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High-resolution measurements of the spatial and temporal scalar structure

of a turbulent plume

J. P. Crimaldi, J. R. Koseff

Abstract Two techniques are described for measuring the
scalar structure of turbulent flows. A planar laser-induced
fluorescence technique is used to make highly resolved
measurements of scalar spatial structure, and a single-point
laser-induced fluorescence probe is used to make highly
resolved measurements of scalar temporal structure. The
techniques are used to measure the spatial and temporal
structure of an odor plume released from a low-momen-
tum, bed-level source in a turbulent boundary layer. For
the experimental setup used in this study, a spatial reso-
lution of 150 pm and a temporal resolution of 1,000 Hz are
obtained. The results show a wide range of turbulent
structures in rich detail; the nature of the structure varies
significantly in different regions of the plume.

1

Introduction

Turbulent flows continuously stir and mix embedded
scalar quantities into complex and fascinating structures.
A detailed understanding of the physical processes that
produce turbulent scalar diffusion relies on a description
of the spatial and temporal structure of the scalar field.
This has motivated the need for developing a variety of
techniques for measuring scalar fields in the laboratory. A
second motivation for studying the spatial and temporal
structure of scalar fields (especially those in plumes) is to
understand what information the local structure conveys
about the location of the scalar source itself. This origi-
nated in the area of olfaction, where a variety of aquatic
animals use chemoreception to locate the source of odors
emanating from food, predators, and potential mates
(Weissburg and Zimmer-Faust 1993; Atema 1995). In
order to be able to learn how the animals locate odor
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sources, we need to determine the type of information that
is conveyed to the animal by the temporal and spatial
character of the odorant signal. An understanding of these
processes might lead to an automated approach to locating
the source of chemical signatures in the environment.

The primary purpose of this paper is to describe two
complementary experimental techniques for making high-
resolution measurements of the spatial and temporal
structure of the scalar field in turbulent flows. We dem-
onstrate the effectiveness of these techniques by measuring
the structure of a scalar plume released from a low-mo-
mentum, bed-level, flush source in a turbulent boundary
layer. The results demonstrate that the techniques are
capable of accurately measuring the spatial and temporal
scalar structure over a wide range of scales in a complex
turbulent flow.

Both techniques described in this paper use a
fluorescent dye as the scalar quantity, and they both rely
on laser-induced fluorescence (LIF) to quantify the local
dye concentration. The first technique uses planar laser-
induced fluorescence (PLIF) to quantify the spatial scalar
structure over a distributed region of the flow. This tech-
nique produces highly resolved, 12-bit information about
spatial structures, but data transfer rate and storage space
limitations preclude operating the PLIF technique fast
enough to fully resolve the temporal structure. The second
technique uses LIF to quantify the temporal scalar struc-
ture at a single point at kHz rates, trading off the spatial
coverage for high temporal resolution.

Fluorescent dyes absorb excitation light over one range
of wavelengths and then re-emit light over a second range
of (longer) wavelengths. Under appropriate experimental
conditions, the intensity of the fluoresced light, F, is
proportional to the local intensity of the excitation source,
I, and the local concentration of the dye, C. The local
excitation intensity can be reduced by attenuation (also
called absorption, or quenching) of light by dye along the
excitation path (Koochesfahani 1984; Walker 1987; Ferrier
et al. 1993), and the local effective dye concentration can
be reduced by bleaching of the dye by the excitation
source (Saylor 1995; Crimaldi 1997). If the dye concen-
trations are kept low enough, the absorption error is
minimized, and certain dyes (e.g., Rhodamine 6G) are
resistant to photobleaching; in this case, the local
fluorescence is simply

F=0IC (1)

where o is a spatially varying constant that can be deter-
mined empirically.



The PLIF experiments reported in the current study
implement a unique calibration scheme that reduces or
eliminates common sources of noise and errors and is
simpler than existing approaches. The technique makes
use of background dye in the image area to provide in-
formation to correct errors resulting from spatial varia-
tions in the pixel gain and dark response, laser scan
nonuniformities, attenuation from background dye, lens
vignette, and linear temporal trends in laser output, flume
temperature, and pH. Recent PLIF studies that used re-
lated techniques include Koochesfahani and Dimotakis
(1985), Dahm et al. (1991), Brungart et al. (1991), Houci-
neet al. (1996), and Ferrieret al. (1993); the calibration and
error correction approach used in these studies, however,
differs from the approach presented here. A second tech-
nique used in the current study, a single-point LIF probe,
enables a stock laser-Doppler anemometer (LDA) (com-
mon to many fluid mechanics laboratories) to be modified
in order to make high-resolution measurements of tem-
poral scalar structure. Related approaches have been de-
scribed by Durst and Schmitt (1984), Walker (1987), and
Lemoine et al. (1999).

