turbulence. However, experimental investigations of turbulence in suspensions
are generally limited to volume fractions of Φ ≤ 5% and
numerical simulations are limited to small domains due to the
requirement of large computational resources. As such experimental techniques that are capable of providing accurate,
quantitative measurements of the turbulence statistics in true
dense suspensions are thus highly desirable in order to expand
our understanding of these complex particle-fluid interactions.
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Furthermore, such experimental databases will naturally be
helpful in developing cost-effective computational models
going forward.
Several experimental techniques have been developed in
recent years to achieve quantitative measurements of flows
in dense (opaque) suspensions, including ultrasound imaging
velocimetry, x-ray imaging velocimetry, and magnetic resonance imaging.24–26 In comparison with these techniques, RIM
techniques can render suspensions optically transparent, thus
making such flows compatible with traditional optical measurements such as particle image velocimetry (PIV), particle
tracking velocimetry (PTV), laser induced fluorescence (LIF),
and laser Doppler velocimetry (LDV). However, as summarized by Wiederseiner et al.,27 RIM techniques require strict
experimental controls (e.g., mixing of different liquids, temperature control, and humidity control). These experimental
controls are difficult to establish in turbulent flows, where relatively large scale facilities are commonly used,20,28,29 thus
limiting the feasibility of RIM techniques for the study of high
Reynolds number turbulence.
Recently, one special form of RIM techniques using
superabsorbent polymer materials is receiving the attention
of suspension researchers.30,31 The polymer has a high water
absorbency and naturally produces hydrogel beads that closely
match the refractive index of water. With these hydrogel
beads, the strict experimental controls and complex testing
procedures that restrict other RIM techniques can be avoided,
thus facilitating turbulence measurements of suspensions in
large facilities. For instance, turbulence attenuation by both
spherical and ellipsoidal hydrogel beads in dilutions has been
reported.32,33 Cisse et al.34 stated that the inertial range and
small-scale features of turbulence are unchanged for suspension volume fractions of Φ ≤ 10%. However, these hydrogel
beads usually have water absorption coefficients of less than
100 gwater /gpolymer . Due to their low absorbency, the difference in the refractive index of the hydrogel beads and water
was approximately 0.004. According to Wiederseiner et al.,27
a refractive index mismatch of 0.001 reduces the transmittance
of a suspension to less than 15%. As a result, the suspension
volume fractions, in the existing literature, were limited to
10%. Another drawback of the hydrogel beads was their large
bead diameter d p , which is typically 8 mm ≤ d p ≤ 12 mm.
The smallest previously reported d p /L using hydrogel beads
was 1/9, where L is the integral length scale.34 This d p /L
value barely satisfies the definition of the inertial range in
turbulence theory, and it believed that the bead diameter-tointegral scale ratio d p /L is an important parameter dictating
the dynamics of turbulent suspensions. In dilutions, Tanaka
and Eaton13 integrated the pressure and viscous stress over
the surface of suspended particles and concluded that the
additional force is proportional to (d p /L)3 . In dense suspensions, however, the mechanism through which turbulence is
affected by particle-particle interactions remains unclear. At
best, the most recent research23,35 supports d p /L as one of the
governing parameters in predicting the overall drag of these
suspensions.
In the current study, a refractive-index matching (RIM)
technique is presented to achieve nonintrusive, temporally
resolved, whole-field measurements of turbulent flows in
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dense suspensions. The new approach avoids rigid experimental controls of typical RIM methods and the two limitations of
the hydrogel-based RIM method that are low volume fraction and relative large bead diameter. These challenges are
addressed by using a newly developed superabsorbent polymer (SAP) sold by Emerging Technologies, Inc. (LiquiBlock
2G-110). The polymer has a water absorption coefficient of
450 gwater /gpolymer , and the fully saturated hydrogel particle
diameter has a range of 0.8 mm ≤ d p ≤ 1.38 mm. With
this polymer, we successfully achieve turbulence measurements in suspensions with volume fractions up to 18.4%. The
particle diameter to integral scale ratio is thus d p /L ≈ 1/20.
Note that the diameter of the new hydrogel particle is ten
times smaller than previous hydrogel beads tested.32,34 A much
smaller value of d p /L can be easily obtained in future experiments if a larger test facility is incorporated (e.g., L = 9 cm
is achieved in a 40 × 38 × 38 cm water tank in the work of
Cisse et al.34 ).
This paper is organized into five sections as follows.
Section II describes the superabsorbent polymer and details the
experimental setup for measuring decaying turbulence in dense
suspensions. In Sec. III, examples of raw experimental images
are shown and the general limitations of the presented RIM
method are discussed. The modulation of turbulence statistics
by these hydrogel particles is discussed in Sec. IV. Finally,
Sec. V summarizes the conclusions of the study and speaks to
future directions with the RIM technique.

