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Effects of low clay concentrations on nearly isotropic turbulence
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We conducted laboratory experiments to quantify the effect of low concentrations of
clay, C ∈ [0, 2]%, on turbulence in water-clay flows under nearly isotropic conditions
using a novel approach. Full optical access was possible using Laponite RDTM, a synthetic
clay capable of producing clear suspensions of clay particles. Turbulence was generated
in a customized cubic mixing box using flow actuators placed symmetrically at each of
the eight corners. High-frame-rate particle image velocimetry was used to quantify the
spatiotemporal dynamics of turbulence around the center of the mixing box. The results
showed that the presence of clay particles strongly modulated the structure of turbulence.
Monotonic reduction of the turbulent kinetic energy (TKE) and mean dissipation rate 〈ε〉
and increase of the Taylor microscale λ was induced by increasing the clay concentration.
In particular, the measurements indicated a relation between clay concentration and the
p factor, the known Kolmogorov power-law correction −5/3 + p(Reλ) of the inertial
subrange, where Reλ is the Taylor microscale Reynolds number. The p factor decreased
approximately linearly within 1% � C � 2%. This parameter and the third-order structure
function S3 supported the scale changes obtained from direct estimation with particle image
velocimetry (PIV) data. These results demonstrated the significant impact of clay on the
multiscale dynamics of turbulence even at low clay concentrations.

DOI: 10.1103/PhysRevFluids.7.073801

I. INTRODUCTION

Aqueous flows containing various concentrations of clay in suspension are ubiquitous in natural
environments and play a pivotal role in landscape formation, riverine and estuarine functioning,
ocean geochemistry, and the transport of organic material, pollutants, and nanoparticles. We define
transitional water-clay flows as those with a volumetric clay concentration between 0.01 <C <0.6
and bounded by clear water and debris flows [1], both of which were studied extensively over the last
several decades. These flows containing clay of varying mineralogy and rheological behavior can
impart strong modulation on the hydrodynamics, sediment transport, morphodynamic products, and
their preserved deposits. As indicated by Baas et al. [2], the wall-bounded turbulence of transitional
flows may be considerably more complex than the common notion of gradual turbulence damping.
Experiments by Amirshahi et al. [3] showed distinct modulation of suspended sediments in the
dynamics of the near-wall turbulence. In particular, they discussed turbulence enhancement but a
reduction of small-scale events. In general, laboratory research has employed primarily acoustic
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techniques to characterize turbulence in unidirectional transitional water-clay flows [2] at varying
clay concentrations, flow Reynolds numbers, and with kaolinite and bentonite clays [4].

As highlighted by Morris [5], fluid mechanical understanding of suspension, its basic properties,
and effects on larger-scale dynamics are central for many processes and applications. Particle
interactions in a suspension can significantly modulate the rheological features of the medium [6].
Associated viscosity is controlled substantially by colloidal properties under low shear, including
surface charge, particle size distribution, and properties of the suspending medium, such as pH
and salinity. However, viscosity is modulated by particle size, shape, arrangement, and distribution
under relatively high shear rates [7,8]. Particular efforts focused on investigating the dynamics of
drag-reduction in polymer flows and additives [9] and natural clay-laden flows [4,10,11]. Recent
experiments demonstrated the presence of a thin layer adjacent to the wall that consists of a
low-viscosity fluid, but with the fluid having a significantly higher viscosity outside of this layer
[9]. This flow structure is similar to that of shear sheltering in polymer flows at the point of
maximum drag reduction [12,13] and that is envisaged for turbulence-enhanced transitional flows
in natural clay-laden suspensions [2,4]. Drag-reducing flows possess a thickened viscous sublayer
and buffer layer [10], with a significantly larger streamwise Reynolds stress profile but smaller
other Reynolds stress components [9], with the exact nature of the stress profiles varying between
different types of drag-reducing additive [9]. In addition, some drag-reducing flows reported to
possess a larger sublayer spanwise streak spacing than other flows exhibiting high-drag reduction,
but this characteristic appears to vary between different types of drag-reducing additive [9]. As
such, although much progress has been made on understanding the nature and rheology of flows
with additives, we still possess an incomplete knowledge concerning the modification of turbulence
in natural clay-laden flows. In particular, our current understanding of the changing dynamics of
turbulence across a range of clay concentrations is limited, with the inherent opacity of aqueous
clay suspensions limiting detailed quantification to one-dimensional velocity measurements [2].

