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Summary

A new experimental apparatus to simulate oceanic turbulence at low Reynolds number in the
laboratory is described. Actuators located at each corner of a cubic Plexiglas box generated
synthetic jets that interacted to create turbulent flow at the center of the saltwater apparatus.
Four turbulent intensity levels were established and velocity measurements were performed
using Digital Particle Image Velocimetry (DPIV). The flow characteristics in the center of the
apparatus were confirmed to be nearly isotropic and homogeneous. The range of the dissipation
rate (107 - 1 cm25'3) and the Kolmogorov microscale (0.03 — 0.2 cm) agreed well with natural
oceanic environments, and the length scales and magnitude of the velocity fluctuations were
appropriate for zooplankton studies. The flow characteristics compared favorably to previous
approaches for generating turbulence in the laboratory, in particular oscillating-grid apparatuses.
The current design also possessed increased simplicity, controllability, and transportability.
Future objectives include studying the behavioral response of zooplankton to turbulent fluid

motions.

Introduction

Small organisms in the ocean, such as zooplankton, are subject to fluid forces imposed by the
turbulent velocity field. For instance, turbulent motion increases the contact rate among
organisms (Rothschild and Osborn 1988; Saiz and Kigrboe 1995; Dower et al. 1997, 1998;
MacKenzie and Kierboe 2000) and also appears to induce a behavior response (Incze et al. 2001;
Franks 2001). Studies indicate that several plankton species may avoid active turbulent surface
layers by swimming downward to the pycnocline (Heath et al. 1988; Mackas et al. 1993;
Lagadeuc et al. 1997; Incze et al. 2001). These observations suggest that the vertical variation of
turbulence exerts an influence on vertical migratory behavior (Franks 2001; Incze et al. 2001).
Other observations suggest that horizontal distributions can be influenced by turbulence levels

(Durbin et al. 2000). In order to test hypotheses regarding plankton behavior response to



turbulent motions, an laboratory apparatus is needed to simulate small-scale oceanic turbulence,
which generally has a isotropic microstructure (e.g. Jiménez 1997; Yamazaki et al. 2002).

The research community has been interested in generating isotropic turbulence in the
laboratory for many years and a number of approaches have been employed. The most common
technique for simulating near-isotropic small-scale turbulence in the laboratory has been the
oscillating grid (e.g. Thompson and Turner 1975; Hopfinger and Toly 1976; McDougall 1979;
Dickey et al. 1984; Brumley and Jirka 1987; Atkinson et al. 1987; De Silva and Fernando 1992,
1994; Cheng and Law 2001). The apparatus consists of an oscillating grid near one end of the
tank that provides kinetic energy to the fluid and produces near-isotropic turbulence at distances
sufficiently far from the grid (beyond three mesh sizes from the grid mid-plane according to
Cheng and Law 2001). While this has been the preferred technique, grid-generated turbulence
has several disadvantages. First, the induced flow field is not perfectly isotropic due to the
unavoidable fact that there is a unique direction in this flow (i.e. the direction perpendicular to
the grid). Second, the flow is not homogeneous because the turbulence intensity decays away
from the grid due to the inhomogeneous forcing. Hopfinger and Toly (1976) and others reported
that the turbulent kinetic energy decayed as a power law with distance from the grid. Third, the
desire to control the turbulence intensity through adjustable stroke frequency and length often
leads to fairly complicated lever mechanisms to drive the grid. The complexity generally
increases the size and expense of the apparatus and limits its transportability. Fourth, the grid
itself or the lever mechanism often limits physical and optical access to the tank.

The oscillating-grid turbulence papers listed above addressed physical oceanography or
fundamental fluid mechanics. Oscillating-grid apparatuses have also been used to address
biological oceanography issues (e.g. Alldredge et al. 1990; Hill et al. 1992; Saiz and Alcaraz
1992; Saiz and Kiorboe 1995; MacKenzie and Kierboe 1995; Laundry et al. 1995). In this
context, the oscillating grid apparatus has the additional disadvantage of placing an oscillating
solid object near the creatures, which may be a hazard. Physical and optical access is also an
important consideration for these studies because animals need to be taken in and out of the
facility and observations need to be made from several perspectives.