We use the techniques presented in this paper to in-
vestigate the scalar structure of a neutrally buoyant plume
in a turbulent boundary layer. The plume source emanates
from a 1-cm circular region that is flush with the bed, and
the momentum associated with the scalar release velocity
is extremely low. The source geometry is designed to
mimic a diffusive odorant release from a source that is
buried below a smooth substrate. To our knowledge, the
structure of plumes resulting from this type of source ge-
ometry have not been previously reported in the literature.

There are, however, a number of existing studies in-
volving plume structure from a variety of different source
types. Two studies involving neutrally buoyant plumes
released from ground-level sources into turbulent
boundary layers are particularly relevant to the current
study. Fackrell and Robins (1982) used a flame ionization
system to study plumes released from various heights in a
wind tunnel. A 1.5-cm-diameter horizontal tube released
the odorant iso-kinetically (jet velocity matched the local
flow velocity) into the flow at one of two vertical locations
(one of which was just above the bed). Bara et al. (1992)
used a conductivity probe to study plumes over rough
surfaces in a water flume. A 0.536-cm-diameter horizontal
tube placed on the bed released the odorant. In both of
these studies, the source release involves a significant
amount of (horizontal) momentum, and the release is
distributed over a large (relative to the inner boundary
layer scales) vertical distance. Shlien and Corrsin (1976)
performed a study with a thermal release from a long, thin,
heated wire located at the wall (and other locations), but
presents only mean temperature results. Several analytical
and numerical studies are also relevant to the current
study: Robins (1978), El Tahry et al. (1981), and Hanna
(1984) all discuss the statistics of scalar dispersal in tur-
bulent boundary layers.

The layout of the remainder of this paper is as follows.
The PLIF and LIF techniques themselves are described in
Sect. 2. An application of the techniques to measure the
scalar structure of odor plumes with flush-mounted,

low-momentum sources is described in Sect. 3, with some
sample results presented in Sect. 4. Finally, a discussion of
scale and resolution issues is given in Sect. 5. The paper
concludes in Sect. 6 with a summary of our findings.

2
Description of the techniques

2.1
Spatial measurements
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Imaging apparatus

The imaging apparatus consisted of an argon-ion laser,
optics for focusing and scanning the laser beam across the
image area, and a digital camera. An image was acquired
using the following sequence: (1) the camera began ex-
posing the CCD chip, (2) an optical scanner scanned the
focused laser beam across the image area in a single, uni-
directional pass, (3) the camera stopped exposing the CCD
chip, and (4) the optical scanner returned the laser beam
to the original location (just beyond the edge of the image
area). A delay was introduced between steps (3) and (4) to
allow sufficient time for the camera to shift the image off
the chip without exposure contamination from the re-
turning laser beam. All of the steps in the sequence were
controlled by analog and digital signals generated by a
computer running a LabView program.

The laser used was a Coherent Innova 90, operated in a
single-line mode at 4 = 514.5 nm (green) at 1.3 W in a
closed-loop light-regulated mode. The laser beam exits the
laser head with a diameter (measured at the e* intensity
location) of dey; = 1.5 mm. Rhodamine 6G was used as
the fluorescent dye (the “odorant”). In water, Rhod-
amine 6G has a central excitation (absorption) wavelength
of Adex = 524 nm, and a central emission (fluorescence)
wavelength of /., = 555 nm (Penzkofer and Leupacher
1987). Both the excitation and emission spectral peaks
have bandwidths of approximately 40 nm. The 514.5 nm
line of an argon-ion laser is, therefore, an effective exci-
tation source for the dye. Barrett (1989) reports that
Rhodamine 6G has a Schmidt number of 1,250.