In the quest for a fundamental understanding of turbulence dynamics across spatial and temporal
scales, substantial efforts focused on homogeneous, isotropic turbulence (HIT) since Taylor [14]
coined the concept. The statistical properties of HIT, namely invariance to arbitrary translations,
rotations, and reflections to the coordinate axes [15], enabled substantial analytical treatment and
provided significant insight into various turbulence quantities. A characterization of this type of
turbulence has been instrumental in furthering the understanding of both natural and engineered
flows. Even though most of these flows are anisotropic, their structure at sufficiently small scales
exhibits an isotropic behavior. A vast span of previous research has provided crucial insights into
such isotropic turbulence. Kolmogorov [16,17] set one of the most remarkable results in turbulence
theory that offers the hallmark for sufficiently high Reynolds number; there is a range of scales
between the large nonuniversal and the small that is dominated by viscous dissipation, is locally
isotropic, and that exhibits a universal similarity. Wind-tunnel experiments performed with active
grids inducing nearly homogeneous, isotropic, turbulence show a modified form of the Kolmogorov
similarity law in the inertial subrange that deviates from the well-known −5/3 scaling seen at high
Taylor-microscale Reynolds number flows [18,19].

Creating homogeneous, isotropic turbulence in the laboratory is challenging, and significant
efforts focused on designing experimental setups to achieve this condition. The use of grids in wind
or water tunnels has been the most conventional method to induce isotropy, with contractions [20]
and active grids [18] proving effective. However, the decaying nature of turbulence in the streamwise
direction posed an intrinsic limitation. Significant insights have thus been gained from studies of
stationary turbulence with no mean flow in enclosed configurations, which achieved homogeneity
and isotropy by stirring the flow with oscillating grids [21]. Opposing oscillating grids in vertical
[22] and horizontal [23] arrangements have also been used to minimize the mean flow created by
a single grid and compensate for the spatial decay of turbulence away from the grids. However,
significant mean flow and anisotropy remain an issue in these setups away from the center plane of
symmetry; inhomogeneity of the RMS velocity fluctuations at spatial points aligned with grid nodes
versus grid voids in the direction of oscillation poses challenges. Randomly activated jets have also
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FIG. 1. (a) Basic schematic of the experimental setup, illustrating the mixing box for generating homo-
geneous and nearly isotropic turbulence, (b) a representative 50 mm × 50 mm field of view and a 20 mm ×
20 mm subregion located at the center of the box. (c) Photograph of the box and laser illumination.

been used to generate relatively large regions of homogeneous isotropic flow with low variations
in turbulence quantities [24,25]. The use of actuators, such as fans, has also been explored over the
last few years, with actuators placed at the eight corners of a cube [26,27] or in four corners of a
tetrahedron [28] showing promising results. More complex and symmetric setups using a truncated
icosahedron geometry have achieved homogeneous and isotropic regions of ∼50-mm size and high
Taylor microscale Reynolds numbers up to 481 [29,30].

Taking into account design concepts from Birouk et al. [26] and Hwang and Eaton [27], we
performed flow characterization of transitional clay flows in a homogeneous and nearly isotropic
turbulence mixing box with flow actuators placed symmetrically at the eight corners. Here, we
illustrate a novel approach to overcome the principal challenges associated with imaging opaque
clay flows through the innovative use of Laponite RD TM, a synthetic, smectite clay that behaves
in a rheologically similar manner to natural clays [31], but which is capable of producing optically
transparent suspensions when dispersed in water at low concentrations. Natural flows containing
clays contain both flocs and chains, depending on clay concentration and also the chemistry of
the water flow. As such, the presence of these flocs/chains, and their formation and breakup as
a function of fluid shear, were reported to be instrumental in turbulence modulation in transitional
clay flows using kaolinite and bentonite [2,4]. Consequently, it is reasonable to invoke the formation
of such larger particles as also being important in the dynamics of laponite suspensions and their
effect on flow turbulence. The study is organized as follows. The experimental setup is described in
Sec. II, results and analysis are discussed in Sec. III, with main remarks and implications given in
Sec. IV.

II. EXPERIMENTAL SETUP

A. Experimental facility

Experiments were performed in a closed, cube-shaped acrylic box (Fig. 1) constructed of 3-
mm-thick acrylic sheets, which housed eight mechanical mixers situated symmetrically in each
corner of the cubical chamber and pointing at the box center [26,27]. The inner sides of the box are
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197-mm long, and the mixers have a diameter of 75 mm. The chamber has a removable lid at the
top to maintain wall boundary conditions on all faces, allow the chamber to be cleaned, and permit
insertion of the target plate for particle image velocimetry (PIV) calibration. The dimensions of the
box were designed to yield a balance between the quality of turbulence generated and transparency
of the Laponite suspensions [32]. Eight Mechatronics Fan Group G8015X12B-AGR-EM thermal
management fans were used, each with a dimension of 80 mm × 80 mm × 15 mm and brushless DC
actuators with IP-57 water and ingress protection, thereby making them suitable for handling water-
clay mixtures without problems of clogging. The fans were connected to a control board powered
by a 12-V DC power supply, which allowed fine-tuning of propeller rotation rate. The power cables
were routed to the adjustable DC power supply through small holes in the removable lid. Preliminary
tests with laponite and kaolinite clays suspensions showed no degradation in performance. During
the experiments, a constant rotational speed for each fan was verified using stroboscopic light.