Alternative approaches for providing kinetic energy for the turbulent flow include mixing
blades (e.g. Semenov 1965), electric fans (e.g. Birouk et al. 1996; Fallon and Rogers 2002),
oscillating baffled cylinders (Chamorro 2001), two oscillating grids (Srdic et al. 1996), rotating



cylindrical grids located in a strain field (Liu et al. 1999), and a towed grid (Dickey and Mellor
1980). These approaches often suffer from a lack of homogeneity (i.e. the statistical properties
of the velocity fluctuations are a function of distance to the blades). Birouk et al. (1996),
however, overcame this problem by placing one fan in each corner of a cubic chamber. The flow
induced by the eight fans was nearly isotropic and homogeneous at the chamber center.
Although data were not presented to support the assertion, Chamorro (2001) also claimed that
the oscillating baffled cylinder produced homogeneous and isotropic turbulence. The towed grid
approach was distinctly limited to a mode of operation with decaying turbulence in the wake of
the grid. In any case, the fans, blades, baffles, or grids create a physical hazard for creatures in
the flow.

Recently, Hwang and Eaton (2003) designed and constructed a unique apparatus to study
solid particle movement in zero-gravity, gas-phase, isotropic turbulence. The apparatus
consisted of a cubic box with actuators located at each corner. The actuators directed a synthetic
jet through a small (1.9 cm) hole, an ejector tube, and a fixed mesh. Thus, a turbulent zero-net
mass flux synthetic jet flow was directed from each corner toward the box center. The actuators
were a superior driving mechanism for the particle-laden flow because particle contact with an
oscillating grid would be an unquantifiable phenomenon during the experiments. The apparatus
also needed to be portable in order to be placed on research aircraft simulating zero-gravity.

The purpose of this study is to test a new laboratory apparatus that has been designed to
simulate approximately isotropic and homogeneous oceanic turbulence. Turbulence in the ocean
occurs over a wide range of scales, from large-scale global circulation (order of kilometers) to
diffusive microscales (order of less than millimeters). At the scale of a zooplankton, i.e. the
order of millimeters, the character of oceanic turbulence is generally isotropic, which means the
turbulent fluctuations are, on average, independent of direction (e.g. Jiménez 1997; Yamazaki et
al. 2002). To produce turbulent motion with these characteristics, the Hwang and Eaton (2003)
approach was adapted to the seawater environment. A set of operating parameters were
established to produce turbulent fields with dissipation rates and microscales in the range for
oceanic waters inhabited by plankton. The objective of this paper is to describe the apparatus

and report the measured velocity and turbulence characteristics.



Materials and Procedures

Description of the Apparatus — The turbulence chamber consisted of a 0.4 m X 0.4 m x 0.4 m
Plexiglas box with each comer replaced with an inclined surface to create a nearly spherical
internal volume (Fig. 1). The size of the apparatus was large compared to zooplankton, but still
relatively compact in the laboratory. Flow was generated in the chamber by synthetic jet
actuators located at each of the eight corners (Fig. 2). The tank was filled with 30 ppt saltwater,
and air bubbles were removed from the turbulence chamber and each actuator. The specified
salinity level is consistent with regions of the ocean inhabited by zooplankton. All components
of the apparatus were either plastic or 316 stainless steel to prevent corrosion in the saltwater
environment. Optical access was equally available through all sidewalls (Fig. 2).

The actuators induced a zero-net mass flux synthetic jet towards the center of the turbulence
chamber (Glezer and Amitay 2002). The actuator body was constructed with 5.08 cm PVC pipe
(Fig. 2). A rubber (0.16 cm thick soft neoprene) diaphragm sandwiched between PVC flanges
formed a movable endwall of the actuator chamber. The diaphragm was connected via a
stainless steel rod to a woofer speaker (16.5 cm diameter cone) that was mounted at the end of
the actuator. The oscillating motion of the diaphragm alternatively drew fluid into and forced
fluid out of orifice holes in the turbulence chamber wall. Eight holes (0.32 cm diameter) were
equally spaced around a 2.54 cm diameter circle centered on the axis of each actuator. For the
aqueous environment, this orifice arrangement was superior to a single large orifice hole (e.g. 1.9
cm diameter orifice used by Hwang and Eaton 2003) because a synthetic jet formed at each hole
for smaller diaphragm displacement (Smith and Glezer 1998). The resulting eight synthetic jets
interacted to produce a broad jet-like flow originating from each corner of the turbulence
chamber.