II. EXPERIMENTAL SETUP AND PROCEDURE
A. Hydrogel particles

When dry, the diameter range of the polymer particles
was Dp = 106 − 180 µm. Once water was added, the absorption coefficient of the polymer particles was measured at
gwater /gpolymer = 450. According to Dullien,36 the volume fraction of the slow sedimentation of the hydrogel particles is 56%
(very loose random packing). The water absorption coefficient
is then calculated as mwater /mpolymer = 0.56 ρh V h /mpolymer ,
where V h and ρh are the volume and density of the mixture of the hydrogel particles and water, respectively. Here
ρh = 1.0 g/ml is used.
Hydrogel particles are generated by fully saturating the
superabsorbent polymer particles. These hydrogel particles are
uniformly dispersed in the suspension. The highly absorbent
particles match the refractive index and density of water when
saturated thus creating a translucent suspension. The shape
of the saturated particles is random but has a mean aspect
ratio of approximately one. The diameter of the particles has
a range of 0.8 mm ≤ d p ≤ 1.38 mm, and, during testing,
the corresponding particle diameter-to-integral scale ratio was
estimated to be d p /L u ∼ 1/20 (in deionized water). The sedimentation of hydrogel particles was recorded by high-speed
imaging, and the settling velocity of the hydrogel particles
was measured as V s = 0.6 ± 0.3 mm/s (statistical result from
tracking of 453 particles). The representative particle Reynolds
number was therefore estimated as Rep = 0.84 (particle diameter d p = 1.38 mm and particle settling velocity V s = 0.6 mm/s
used).
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FIG. 1. Experimental setup where turbulence is generated by towing a grid at
a constant speed U c = 0.25 m/s. The grid had a square mesh size M = 2.75 cm
and solidity 0.38. Deionized water (0%), 2.3%, 9.2%, and 18.4% volume
fractions were tested.

B. Experimental setup for decaying turbulence
in suspensions

Experiments were performed with deionized water in a
20 × 25 × 40 cm (W × H × L) optical towing tank (Fig. 1). A
deionized water case, as well as 2.3%, 9.2%, and 18.4% volume fractions, was all tested. All suspensions were generated
using the aforementioned superabsorbent hydrogel beads and
were carefully degassed to minimize the influence of small
air bubbles trapped in between the hydrogel particles. In the
present experiment, a traverse system towed a uniform grid at
a speed of U c = 0.25 m/s over a distance of 15 cm to generate
decaying homogeneous turbulence. The grid was built using
a series of 0.6 × 0.6 cm square bars, having a mesh size of
M = 2.75 cm and a solidity of 38%. The Reynolds number
based on the mesh size was ReM = 6800. Fifty independent
runs were captured for each of the four cases. The uniformity of suspension was achieved by initially hand stirring the
suspension. A 30 s wait time before each run was deemed
sufficiently long before the grid was towed. Because small
perturbations suspend the hydrogel particles, the sedimentation of the hydrogel particles was negligible during this waiting
period.
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Planar PIV measurements were performed using a
Photron WX-Mini100 camera at 60 Hz with a full resolution
of 2048 × 2048 pixels. Illumination was provided by a solidstate, 532 nm continuous wave 3 W laser. The light sheet, with
a thickness of 1.5 mm (in deionized water), was positioned
9 cm from the tank wall to avoid flow perturbations from
the wall. Neutrally buoyant fluorescent particles (Cospheric
UVPMS-BR-0.995, mean particle size 50 µm) were added to
the two-phase fluids to serve as tracer particles. The tracers
fluoresce at a 605 nm wavelength producing red light. A longpass filter (>570 nm) was used to allow the transmission of
fluorescent light and to prevent scattered light, induced by the
slight mismatch of the refractive-indices between the hydrogel
particles and water, from affecting the measurement. The field
of view of the measurements was approximately 70 × 70 mm
with a spatial resolution of 2.2 × 2.2 mm. For the PIV image
processing, velocity vectors were obtained using a two-pass
interrogation, cross correlation calculation with a final interrogation window size of 64 × 64 pixels. An effective overlap
of 50% of the interrogation windows was employed in the PIV
processing.
III. METHODOLOGY: UNCERTAINTY
AND LIMITATIONS
A. Quality of the measurement images