B. Laponite preparation and particle characteristics

The medium consisted of distilled water and Laponite mixtures, which produced fully developed,
translucent sols of Laponite RDTM. Distilled water is necessary as the physical properties of the
laponite dispersion are highly dependent on the temperature, salinity, and pH of the aqueous solution
[33,34]. The white powdered form of Laponite RDTM has a dry state density of ρL = 2530 kg/m3

and mean diameter dL = 30 μm [35,36]. The powder was dispersed into distilled water using

rotational shear in a separate vessel, giving a Stokes particle time constant τL,s = ρLd2
L

18μ
≈ 1.4 ms;

where μ is the dynamic viscosity of distilled water. As the powder is spread, hydration and swelling
of the clay occur, resulting in a colloidal dispersion that was mixed for a minimum of 20 minutes
to ensure complete dispersion and full particle hydration, and yielding a nearly transparent slurry.
After reaching complete hydration and exhibiting transparency, the solution was transferred to the
mixing box, and mixed continuously to limit large-scale flocculation.

The controlled variable in the experiments is the mass loading fraction of Laponite RDTM defined
as C(%) = 100 × ML/M f , which is the ratio between the mass of the dispersed phase laponite
ML = ρLVL and the carrier phase fluid (distilled water) M f = ρ f Vf [32]; here ρ f = 1000 kg/m3 is
the density of distilled water. The conversion between mass and volume fractions can be obtained by
CV = (ρ f /ρL )C, with ρ f /ρL ≈ 0.39. The present experiments investigated solutions with laponite
concentrations of C = 0%, 1%, 1.5%, and 2% with an equivalent CV = [0 3.9 5.8 7.8] × 10−3 using
the dry state laponite density ρL; note that this is equivalent to a 2.56 times increase in mass loading
fraction when considering a hydrated laponite bulk density as this decreases to approximately 1000
kg/m3 [35,37]. The CV selected may be considered as dense flow, i.e., CV � 10−3 [38,39]. Within
this dense flow regime, a momentum transfer exists between particles and flow, which is the so-
called two-way coupling [40]. Additionally, particle-particle interactions may also be present and
generate a four-way coupling, resulting in a modulated carrier phase turbulence structure [41].

The kinematic viscosity ν of the clear water base case and the various solutions were charac-
terized at standard conditions (T ≈ 25◦C) after reaching a fully hydrated state, using a Discovery
HR-3 Hybrid Rheometer that utilized a standard concentric cylinder geometry. The values given in
Table I show a monotonic increase in viscosity with increasing clay concentration. Experimental
testing verified no significant aging effect of laponite suspensions at consistently high rates of
shear. Testing also confirmed that the clay concentrations were sufficiently low for the solutions
to maintain a Newtonian behavior, as shown in Fig. 2.

C. Flow diagnostic system

A nearly transparent laponite solution with refractive index ≈1.334 [42] allowed us to utilize
high-frame-rate PIV to characterize the turbulence in a 50 mm × 50 mm bulk field of view (FOV)
located at the center of the box. The low laponite concentrations did not induce any blurring effects
on the clay-water mixtures (see Fig. 3) produced negligible errors in the PIV processing. However,
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TABLE I. Basic parameters as a function of clay concentration. An example of a gravel-bed river [59] is
included for reference. Tu and Tv: integral timescales of the u and v velocity components; p: scaling factor of
the Kolmogorov exponent; Reλ: Taylor microscale Reynolds number; and 〈ε〉: mean dissipation rate.

Parameter C = 0% C = 1% C = 1.5% C = 2% River flow example [59]

107ν (m2 s−1) 8.9 10.3 11.5 15.1 -
102σu (m s−1) 4.1 3.9 3.5 3.3 3–7
102σv (m s−1) 4.0 3.8 3.6 3.2 2–3
103q2 (m2 s−2) 4.7 4.3 3.6 3.1 2–8.7
Tu (s) 0.09 0.15 0.17 0.18 0.59–1.94
Tv (s) 0.10 0.15 0.18 0.21 0.2–0.8
p 0.24 0.23 0.17 0.16 -
np 0.26 0.25 0.18 0.17 -
Reλ,p 102 109 172 257 -
Reλ,S3 95 106 212 225 -
103〈ε〉 (m2 s−3) 5.48 4.19 3.26 2.88 -