The synthetic jet strength (and hence the level of turbulence intensity in the chamber) was
controlled by adjusting the frequency and amplitude of the signal driving the speakers. A low-
power sinusoidal voltage signal was generated with a National Instruments DAQCard installed in
a laptop computer. The signal was divided and amplified via an eight-channel power amplifier
(individual digital control for each channel). The actuators were paired to have 180° phase
difference (i.e. one actuator drew in fluid while its pair expelled fluid) in order to avoid fluid

compressibility issues in the closed container.



Sinusoidal signals with frequencies ranging from 30 Hz to 40 Hz were used to drive the
actuators at very small amplitudes (on the order of a millimeter or less). The input voltage for
each speaker was adjusted to generate a near-zero mean flow in the center of the turbulence
chamber, which was verified with the velocity measurements. Table 1 shows the frequency and
voltage level for each speaker for each intensity level.

Velocity Measurements — “Homogeneous turbulence” is defined as statistically invariant to shifts
of the coordinate system, and “isotropic turbulence” is additionally invariant to rotations and
reflections (Pope 2000). To test the flow in the proposed apparatus for these conditions, we

measured the velocity statistics. The test for near isotropy consisted of verifying that the

magnitudes of the three Reynolds normal stresses were similar (i.e. wu, = wu, = wu; , or

equivalently u,, =~ u, = u, ) and that the Reynolds shear stresses and mean velocity were

3rms
near zero (uu, =~ uu; = uu, ~0and U, = U, = U, =0). Note that whereas the apparent stress
in the Reynolds-averaged Navier-Stokes equations is —puu; , we have used the normal

convention of also referring to ﬁ as the Reynolds stress (e.g. Pope 2000). The test for near

homogeneity consisted of verifying that the spatial variation of the velocity statistics was small.

A coordinate system was defined with the origin at the box center. The x, and x,
coordinates correspond to the horizontal directions, and the x, coordinate corresponds to the

vertical direction. Velocity measurements were performed during different time intervals in two
perpendicular planes, namely the x, -x; and x,-x, planes.

Quantitative measurements of the flow and turbulence characteristics were obtained using
Digital Particle Image Velocimetry (DPIV). This is a non-intrusive optical technique that
measures fluid velocity by tracking the displacement of tracer particles. The measurement
equipment and procedures have been previously described (Webster et al. 2001). The evaluation
of the DPIV images consisted of correlation-based processing techniques to determine the
displacement between two consecutive patterns of tracer particles (e.g. Raffel et al. 199§;
software developed by Cowen and Monismith 1997). The particle displacement was combined
with the image magnification and time delay between laser pulses to determine the local velocity.
Data were collected over sufficient time intervals to ensure statistical convergence (Table 1). In

addition, the measurements demonstrated a high degree of repeatability.



Statistical measures of the turbulent field, such as the time average velocity and Reynolds
stresses, were calculated from the velocity data. Because the velocity field was nearly isotropic

and homogeneous, the surrogate expression is a good approximation for the dissipation rate:

g=15v{%§j (D)

The spatial gradient in Eq. 1 was estimated by a central finite difference approximation of the

instantaneous vector field (a similar method was employed by Saarenrinne and Piirto 2000).
Saarenrinne and Piirto (2000) report that the best estimate of the dissipation rate with this
method requires spatial resolution close to the Kolmogorov microscale. The current
measurements have a spatial resolution finer than the Kolmogorov microscale for the lower two

turbulence intensity levels and very near the Kolmogorov microscale for the higher two levels.

The definition of the dissipation rate is € =2vs;s,

, » Where s, is the strain rate of the fluctuating
velocity field (Pope 2000). Thus, the dissipation rate data reported herein additionally provide
information about the variance of the fluctuating strain rate. In addition, the integral length scale

(L;), Kolmogorov microscale (77), skewness and kurtosis of the velocity fluctuations, Taylor

microscale (4), and Taylor-scale Reynolds number (Re, ) were calculated from the velocity

fields (for definitions see Pope 2000).