Figure 1 shows the configuration of the optics used to
focus and scan the laser beam. The configuration shown is
for a horizontal laser scan (parallel to the bed); the laser
enters the water through the side wall of the flume. Ver-
tical laser scans were also used; for these scans the laser
entered the water through a thin glass plate placed on the
free surface of the water. In order to increase the spatial
resolution in the direction normal to the laser scan, the
laser beam was focused using a Melles Griot 6x beam
expander in conjunction with a f= 2,000 mm focusing
lens as shown in Fig. 1. A conservative estimate for the
focused beam waist diameter, d, is given by the formula

2.44)f

d 2
dexit ( )

The focused beam waist diameter for our optical setup,
calculated using Eq. (2), is thus 0.28 mm. The focused
beam waist has a finite depth-of field; however, for a
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Scanner Flume Wall Image Area

Fig. 1. Optical arrangement for scanning a focused laser beam
across the image area (horizontal scan configuration shown)

typical 15-cm image size, the beam diameter at the edge of
the image is estimated still to be less than 0.5 mm.

The focused laser beam was scanned across the image
area using a moving-magnet optical scanner (Cambridge
Technology model 6800HP). The scanner consists of a
square 5-mm mirror actuated by a closed-loop galva-
nometer; the manufacturer reports an angular step-re-
sponse time of 0.3 ms and an angular positioning accuracy
of 20 prad.

Figure 2 contains a sketch of the geometry of the laser
beam as it is scanned across the image area by the optical
scanner (labeled “0S”). A focused cylindrical laser beam
with power P and diameter d is shown exiting the mirror at
an angle defined as 0. For a stationary laser beam, the in-
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Fig. 2. Schematic of the laser beam geometry as translated by the
optical scanner

tensity measured at a plane normal to the beam is Iy = 4P/
nd”. The intensity measured in a plane that is at an angle 0
to the normal is Izcos0. The CCD chip on the camera in-
tegrates the laser intensity at a point over the time interval
of the exposure, T. The optical scanner was programmed
such that the transit time for a single laser beam scan (from
—0s/2 to 0s/2) is equal to the camera exposure integration
time, T. A given pixel on the CCD chip is exposed to
darkness during the majority of the exposure period; the
actual exposure occurs during the relatively short time
period when the laser beam transits the pixel location." The
time-averaged intensity of the laser beam (over the dura-
tion of a single scan) at any location depends on the scan
rate 00/0t. Along a straight line located at y = D (refer to
Fig. 2), the average intensity of the scanned beam is

0) =g ———=- (3)
D 1Y

The total exposure seen by the camera at any location
along the line y = D is then Ig(0)T. It is desirable to
minimize the variation in Ig(0)T across all of the pixel
locations; as the light sheet becomes more uniform, the
correction algorithm becomes less sensitive to errors re-
sulting from changes in image alignment. For a constant
angular rate (00/0t = constant), the exposure along the
line y = D (corresponding to a line of pixels on the CCD
chip) varies as cos®0. Because the optical scanner used in
these experiments is not constrained to move at a constant
angular rate, we removed the non-uniform exposure along
the line y = D by setting 00/0t = (1/T)cos’0. The resulting
command signal to the mirror is then based on

0(t) = ng—/ilarctan <2t ; T) (4)

Although there is still a 1/D dependence in the exposure
along lines x = constant, there is no way to correct out this
variation with the mirror command. However, this expo-
sure variation is removed during the image processing, as
described in Sect. 2.1.2.

The camera is manufactured by Silicon Mountain De-
sign (model SMD-1M15). This scientific-grade camera is
based on a 1,024 x 1,024 pixel CCD chip with true 12-bit
gray scale intensity resolution. The ability to measure a
large number of intensity scales (4,096 for this camera) is
important for imaging instantaneous odor plume struc-
tures due to the high dynamic range of the scalar intensity
fluctuations present in each image. A flat-field lens (Micro-
Nikkor, f = 55 mm) was used, and the lens was fitted with
a narrow bandpass optical filter (center wavelength =
557 nm, bandwidth = 45 nm).

2.1.2

Image acquisition and processing

For a given image location and flow condition, a time
series of images A,(i,j) are acquired from the camera.

! The duration of the single-pixel exposure time is the quotient of
the projected beam width d/cos 0 and the x-direction beam
translation velocity D%sec2 0, where D and 0 are as defined in
Fig. 2.