bias and random PIV errors may occur at sufficiently large concentrations and particle sizes; see
Zhang and Rival [43] for details. A 4-MP (2560 pixels × 1600 pixels) CMOS Phantom M340
camera with 12-GB onboard memory was used to obtain two sets of 2000 image pairs at 100 Hz
(see Fig. 1 for details of the experimental setup). The FOV was illuminated with a 1-mm-thick
laser sheet generated by a 50-mJ per pulse high-speed, dual cavity Amplitude Nd: YLF laser. The
flow was seeded with 55-μm diameter silver-coated, hollow ceramic particles. The image pairs
were interrogated using a recursive cross-correlation method in TSI Insight 4G software. The final
interrogation window had a size of 32 × 32 pixels with 50% overlap, resulting in a vector grid
spacing �x = �y = 640 μm. The PIV setup uncertainty, considering minor camera misalignment
and resolution, and laser light sheet alignment, is estimated as 0.2 pixels [44–46], which corresponds
to a velocity uncertainty of ≈8 × 10−4 m s−1. Statistical uncertainty for the velocity variance at each
measurement location can be estimated using a chi-square distribution [47] and was negligible for
averaging using 2000 image pairs.

FIG. 2. Shear stress and shear strain rate relationships for strain rates between 0.01 s−1 to 100 s−1 at various
laponite concentrations C; inset shows the laponite viscosity μ compared to various types of clays. γ̇ (s−1).
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FIG. 3. (a) Photographs of the mixing box with a calibration-type board in C = 0% (top) and C = 2.5%
(bottom) laponite-water mixtures. (b) Raw PIV image regions of laponite-water mixtures at various concentra-
tions; (c) background-removed images using median subtraction.

D. Unladen clay-free base flow

The clay-free clearwater flow base case was inspected in two perpendicular PIV planes passing
through the center of the mixing box. By defining a Cartesian coordinate system located at the
center, and denoting u′, v′, and w′ as the fluctuating velocity components in the horizontal (u′, v′) and
vertical (w′) directions, we computed the mean velocities (U, V, W ) and their associated standard
deviations σu, σv , and σw to determine the basic quality of the turbulence. The mean horizontal
velocity contour presented negligible mean velocity that was an order of magnitude smaller than the
standard deviation of the velocity fluctuations. The isotropy of the base flow is assessed using the
spatial variation of the velocity fluctuation ratio, i.e., the so-called isotropic ratios σu/σv and σu/σw.
The spatial distribution of σu/σv in Fig. 4(b) shows that this ratio is within 0.95 < σu/σv < 1.08.
The probability distribution functions (PDFs) of the u′ and v′ velocity fluctuations are shown in
Fig. 5 and follow a canonical Gaussian distribution well.

FIG. 4. Distributions of (a) horizontal velocity U and (b) the isotropy ratio σu/σv for the clay-free base
case around the center of the field of view (FOV).
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FIG. 5. Quantification of the clay-free flow: (a) PDF of the velocity fluctuations; (b) distribution of velocity
fluctuations u′, v′; and (c) two-point longitudinal velocity correlations for the horizontal, F11, and transverse,
F22, directions.

PIV spatial resolution may limit a robust estimation of the Taylor microscale from autocorrelation
[48]. Here, the spatial average of the mean dissipation rate 〈ε〉 is estimated by treating the PIV data
as a result of a large eddy simulation approach with a grid resolution of �x following the procedure
proposed by Sheng et al. [49], which assumed a dynamic equilibrium at the subgrid scale (SGS)
energy flux and approximated the dissipation rate as the energy flux from the SGS scale to the
Kolmogorov scale as follows:

ε ≈ εSGS = −2τSGSi j Si j . (1)

Here, Si j and τSGSi j are the resolved rate strain tensor and Smagorinsky SGS stress tensor, respec-
tively, with

τSGSi j = −C2
s �2

x

∣∣√2Si jSi j

∣∣Si j, (2)

where Cs ≈ 0.11 for the 50% overlap and PIV grid resolution [50]. The spatial average of the
mean dissipation for the clay-free base case resulted in 5.48 × 10−3 m2 s−3 and has an associated
Reynolds number [based on the Taylor microscale of Reλ = σuλ/ν ≈ 95; where λ is the Taylor mi-
croscale derived from λ = (5νq2/〈ε〉)1/2] ≈ 2.03 mm. The Kolmogorov lengthscale corresponding
to the dissipation rate is ηk = (ν3/〈ε〉)1/4 ≈ 9.8 × 10−2 mm. Other estimations of 〈ε〉 considering
ε ∼= 15ν(∂iu′

i )
2 [51] gives a similar value of 〈ε〉 = 5.14 m2 s−3 for i = 1 and 〈ε〉 = 5.22 m2 s−3 for

i = 2.
The two-point longitudinal velocity correlation for u′ and v′ or (u′

1 and u′
2) as a function of the

separation distance between the velocity vectors r normalized by ηk is given in Eq. (3) and shown
in Fig. 5(c)