Assessment

The velocity at a point in a turbulent flow will appear “random” or “chaotic.” Whereas the
exact instantaneous velocity is impossible to predict, the overall behavior can be described
stochastically and possesses certain universal characteristics. For instance, motions in a
turbulent flow exist over a broad range of length (and time) scales, which correspond to
fluctuating eddy motions. The largest (integral) scale is bounded by the geometric dimensions of
the flow, for instance the diameter of a pipe or the depth of an ocean layer. The smallest length
scale corresponds to eddies that dissipate kinetic energy into heat and is called the Kolmogorov
microscale. The largest eddies draw energy from the mean flow motion, and then transfer
energy to successively smaller scales until it is dissipated at the Kolmogorov microscale. This
process is referred to as the energy cascade. The energy distribution at the largest length scales

is generally dictated by the flow geometry and mean flow speed. In contrast, the smallest length



scales are many orders of magnitude smaller than the boundary constraints and hence are nearly
isotropic in nature.

We expect that increasing the turbulence intensity will lead to an increase in Reynolds
number, turbulent kinetic energy, and dissipation rate. The Kolmogorov microscale decreases
for increasing dissipation rate, thus a broader range of eddy sizes exists for increased turbulence
intensity (i.e. the largest length scale remains the same while the smallest length scale decreases).
Thus for higher Reynolds number, more intense, more rapidly evolving eddies over a broader
range of scales are observed, but only on an average basis. At a particular instant and location,
the fluid motion could correspond to anything within the range of scales described above. The
data presented in this section confirm this broad description of turbulence.

Velocity measurements were obtained for four turbulent intensity levels in the range of
natural zooplankton habitats (i.e. € in the range 107 — 1 cm?s™; Jiménez 1997). The objective of
this section is to quantify the nearly isotropic and homogeneous small-scale flow characteristics
for each turbulence level. Field plots of statistical flow parameters facilitate a discussion of the
magnitude and homogeneity of the turbulent characteristics. Also, the flow statistics were
averaged over the center region (i.e. the 4 cm x 4 cm region at the center of the apparatus) to

yield a single characteristic value for each statistical parameter (summarized in Tables 2 and 3,

where < > indicates spatially averaged). Additional data not reported here are available in

Brathwaite (2003).

Animations of the flow field for each turbulence intensity level are shown in Figs. 3 — 6. By
observing the flow at any single location, it is apparent that the velocity fluctuates unpredictably
as expected in a turbulent flow. In addition, the sequence of instantaneous velocity fields
presented in the animations reveal the evolving spatial structure. To help visualize the evolving
turbulent structure, the color of the vectors indicates the magnitude of vorticity. For each level,
the flow consisted of intermittent ridges and valleys of vorticity that mark transition regions in
the velocity field (i.e. gradients between relatively fast and slow fluid patches). Intermittent
turbulent eddies are also apparent in the animations (i.e. indicated by vortex cores). Comparing
among the cases is particularly illuminating; note that the right frame in each animation has the
same reference vector and color scheme for ease of comparison. For turbulence level 1 the mild
spatial variation of the velocity field and low levels of vorticity evolved very slowly. The

velocity magnitude was also small compared to the other cases. Note that the Taylor-scale



Reynolds number for this case was below the minimum required for “true” turbulence (i.e. Re; =

30; Jiménez 1997). Increasing the forcing led to several changes. For instance, the magnitude of
the velocity and vorticity increase for each level. In addition, the spatial variation possessed
finer structure (i.e. the higher ridges and lower valleys of vorticity are smaller and closer
together) and the fields evolved more rapidly. Each of these characteristics contributed to the
increasing turbulence intensity among the cases, which is quantified by the statistics reported in
Tables 2 and 3.

The characteristics of turbulence level 2 are discussed in detail and compared to the other
levels. The root mean square (rms) of the three velocity components (i.e. the square root of the
Reynolds normal stresses) normalized by the spatially averaged value are shown in Fig. 7. The
magnitude of the rms was similar for each component (Tables 2 and 3) and varied mildly over
the measurement plane (roughly + 20% shown in Fig. 7). The spatial variation was similar for
the other turbulence levels and the average values are reported in Tables 2 and 3. The spatially
averaged ratios of the rms components were 1.11 and 0.85 for turbulence level 2 (Tables 2 and 3),
which is close to the isotropic value of 1.0. The ratios of the rms components were similarly
close to 1.0 for the other turbulence levels. Thus, the results indicate that the velocity
fluctuations had a high degree of homogeneity and isotropy. For each turbulence level, the
skewness of the velocity fluctuations was close to zero and the kurtosis value was around three
(Tables 2 and 3), which indicates that the velocity fluctuations have a near Gaussian distribution,
as expected.