Figures 2(a) and 2(b) show raw images collected for PIV
measurements of hydrogel particle suspensions of volume
fractions 2.3% and 18.4%, respectively. The tracer particles
are easily detected within the bulk of the suspension when
illuminated with laser light. Despite the apparent optical transparency, there is still a slight mismatch in the refractive indices
of the saturated hydrogel particles and water [Fig. 2(b)]. This
mismatch decreases the quality of the image, especially when
the number of particle-water interface increases with higher
suspension volume fractions. According to Kryuchkov,37
the average inter-particle distance for a 2.3% suspension is
l/d p ≈ 3.0 and the average interparticle distance for a 18.4%
suspension is l/d p ≈ 1.5, where l is the interparticle distance.
Correspondingly, the measurement was taken through approximately 45 hydrogel particle-water interfaces for the Φ = 2.3%
suspension and about 85 hydrogel particle-water interfaces for
the Φ = 18.4% case (the estimates are based on the maximum

FIG. 2. Raw images for PIV measurements in (a) dilute
Φ = 2.3% and (b) dense Φ = 18.4% suspensions. Imaging hydrogel suspensions reduce image quality in two
ways. First, scattered light from the hydrogel particles
will generate uniform white noise that reduces the image
contrast. Second, the dispersion of light from tracer particles further enlarges the spot light diameter of the tracer
particles. The mean particle image diameter in (b) is
7.9 pixels, which limits the particle density used in such
measurements.
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particle diameter of d p = 1.38 mm). The image of the dilute
solution [Fig. 2(a)] has a contrast of 40 (12 bits), identical to
the image contrast of the deionized water case. However, the
image contrast of the Φ = 18.4% suspension is 7.6 [Fig. 2(b)].
Now the general limitations of the technique will be discussed,
and suggestions will be given for establishing a measurement
limit.
The mismatch of the refractive indices of the hydrogel
particles and water has two influences on the quality of the
raw images. The first effect occurs through the scattering of
light by the hydrogel particles. This scattered light acts as white
noise and significantly increases the background intensity. The
white noise itself has little effect on measurement uncertainty;
see the work of Raffel et al.38 During post-processing, the
white noise was reduced by subtracting the minimum intensity of a time sequence of images (i.e., 400 images in this
investigation). Second, the mismatch of the refractive indices
will reduce the transparency of the suspension and disperse
the fluorescence light from the tracer particles. This dispersion will lower the captured intensity of the tracer particles
and will significantly increase the particle image diameter d i .
The mean particle image diameter in Fig. 2(a) is 4 pixels.
By contrast, the mean particle image diameter in Fig. 2(b) is
7.9 pixels (12.5% of the width of the 64 × 64 pixels interrogation window). The large particle image diameter will influence
the measurement uncertainty (discussed by Raffel et al.38 )
and will decrease the particle image density. For example,
the particle images of d i = 7.9 pixels will tend to overlap
with each other as the particle image density increases. The
presence of hydrogel particles will further reduce the possible
maximum particle image density. For instance, in the dense
suspension (Φ = 18.4%), a hydrogel particle could occupy
30% of the interrogation window’s area. This occupied area
will rapidly increase with increasing hydrogel particle volume
fraction. Because of the limitations described above, the actual
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particle image density for a 18.4% suspension was approximately two particle image pairs per 64 × 64 pixels interrogation
window. This particle density is just barely sufficient for noisy
PIV processing.
B. Uncertainty analysis