F11(r) = u′
1(x1, x2)u′

1(x1 + r, x2)

u′2
1

, F22(r) = u′
2(x1, x2)u′

2(x1, x2 + r)

u′2
2

. (3)
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FIG. 6. (a) Sample time series of the horizontal velocity component fluctuations u′ for water-clay mixtures
at concentrations C = 0, 1 and 2%. (b) Probability density functions of the velocity fluctuations. (c) Log-log
plot of the velocity fluctuation PDF, with a semi-log-y version in the inset highlighting the distribution for
u′/σu < 0.8.

These functions overlap and follow approximately the trend of homogeneous isotropic turbulence
data obtained using DNS by Gotoh et al. [52] at similar Reλ = 125.

III. EFFECT OF CLAY CONCENTRATION

Low concentrations C � 2% of Laponite RDTM produced distinct, measurable changes in the
characteristics of the flow. In particular, the turbulence statistics, including the level of velocity
fluctuations σui , Reynolds shear stress distribution, and turbulent kinetic energy q2 exhibited a
dependence with C. In addition, the structure of turbulence was sensitive to clay concentration,
with the inertial subrange power law of the velocity spectra �, the characteristic Taylor microscale
λ, and mean energy dissipation 〈ε〉 also evidencing a modulation with increasing C.

A. Basic flow characteristics

Representative time series of the velocity fluctuations for the base case C = 0% and flows with
clay concentrations of C = 1% and C = 2% are illustrated in Fig. 6(a) within the 20 mm × 20 mm
interrogation subregion centered in the FOV [Fig. 1(b)]. These plots illustrate qualitatively the
differences in magnitude and nature of intermittent-like fluctuations, revealing the existence of
multiscale processes in the clay flows. This may indicate structural differences in the coherent mo-
tions induced by various Laponite RDTM concentrations, resulting in modified turbulence dynamics.
The probability density functions (PDF) of the normalized velocity fluctuations u′/σu for all cases
[Fig. 6(b)] show that the lowest clay concentration C = 1% has a fairly similar distribution to the
clay-free base case, whereas minor departures from a Gaussian distribution occurred for C = 1.5%
and C = 2%. These two higher clay concentrations showed a reduced distribution for scales of
u′/σu � 1 as highlighted in Fig. 6(c). The weakly sub-Gaussian features for C = 1.5% and C = 2%
suggest the presence of intermittent large-scale events [53], suggesting the occurrence of clay flocs
or chains as concentration increases over 1%. It is worth noting that a minor shift to the right in
the C = 1% PDF may be due to secondary flow induced by the clay particles; future investigations
around this concentration may offer insights into possible causative mechanisms.

073801-8



EFFECTS OF LOW CLAY CONCENTRATIONS ON NEARLY …

FIG. 7. (a) Variation of second-order statistics σu, σv and TKE at different laponite clay concentrations.
(b) Attenuation of viscous dissipation rate 〈ε〉/〈ε0%〉. (c) Velocity spectra for the 20 mm × 20 mm region of
interest at the center of the box.

The second-order statistics obtained with spatial and ensemble averaging for σu, σv , and turbu-
lence kinetic energy, q2, defined as

q2 ≡ σuiσui
∼= 3

σ 2
u + σ 2

v

2
(4)

under isotropy, i.e., σw
∼= σu are illustrated in Fig. 7(a). This reveals a monotonic reduction of

the velocity fluctuations and turbulent kinetic energy as clay concentration increases. Figure 7(b)
shows the percentage reduction of q2 and corresponding mean dissipation 〈ε〉. These measurements
also demonstrate an attenuation in mean dissipation as clay concentration increases, with an
approximately 50% reduction for the C = 2% case. Also, 〈ε〉 decreases at a faster rate compared
to q2, resulting in the ratio between turbulent kinetic energy (TKE) and dissipation being greater
than unity (q2/〈ε〉 > 1), and indicating an increase in Taylor microscale λ as clay concentration
increases. It is worth noting the steeper gradient dq2/dC for C > 1% compared with C � 1%,
which results in up to ≈35% drop in the value of q2 from the clay-free base flow. The reduction
in q2 is also apparent from the velocity spectra in Fig. 7(c). Interestingly, the power-law within the
inertial subrange deviates from the Kolmogorov −5/3 scaling with varying exponents dependent on
the clay concentration. An increase in energy in the high-frequency region, f � 10 Hz [highlighted
by the dash-dotted line in Fig. 7(c) for the nonzero clay concentration cases], indicates the existence
of small-scale secondary flow structures. An analysis of energy augmentation at the high frequency
range, and the dependence between inertial subrange scaling and clay concentration, is given in the
following section.