Figure 8 shows mild spatial variation of the Reynolds shear stresses. The shear stresses are
normalized by the turbulent kinetic energy (spatially averaged value) to show that the shear
stress was relatively small compared to the fluctuation intensity (contour levels indicate that the
shear stresses are one order of magnitude smaller than the turbulent kinetic energy level). The
data in Tables 2 and 3 also indicate that the mean velocity components were small compared to
the rms of the velocity fluctuations. Similarly, relatively small values for the Reynolds shear
stresses and mean velocity compared to the rms components were observed for the other
turbulence levels. Thus, the criterion for isotropic flow that the mean velocity and shear stress be
approximately zero was met reasonably well.

The dissipation rate, shown in Fig. 9, also did not deviate significantly from the spatially

averaged value (roughly * 20%) and hence had a relatively high degree of homogeneity.



Additionally, the magnitude of the dissipation rate in the orthogonal measurement plane agreed
well (Tables 2 and 3). The plots of dissipation rate for the other levels also were reasonably
homogeneous (Fig. 10, again roughly £ 20%). In each case the spatial variation within each
field was small compared to the jump in dissipation rate between cases.

The instantaneous variation in dissipation rate along the x, axis illustrates the intermittency

of the flow (Fig. 11). The profiles qualitatively agreed with the time records of dissipation rate
presented by Yeung (2001) for direct numerical simulation data. The intermittent high levels of
dissipation rate correspond to strong, infrequent coherent vortices (Jiménez 1997).

Tables 2 and 3 show that that the Kolmogorov microscale decreased with increasing
turbulence intensity, as expected. Further, the Kolmogorov microscale estimates agreed well
between the two measurement planes. The integral length scale in both planes and for each
turbulence intensity level equaled approximately 2 cm. The lack of variation among the cases
reflected the fact the integral length scale depends on the large scale geometry of the apparatus,
which was constant among these cases. The Taylor-scale Reynolds number was small and

varied from roughly 10 to 60 among the cases.

Discussion

The apparatus produced turbulent flow fields that are nearly isotropic and homogeneous.
The flow fields did not perfectly agree with the theoretical ideal conditions, but they did possess
many of the desired characteristics and compared favorably with grid-generated and alternative
approaches. Contour plots of the dissipation rate showed a high degree of homogeneity with
similar values in the two orthogonal measurement planes. For the oscillating grid apparatus, near
homogeneous flow was achieved only in planes parallel to the grid at distances beyond a few
mesh sizes from the grid mid-stroke plane. In addition, the ratio of the rms components were
near unity for each case and for each measurement plane (range of 0.83 — 1.11 in Tables 2 and 3).
This characteristic also compared well to previous designs. For instance, Hopfinger and Toly
(1976) reported u,,, /u,,. in the range 1.1 — 1.3; De Silva and Fernando (1994) reported 1.1 —
1.2; Birouk et al. (1996) reported 0.9 — 1.1; and Hwang and Eaton (2003) reported 0.9 — 1.2.

As a practical note, the synthetic jet actuators were difficult to exactly balance for zero mean
velocity at the center of the apparatus. This was evident from the fact that the mean velocity and

Reynolds stresses were a fairly significant fraction the turbulent kinetic energy for some of the



cases. To exactly balance the flow, each of the eight synthetic jets needed to have the same
momentum and correct orientation at the center of the box. Since each actuator was unique due
to inevitable construction and speaker response variations, the jet strength was impossible to
predict from the input voltage alone. Achieving “balanced” conditions at the center of the
apparatus required a significant amount of trial and error and patience. After this initial
“calibration” process, the parameters in Table 1 produced repeatable flow conditions.

The problem of a finite mean velocity is not unique for the current apparatus. The oscillating
grid apparatus also generated a substantial recirculating mean flow in the turbulence chamber
(Thompson and Turner 1975; Brumley and Jirka 1987; Dohan and Sutherland 2002). Semenov
(1965), and Fallon and Rogers (2002) also reported substantial mean velocity in their gas-phase
apparatuses. The smallest relative mean velocity was reported for the gas-phase apparatus of
Birouk et al. (1996) for a much higher Reynolds number.