An additional cross correlation calculation error is
induced by the described image quality decrease in the current
measurements. A numerical validation was used to estimate
this cross correlation measurement uncertainty. 500 recorded
images of each test cases, which were randomly selected
from 50 runs, were shifted 1-11 pixels (X s ). The use of these
images can account for the uncertainty from the decrease in
image quality because of the presence of hydrogel particles,
which includes larger particle image diameters, lower particle
image densities, and higher levels of background noise. The
same PIV cross correlation calculation was used to calculate
the displacement (X c ) between the recorded images and the
shifted recorded images. Figure 3(a) shows the average calculated displacements versus the shifted displacements. It is
found that the decrease in image quality causes a bias error
ε s and a random error ε r . Both the bias error and the random
error are significantly amplified with an increase in the suspension volume fraction. Though the measurement errors of
Φ = 2.3% and Φ = 9.2% cases are beyond sub-pixel accuracy,
the cross correlation error for Φ = 18.4% suspension measurement becomes significant, which has a bias error of −0.18
pixel and a random error of ±0.35 pixel [root mean square
(RMS) accuracy]. For turbulent flow measurements, we are
more concerned with the accuracy of the averaged results than
instantaneous measurements. The velocity cross correlation
measurement error is modeled as v = vm + ε s + ε r , where vm
is the measured velocity. Average both sides of the equation;
then, the bias error ε s is the average velocity cross correlation
error. Supposing the bias error ε s is a constant, then ε s will

FIG. 3. Uncertainty evaluation: (a) The average calculated image displacement X S versus the image shift displacement X C . 500 recorded images were shifted
1-11 pixels [X S in (a)], and cross correlations between the shifted images and the recorded images were performed to obtain the calculated displacements
[X C in (a)]. The calculated displacements are plotted in (a) as mean plus/minus RMS. (b) The measurement error for the average velocity V and RMS of the
perturbation velocity hv02 i0.5 . The decrease in image quality with increasing Φ induced a bias error and a random error. These two errors amplify significantly
with increasing suspension volume fraction. In the measurement of the Φ = 18.4% suspension, the error for the average velocity is −3% and the error for the
RMS of the perturbation velocity is ±8.75%.
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not influence the uncertainty of the RMS of the perturbation.
According to Sciacchitano and Wieneke,39 the uncertainty of
the RMS of the perturbation velocity can be approximated by
the RMS of the random error, and so the uncertainty of the
RMS of perturbation velocity induced by the image quality
decrease can be defined as ε rms = σ εr . The cross correlation measurement errors for the averaged results are presented
in Fig. 3(b). The measurement errors of the Φ = 2.3% and
Φ = 9.2% cases are smaller than 0.1 pixel as well. The highest
measurement error occurs in the Φ = 18.4% suspension. In this
Φ = 18.4% case, considering that the displacement of the maximum average velocity and RMS of the perturbation velocity
are 6 pixels and 4 pixels, respectively, the cross correlation
calculation errors are −3% bias error for the mean velocity and ±8.75% uncertainty for the RMS of the perturbation
velocity.
C. Instantaneous velocity field

Figures 4(a) and 4(b) show the instantaneous velocity
field measurement results for the Φ = 2.3% and Φ = 18.4%
suspension cases, respectively. The snapshots were taken at
normalized times of t ∗ = 30. The normalized time is defined as
t ∗ = U c t/M, which is similar to the normalized distance in grid
turbulence experiments.40 The location is normalized by the
grid size M = 2.75 cm. (x,y) coordinates denote the streamwise
and vertical directions, respectively. The origin of the velocity vector fields is located in the center of the field of view.
The grid is towed in the negative x-direction, and velocities
are normalized by the grid towing speed of U c = 0.25 m/s.
As expected, the instantaneous measurement for the Φ = 2.3%
suspension is a typical planar PIV flow field, whereas the percentage of spurious vectors was approximately 7% for the
Φ = 18.4% case. Despite this, the salient flow patterns were
clearly revealed [e.g., one notable structure in the lower left
corner of Fig. 4(b)]. Although the instantaneous measurement
was not ideal for the Φ = 18.4% suspension, this remains,
to the best of the authors’ knowledge, the first report of flow
measurements of turbulence in such a high volume fraction
suspension.