B. On the structure of turbulence

The cross-correlation coefficient, u′v′/(σuσv ), is shown in Fig. 8(a) for the clay-free base case
and its corresponding PDF distribution is given in Fig. 8(b) for the C = 1% and C = 2% cases.
Here, σi is the standard deviation of the i component of the velocity. The instantaneous stress
distribution for C = 0% exhibits a nearly zero mean value, indicating the homogeneity and isotropy
of the base flow. However, the clay-laden cases exhibit a secondary peak and a slightly positively
biased primary peak for the C = 2% case, which is likely a result of the mean shear caused by
secondary flow. The secondary peak increases from 0.12 for C = 1% to around 0.18 for C = 2%,
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FIG. 8. (a) Contour of shear-stress correlation coefficient for the clay-free base flow. (b) Probability density
function of the shear-stress correlation coefficient for the clay-free base flow and two clay concentrations.

indicating the existence of aggregating clay particles that alter the dynamics of energetic structures
in the flow responsible for the secondary peak. Note that, despite the secondary peak in shear stress
correlation, the flow generally preserves the homogeneous characteristics indicated by the velocity
PDF. Additionally, the spatial and temporal velocity correlations shown in Fig. 9 characterize the
modification of flow structure by the clay particles. In particular, Fig. 9(a) demonstrates an increase

FIG. 9. (a) Correlation of the two-point longitudinal horizontal velocity. (b) Autocorrelation function of
the horizontal velocity; inset illustrates the corresponding integral timescale T u.
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FIG. 10. (a) Compensated velocity spectra, f 5/3−p�, for the cases with laponite concentrations of C = 1%
(black) and 2% (blue), where the fitted p factors are 0.23 and 0.16, respectively. (b) Power-law correction p as
a function of laponite concentration C.

in correlation at the highest clay concentration at large separations (namely, r � 6 mm) and a
decrease at small separations [highlighted in the inset in Fig. 9(a)]. The increase in correlation
for r � 6 mm may indicate that clay flocs/chains transfer energy to the flow via local jet-like fluid
motions as they settle [54]. Despite no visual evidence of flocs, the aggregation of clay particles may
be present; however, the present experiments did not permit measurement of the possible presence
and size of any flocs/aggregates. In contrast, the decrease in correlation with C at small separations
may be indicative of small-scale dissipation taking place in the vicinity of the particles, similar to
that reported in Tanaka and Eaton [55]. This particular phenomenon deserves further experimental
investigation that can aid deriving formulations for numerical models.

Spectral description of the spatial and temporal variability of velocity shows a well-defined
inertial subrange with a power scaling −5/3 + p, with a correction factor p 
= 0 [18] across the
cases. By performing a least-squares fit on the compensated temporal spectra f 5/3−p�( f ) in the flat
region defining the inertial subrange, as illustrated in Fig. 10(a) for C = 1% and 2%, we obtain the
dependence of p as a function of clay concentration for the given conditions. The p − C relation for
C(%) ∈ [0, 2] shown in Fig. 10(b) evidences the change in turbulence dynamics and reveals three
features of interest. First, p = 0.24 for the case of clear water, which is consistent with the value
reported by Mydlarski and Warhaft [18] with p ≈ 0.23 using their empirical fit at Reλ = 95; second,
the onset of changes in p appear in the vicinity of C ≈ 1%; third, p exhibits a monotonic decrease
with C following an approximately linear trend within C(%) ∈ [1, 2], indicating a progression
towards the Kolmogorov scaling. This, in turn, implies a change in the associated Reynolds number
of the turbulence as examined below.

Mydlarski and Warhaft [18] suggested a correction of the inertial subrange p as a function of the
Taylor microscale Reynolds number, given by

p = 5
3

(
3.15Re−2/3

λ

)
. (5)

This p factor agrees well with that proposed by Puga [19], where the correction factor over the
Kolmogorov −5/3 scaling as a function of Reλ is given by

np = −0.023 + 5.86Re−0.645
λ . (6)

The p values from Eqs. (5) and (6) allow for back-calculation of the Taylor microscale Reynolds
number of the clearwater case and estimation in the cases with Laponite RDTM (Table I). The
calculated Taylor microscale Reynolds numbers range around 100 � Reλ � 260 in the experimental
system, where the only variable changing was clay concentration.