In addition to matching the target range of dissipation rate (i.e. 10° -1 cmzs'3), the measured

Kolmogorov microscale range agreed with the range observed in oceanic habitats (77 in the range

0.03 — 0.2 cm; Jiménez 1997). Further, the values of the integral and Kolmogorov length scales
spanned the typical body size of zooplankton, which range roughly between 0.1 cm and 1 cm
(Yamazaki and Squires 1996). The rms values of the velocity fluctuations were also comparable
to the nominal swimming speeds of zooplankton, which ranged between 0.1 cm/s and 1 cm/s
(Yamazaki and Squires 1996) with escape speeds of 100 cm/s (Yen 1988).

This study achieved the primary objective of building and testing a new apparatus that is
appropriate for studying zooplankton response to turbulent velocity fluctuations. The flow
characteristics in the center of the apparatus have been confirmed to be reasonably isotropic and
homogeneous. The dissipation rate and Kolmogorov microscale agreed well with oceanic
environments, and the length scales and magnitude of the velocity fluctuations were appropriate
for zooplankton response studies. The flow fields also possessed the intermittency
characteristics expected in turbulent oceanic flows. The apparatus is superior to grid oscillating
designs because of increased simplicity, increased controllability, increased transportability, and
reduced cost. The zero-mass flux actuators are also ideal for biological oceanographic research
because no moving objects are located inside the test section.

The apparatus now provides a valuable tool for biological oceanographic research. In

particular, the next phase of research will involve the study of zooplankton behavior patterns for

10



the four turbulence levels that have been parameterized. The turbulent characteristics can be
matched to natural habitats or varied to document rate of change in zooplankton behavior. Our
capability to visualize both the instantaneous velocity field (e.g. Webster et al. 2001) and
instantaneous plankton behavior (e.g. Yen and Fields 1992; Fields and Yen 1997) enables studies of
directional responses to coherent small-scale turbulent structures. It is anticipated that
zooplankton will respond to the instantaneous strain rate and/or vorticity (Kierboe et al. 1999).
These quantities will be calculated from the measured velocity fields and then correlated with
observed behavior. Preliminary observations reveal that zooplankton pass through the
measurement region for all turbulence levels discussed here. The frequency of these events
depends on the number of animals in the container, the species, and other factors. In any case, a
great deal of patience is required to perform measurements of free swimming animal response to
fluid motions.

Furthermore, because the apparatus is compact (see the photograph in Fig. 2) and is
controlled from a laptop computer, the apparatus can be brought onto a research ship. In that
case, animal specimens would be collected from the ocean and moved to the apparatus on the
ship. The apparatus is a closed container, thus sloshing of a free surface in the tank due to ship
movement is not an issue. Thus, the apparatus’ seaworthiness can be evaluated in future tests;
we anticipate that it will perform well for shipboard operation during calm sea conditions.
Observations of fresh animal response to controlled and well-quantified turbulence then could be

performed immediately after collection.
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Table 1. Signal and DPIV measurement parameters.

1 2 3 4
Signal Parameters
Frequency (Hz) 40 35 30 30
Input Voltage (V) -Speaker 1 4.7 3.6 4.4 4.2
Input Voltage (V) - Speaker 2 6.5 4.0 5.8 7.0
Input Voltage (V) - Speaker 3 6.2 53 6.8 8.0
Input Voltage (V) - Speaker 4 5.6 3.8 52 5.2
Input Voltage (V) - Speaker 5 5.8 6.5 5.2 5.6
Input Voltage (V) - Speaker 6 6.7 6.5 4.8 5.0
Input Voltage (V) - Speaker 7 5.2 6.5 42 4.6
Input Voltage (V) - Speaker 8 6.9 5.7 3.8 4.2
DPIV Measurement Parameters
Data Rate (Hz) 0.5 0.5 1.0 2.0
No. of Velocity Fields 2000 2000 2000 2000
Measurement Time (minutes) 67 67 33 17
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Table 2:

Summary of statistics for each turbulence level spatially-averaged for the x, — x; plane.