Phys. Fluids 30, 073301 (2018)

IV. RESULTS: TURBULENCE STATISTICS IN DENSE
SUSPENSIONS

Figures 5(a) and 5(b) show x-direction and y-direction
ensemble-averaged velocity profiles (U and V ) at t ∗ = 30,
respectively. Figures 5(c) and 5(d) show x-direction and
y-direction ensemble-averaged profiles of the RMS of the

perturbation velocities u 02 0.5 and v 0 0.5 at t ∗ = 30, respectively. Velocities and RMS of perturbation velocities are normalized by the towing velocity Uc , U, V , u 02 0.5 , and v 0 0.5 .
The magnitude of V was much smaller than that of U, and
u 02 0.5 was similar in scale to v 02 0.5 for all volume fractions. The flows in deionized water and suspensions, with volume fractions ranging from Φ = 2.3% to 18.4%, were typical
of homogeneous grid turbulence. In comparison with measurements taken in deionized water, the x-component mean
velocities in suspensions were higher, whereas the RMS perturbation velocities in suspensions were smaller. This result
demonstrates that suspended hydrogel particles reduced the
turbulence kinetic energy. In these suspension cases, the mean
flows had smaller decelerations. This effect is obvious even
for the dilute case (Φ = 2.3%), where U was 25% higher than
the velocity in deionized water.
Figure 6 shows the turbulence decay for suspension volume fractions Φ = 0%−18.4%. As seen in Fig. 6, the suspended
hydrogel particles attenuated the turbulent kinetic energy in
the suspensions. The turbulence decay of the deionized water
case followed the power law decay of the initial decay period
of the homogeneous isotropic turbulence, which was defined
as Iu 2 ∼ At ∗−1 , where A is a constant; see the work of
Batchelor and Townsend.41 Note that the x-component turbulence intensity I u is the same as the normalized RMS
x-component perturbation velocity. Of the three suspensions,
the turbulence intensity of the Φ = 2.3% case was closest to
that of the deionized water case. However, the decay profile here did not follow a power law decay. For the interval
20 < t ∗ < 50, the time history of turbulence intensities of the
Φ = 9.2%, 18.4% suspensions was similar. This indicates that
the reduction of turbulence intensity in a suspension does not
grow linearly. Clear attenuation of the turbulence intensity

FIG. 4. Instantaneous velocity vectors
at t ∗ = 30 for (a) Φ = 2.3% and (b)
Φ = 18.4% suspensions. The vector
fields were smoothed with a Gaussian
filter ([3 × 3], σ = 0.5). The particle density for the Φ = 2.3% suspension was approximately five particle image pairs per interrogation window, whereas the particle density of
the Φ = 18.4% suspension was about
two particle image pairs. (a) is a typical planar PIV measurement result.
Despite the vector field being noisier in
(b), key turbulent structures were still
observed.
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FIG. 5. Shown here are (a) ensemble
averaged x-component velocity profile;
(b) ensemble averaged y-component
velocity profile; (c) root mean square
of the x-component perturbation velocity profile; and (d) root mean square of
the y-component perturbation velocity
profile. Data were captured at t ∗ = 30.
The U values in the suspensions were
higher than the deionized water value;
meanwhile, the u0 2 0.5 values in suspensions were lower than the deionized
water value.

was observed at t ∗ = 10. As shown in Fig. 6, the mean dissipation rates in the suspensions are approximately equal to
the dissipation rate in deionized water. Although we did not
capture the turbulence intensity near t ∗ = 0, it can be stated
with confidence that turbulence attenuation in suspensions is
primarily attributed to the inhibition of the turbulence generation stage. The underlying physical mechanisms associated with the reduction in turbulence production need to be
investigated further.
Figure 7 shows the x-direction integral scale for pure
water and suspensions. The integral scale is defined as

FIG. 6. Turbulence decay for suspensions with volume fractions of 0%, 2.3%,
9.2%, and 18.4%. The hydrogel particles acted to attenuate the turbulence
kinetic energy. The dissipation rates of the suspensions were the same level
as the deionized water, suggesting that the attenuation of turbulence in suspensions is caused by the inhibition of turbulence production. The maximum
error of the turbulence intensity measurement is ±0.3I u % (Φ = 18.4%). Note
that this error is small when compared to the 35% discrepancy between the
deionized water case and the 18.4% suspension case.