Herein, we also use an alternative approach to examine values of the p − Reλ relation. In
particular, inspection of the third-order structure function S3(r) = 〈[u(x + r) − u(x)]3〉, where r
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FIG. 11. (a) Third-order structure function S3 for laponite concentrations of C = 0% (×), 1% (�), and 2%
(�). (b) Associated compensated counterparts to illustrate the scaling with r.

is the distance and 〈 〉 is the time-averaging operator, allows evaluation and validation of the
estimations of Reλ and energy dissipation. S3 is related to the mean dissipation 〈ε〉 by the so-called
von Kármán-Howarth-Kolmogorov relation for isotropic turbulence [56] given as

S3(r) = −4

5
〈ε〉r + 6ν

d

dr
S2(r), for ηk � r � L11. (7)

At sufficiently high Reynolds numbers, Eq. (7) reduces to S3(r) = − 4
5 〈ε〉r, allowing direct estima-

tion for 〈ε〉 [57,58] using a least-squares linear fit of S3 within the inertial subrange. Although the
high Re condition is a stretch for our clay-laden flow, the trend in Fig. 11(b) provides a comparison
of the bulk dissipation rate among the various laponite concentrations. The trend is consistent with
those 〈ε〉 estimated from the PIV velocity vector field, with decreasing dissipation at increasing clay
concentrations.

The Taylor microscale, λS3 = [σ 2
u /〈(∂xu)2〉] 1

2 , is also computed using the isotropic relation 〈ε〉 =
15ν〈(∂xu)2〉. Selected cases of S3(r) for C = 0%, 1%, and 2% in Fig. 11 show a shift to higher r in
the compensated structure function, r−1S3, for the C = 2% case [Fig. 11(b)], thus suggesting that
an increase in clay concentration may result in a larger Taylor microscale λ. This is consistent with
the estimation of 〈ε〉 obtained with the methods outlined in Sec. II D.

It is worth pointing out that given the spatial resolution of the PIV measurements and the
coupling effect from the particles, the formulations provided above are used as estimations for the
characteristic scales of the turbulence. These formulations reveal increasing and decreasing trends
that provide valuable information that is indicative of the effect caused by water-clay interactions
at various clay concentrations. The various turbulence-related quantities discussed for all cases,
including the estimated values of the integral timescale Ti for u and v velocity components,
correction factor p, associated np, the Taylor-microscale-based Reynolds number derived from the
p factor Reλ,p, the Taylor microscale Reynolds number from the estimation of S3 (Reλ,S3 ), and 〈ε〉
are summarized in Table I.

C. Characteristic scales

The integral scale L11, Taylor microscale λ, and Kolmogorov lengthscale ηk , are central quantities
providing a bulk assessment of turbulence defining the large representative scales and the dissipative
motions.

For the range in Laponite RDTM concentration tested (C � 2%), an increment in clay concen-
tration leads to larger L11 and λ. Although accurate estimation of the integral length scale may be
partially limited to our FOV, the increase in L11 is likely due to relatively large intermittent-like
events, as suggested in Figs. 6(a) and 8(b). In contrast, there is a decrease in 〈ε〉 modulated
by laponite concentration as demonstrated in Figs. 7(b) and 11. This may be counterintuitive in
that the typical path for attenuating turbulence is by increasing the dissipation rate, evidencing
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a water-clay interaction that alters the turbulence structure within near-isotropic turbulence. An
attempt to address the cause of this phenomenon is given in the following section using a basic
energy budget analysis [60,61].

D. Energy budget

An energy budget analysis following the procedure of Rogers and Eaton [60] and Hwang and
Eaton [54] is carried out here to estimate the additional dissipation as a result of coupling between
the particles and turbulence. The energy budget for the fluid-phase kinetic energy, considering
steady-state processes for the fluid in the selected control volume, can be written as follows:

Ėi, f − Ės = 0. (8)

Here, Ėi, f is the net energy input rate from the actuator and Ės is the energy sink rate. Note that
energy output and production rate are not included in the equation since they are negligible in the
current system. It is worth elaborating on two major energy sinks in the system. First, the energy
rate required to sustain the potential energy of nonbuoyant clay particles, Ės,p = CgVs, where g is
the gravitational acceleration and Vs is the settling velocity obtained from Stokes’s equation, i.e.,

Vs = g(ρL−ρ f )d2
L

18μ
= 8.4 × 10−4 m s−1. Second, the viscous dissipation Ės,v is separated into three

parts: (i) the typical turbulent viscous dissipation (εsp) via the turbulent energy cascade, with the
dissipation scale bounded by the Taylor microscale λ and Kolmogorov length scale ηk; (ii) an
additional dissipation that occurs near the particle surface with a scale of the particle diameter (εp;
see Fig. 19 in Tanaka and Eaton [55]) as the result of the additional shear generated between the
particle surface and adjacent fluid; and (iii) a dissipation resulting from large-scale flow distortion
and particle clustering (εls) discussed earlier due to four-way coupling. Then, Ės,v can be separated
into εsp, εp, and εls, and thus Eq. (8) becomes