Turbulence Level 1 2 3 4
(U,) (cms™) -0.07 -0.03 0.17 0.07
(U,) (cms™) 0.11 0.07 0.12 0.22

() (cms™) 0.081 0.30 0.69 0.88
(43, ) (cms™) 0.089 0.27 0.78 0.91
(Uy s [ ) 0.91 1.11 0.89 0.98
() (em’ s7) 0.001 -0.004 -0.003 -0.058
(e) (cm®s”) 0.002 0.017 0.16 0.30

N

Skewness, u, -0.6 -0.5 -0.03 0.05
Skewness, u, -0.2 0.2 0.1 -0.2
Kurtosis, u, 3.5 3.3 3.2 3.2
Kurtosis, u, 3.3 3.3 2.9 29
L, (cm) 2.4 1.6 1.8 2.1

7 (cm) 0.15 0.087 0.050 0.043

A (cm) 0.72 0.90 0.67 0.63
Re, 6 27 46 56
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Table 3. Summary of statistics for each turbulence level spatially-averaged for the x, — x; plane.

Turbulence Level 1 2 3 4
(U,) (ems™) 0.10 0.05 -0.12 0.06
(U,) (ems™ 0.14 0.08 0.29 -0.10
(ty s ) (cm's™) 0.13 0.25 0.76 0.97
(uy,,,,) (cms™) 0.15 0.29 0.75 0.96

[ (05 0.83 0.85 1.00 1.02
(@) (cm? s?) -0.006 -0.014 0.19 0.39
(€) (cm’ s7) 0.003 0.015 0.17 0.42
Skewness, u, 0.5 0.06 -0.02 -0.4
Skewness, u, -0.3 0.4 -0.04 -0.2
Kurtosis, u, 3.2 3.1 3.1 33
Kurtosis, u, 2.6 3.2 2.8 3.0
L,, (cm) 2.4 2.0 1.8 1.9

1 (cm) 0.14 0.091 0.049 0.039

A (cm) 1.0 0.80 0.72 0.58
Re, 13 20 54 57
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Turbulence Chamber

Nd:YAG Laser

\

Fig. 1. Schematic of the experimental set-up.
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Fig. 2. Photograph of the turbulence chamber and actuators.
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Fig. 3. Example of the velocity field for turbulence level 1. The vector color corresponds to the
magnitude of vorticity. The left animation is optimized for viewing this level, and the right
animation is standardized for comparison with the other turbulence levels. The frame speed is 5
times faster than reality.
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Fig. 4. Example of the velocity field for turbulence level 2. The vector color corresponds to the
magnitude of vorticity. The left animation is optimized for viewing this level, and the right
animation is standardized for comparison with the other turbulence levels. The frame speed is 5
times faster than reality.
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Fig. 5. Example of the velocity field for turbulence level 3. The vector color corresponds to the
magnitude of vorticity. The left animation is optimized for viewing this level, and the right
animation is standardized for comparison with the other turbulence levels. The frame speed is 5
times faster than reality.
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Fig. 6. Example of the velocity field for turbulence level 4. The vector color corresponds to the
magnitude of vorticity. The left animation is optimized for viewing this level, and the right
animation is standardized for comparison with the other turbulence levels. The frame speed is 5
times faster than reality.
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Fig. 7. Contour plots of the root mean square of the velocity fluctuations normalized by the
spatially averaged value, (a) w,,,, /(1 ), (b) u,,,, /{1y, ) > and (¢) uy,,, /(uy,,, ), for turbulence
level 2. The measurement plane is indicated by the axes.
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Fig. 8. Contour plots of the Reynolds shear stresses normalized by the turbulent kinetic energy,

(a) u}/{k), and (b) wys,/{k), for turbulence level 2, where (k) =l<ﬁ> :
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Fig. 9. Contour plots of the normalized dissipation rate, £/(¢), for the (a) x,-x, plane, and (b)

x,- x, plane, for turbulence level 2.
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Fig. 10. Contour plots of the normalized dissipation rate, 8/<6>, for turbulence level (a) 1, (b) 3
and (c) 4.

27



e /<g>

Fig. 11. Three representative profiles of instantaneous dissipation rate, &, , normalized by the
spatially averaged value for turbulence level 3.
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