∞

Lu (t ∗ ) = ∫ Ru0 u0 (x, t ∗ )d; see the work of Pope.42 When cal0

culating this integral value, only areas where the two-point
correlation coefficient Ru0 u0 > 0.1 were considered. As seen in
Fig. 7, the integral scales of the suspensions were much smaller
than the integral scale of the deionized water. Once again, the
integral scales of the denser Φ = 9.2%, 18.4% suspensions
for 20 < t ∗ < 50 were similar, all being approximately half
the Lu value of deionized water. The decrease of the integral
scale was reasonable because the turbulent kinetic energy in
the suspensions was much lower than in deionized water. The
integral length difference at t ∗ = 10 is considered to be a result
of the turbulence generation stage.

FIG. 7. Integral scale for suspensions with volume fractions of 0%, 2.3%,
9.2%, and 18.4%. The integral scales in suspensions were much smaller than
the integral scale in deionized water. The integral scales of Φ = 9.2%,18.4%
suspensions are similar. Analogous trends were observed in the turbulence
decay process.
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V. CONCLUSIONS

A refractive index-matched measurement system using
SAP hydrogel particles was developed to provide quantitative
measurements of turbulence decay in dense suspensions. The
technique uses a special highly absorbent (450 gwater /gpolymer )
SAP material to generate small diameter (on the order of
1 mm) hydrogel particles. Their high absorbency means that
the hydrogel particles are closely matched to the refractive
index and density of water, which facilitates the visualization of flow fields inside these dense hydrogel suspensions.
The method described here inherits many of the advantages
of RIM techniques to produce non-intrusive, temporally and
spatially resolved, whole-field measurements. In comparison
with other RIM techniques, the current method significantly
simplifies setup and does not require strict experimental controls, such as the mixture of different interstitial fluids, control
of temperature, light wavelength, and environmental adjustments. As a result, the current experimental procedure is
unique in that it allows for RIM techniques to be extended
to turbulent flows in dense suspensions, where traditionally
such measurements have been difficult, if not impossible.
Additionally, the small particle diameter reduces the particle diameter-to-integral scale ratio d p /L u to as low as 1/20
and therefore a wide range of d p /L u scales can easily be
achieved by varying the integral scale of the experiment going
forward.
To prove the feasibility of the method, the new technique
was used to quantify the decay of grid turbulence in dense
suspensions. The homogeneous turbulence was generated by
towing a uniform grid through a water-filled tank. The mismatch of the refractive index between the hydrogel particle
and water was observed to have two effects on the turbulence
measurements. The first effect that was measured was the
presence of high levels of background white noise, induced
light scattered by the hydrogel particles. Second, the light
dispersion of the fluorescence tracer particles was responsible for further increasing the tracer particle image diameter.
These two effects decrease the image quality and limit the
useable particle image density in the measurements and therefore can be considered to be the limiting factors in the proposed
technique.
Turbulent flows with hydrogel volume fractions as high
as 18.4% were successfully reconstructed, corresponding to
measurements taken through approximately 85 particle-fluid
interfaces. To date, most studies of turbulence in suspensions,
either experimental or numerical, have been limited to volume fractions under 5%. The resulting turbulence statistics
in the suspensions demonstrate that the suspended hydrogel particles will attenuate the turbulence kinetic energy.
In comparison with the deionized water case, the RMS of
perturbation velocities was reduced by roughly 35% in the
Φ = 18.4% suspension. The integral scales in suspensions
were also much smaller (up to 50%) when compared to the
integral scale in the deionized water case. Furthermore, compared to deionized water, the suspensions tested were observed
to have higher x-components of velocity and lower dissipation rates. It is thus inferred that this turbulence attenuation
is a result of a reduction in turbulence generation for these
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suspension cases. Curiously, a change in the decay was already
observed for the 2.3% suspension volume fraction, and once at
higher concentrations (Φ = 9.2% and Φ = 18.4), the decay and
integral length scales collapse with one another. This result
demonstrates that particle interaction effects are not necessarily enhanced for increasing suspension volume fractions. In
summary, the current turbulence decay measurements demonstrate the capabilities of this new RIM-inspired technique and
provide a pathway for future measurements of these complex
flows.
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