Ėi, f + CgVs − εsp − εp − εls = 0. (9)

A basic estimation of εp considering quasisteady particle drag by adding a nonlinear correction
to the standard Stokes drag is given by Rogers and Eaton [60], Elghobashi and Abou-Arab [62]:

εp = �̄

ρ f τL,s
(u′

iu
′
i − u′

iv
′
i ) + 1

ρ f τL,s
(�′u′

iu
′
i − �′u′

iv
′
i ) + 1

ρ f τL,s
(ūi − v̄i )�′u′

i, (10)

where 〈̄〉 and 〈〉′ denotes the mean and fluctuation of particle velocity vi, particle concentration
� = mL/Vf (mass of laponite per unit volume), and τL,s is the Stokes time constant of laponite
particles given in Sec. II B. With a negligible �′ for Stk > 1 [63], and assuming a negligible particle-
fluid velocity fluctuation correlation, Eq. (10) can be reduced to

εp  �̄

ρ f τL,s
(u′

iu
′
i ) = C(u′

iu
′
i )

τL,s
. (11)

Using Eq. (9) with the theoretical εp, we estimate the magnitude of εls, and take Ėi, f = εC=0% =
5.5 × 10−3 m s−1 as the fan energy input that is dissipated in the clay-free base case to reach
equilibrium. All the terms in Eq. (9) are shown in Fig. 12 for all cases and indicate a negligible
CgVs that is an order of magnitude smaller than the other terms. Note that Ės,p estimation uses the
raw laponite particle size; however, a negligible potential energy term would still hold, accounting
for the flocculation effect due to a drop in bulk density of laponite to approximately 1000 kg/m3

[35], resulting in an Vs ≈ 0 estimation. A low εls value for C = 1% shown in the inset to Fig. 12
suggests that the C = 1% case had much weaker large-scale clustering compared to higher clay
concentrations. Note that we use Eq. (11) to obtain a bulk trend estimation of the extra dissipation εp,
but do not rely on the exact quantitative value, as this has been reported to possess errors associated
with the quasisteady drag assumption for the flow adjacent to particles [54,64]; other errors also
occur due to the current cases not satisfying the Stk → ∞ assumption. However, this still provides
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FIG. 12. Terms of Eq. (9) versus clay concentration C(%); inset shows detailed distribution of 〈εls〉.

an estimation of the order of magnitude of the εls term, which shows the effect of clay particles
on the flow field by modifying the large eddies with a size larger than the Kolmogorov lengthscale
ηk . This effect induced by particle addition and clustering likely damped energetic eddies through
the so-called “screen effect” proposed by Eaton et al. [65] and Hwang and Eaton [54]. This is
also suggested by Fig. 9, where the increase in both integral timescale and lengthscale indicate a
clustering of particles and that this affects the flow structure.

IV. REMARKS AND CONCLUSION

The experiments reported herein conducted in a specially designed mixing box demon-
strate the possibilities and flexibility of using Laponite RDTM to study the poorly understood
turbulence-related processes of aqueous transitional clay flows that are ubiquitous in many natural
environments. Notable features of laponite suspensions are their optical transparency and a rheology
similar to natural clays, enabling characterization and quantification of the effects of clay on
turbulence under sufficiently low concentrations with a Newtonian behavior and at a range of shear
rates.

Characterization of the statistical quantities of the flow field and flow structure of nearly isotropic
turbulence showed the distinct impact of laponite concentration C on the structure of the flow.
Notably, the Taylor microscale Reynolds number-dependent scaling correction p of the power
law in the inertial subrange, i.e., −5/3 + p, exhibited a clear dependence with C, which becomes
evident at C � 1% at the shear rate investigated herein, where p decreased approximately linearly
with an increase of C ∈ (1, 2]%. Also, the reduction in the turbulent kinetic energy and mean
dissipation rate, and an increase in the Taylor microscale λ, as the clay concentration increases, are
shown in estimations using flow field data obtained directly from PIV and the p factor. An energy
budget analysis shows that the reduction in turbulent kinetic energy and the increase in λ are likely
associated with additional dissipation occurring at a scale larger than the Kolmogorov lengthscale
ηk of the clay-free base case, which might result from clay aggregation as shown by the increase in
integral time and lengthscales demonstrated for the clay-water mixture.

Our results demonstrate the fundamental importance of these processes, even at low C, and pose
many fundamental questions, including the effect of high clay concentrations past the onset of
non-Newtonian behavior, the impact of C upon nonisotropic turbulence and the role of changing
mean shear rate that is present in natural flows. Subsequent work will focus on particle distribution
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measurements and finer spatial resolution to quantify the energy transfer processes across charac-
teristic flow structures within a range of boundary layer flows.
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