Typically, 8,000 images are acquired (1 < n < 8,000), and
each image is a 1,024 x 1,024 array of numbers

(1 £i<1,024, and 1 £ < 1,024). The information con-
tent in these images is a linear superposition of fluoresced
light from the odorant structures, fluoresced light from the
background concentration of odorant in the flume, and the
dark-response of the camera. The content associated with
fluoresced light is linearly related to the total odorant
concentration and laser intensity at each point. The con-
tent in the nth image can be expressed symbolically as
Ay(i,j) = O‘n<i7j>ln(ivj)A;1(i7j) + L(i, j)bu + D(i, )

()
where ,(i,j) is the spatial distribution of the fluorescence
constant of proportionality, I,,(i,j) is the spatial distribu-
tion of the average laser intensity in the image area
during the laser scan, A/ (i,j) is the spatial distribution of
the odorant intensity (not including the background
odorant), D(i,j) is the spatial distribution of the dark-
response of the camera, and b, is the value of the back-
ground concentration. The background concentration
results from initial dye in the flume, plus the continual
addition of dye from the plume source. The water in the
test section (along with the embedded dye structures)
empties into a downstream mixing reservoir before being
recirculated back into the flow. The mixing in the reser-
voir ensures that the background concentration is spa-
tially uniform but, because of the recirculation, the
background concentration levels increase with time. For
the plume dose rates and experiment durations used in
these studies, the background concentration growth is
highly linear in time.

Associated with each image A,(i,j) is a background
image B, (i,j) acquired from the camera under identical
conditions except for the absence of the odor plume. As
described below, the associated background images at any
time during the experiment are interpolated from two
background images taken before and after the experiment.
The content in the nth background image can be expressed
symbolically as

Bn(i,j) = “n(ivj)lﬂ(ivj)bn + D(i,j) (6)

Equations (5) and (6) contain the term o,,(i,j), which re-
lates the measured fluorescence intensity to the excitation
intensity. The value of o,,(i,j) is unknown; it depends on
temporal and spatial fluctuations in pH, temperature, CCD
response, optical transmission, and other factors. Com-
bining Egs. (5) and (6), and solving for A/ (i,j) gives

An(iaj) - Bn(ivj)
bn Bn(ivj) - Dn(iaj) , (7)

which eliminates any explicit reference to o,(i,j) in the
formulation. Equation (7) represents the core of the al-
gorithm that is implemented to process the images from
the camera. The algorithm removes the background fluo-
rescence and the dark response, and then corrects for
variations in the light sheet intensity and o,,(i,j). The
spatial calibration of the images is accomplished by using
an image of a graduated scale placed in the image plane
prior to each experiment.

A;(ln]) =

In practice, only two background images are acquired
for each experiment: one image is taken at the beginning
of the experiment (before image A;), and one is taken at
the end of the experiment (after image Aggg). A fluo-
rometer is used to record the background concentration in
the test section during each individual image acquisition.
Flume water is extracted upstream of the test section and
passed through a flow-through cell in the fluorometer. The
residence time in the fluorometer bypass plumbing is de-
signed to match the residence time of the associated flow
through the test section, ensuring that the fluorometer is
measuring fluid that is representative of the flow currently
in the test section. An RS-232 connection enables the
fluorometer to be sampled every time an image is ac-
quired. The fluorometer data are also strongly linear in
time; the data are used to obtain a series of virtual images
B,(i,j) from the two real background images using inter-
polation. This practice enables the dye source to be run
continuously during the acquisition of the images A,(i,j).
A single dark-response image is acquired after each ex-
periment.

So as not to rely on the fluorometer calibration for the
image calibration, the processed images are re-calibrated
using a mean odorant concentration value obtained from
the LIF probe (see Sect. 2.2) for a single pixel location
within each image area for each experiment. This LIF data
point serves to set the slope of a two-point calibration
(where the two background images serve to set the zero
point of the calibration). Then, Eq. (7) takes care of the
pixel-to-pixel variations in the calibration process. Note
that such a two-point calibration approach is feasible due
to the high linearity of the camera response and the flu-
orescence physics for the chosen conditions.

The processed instantaneous images, A/ (i,j), can be
used to calculate statistical information about the spatial
structure of the concentration field. In Sect. 4, we present
the spatial distributions of the mean concentration, root
mean square (rms) concentration fluctuation intensity,
and concentration intermittency.

213
Error sources and corrections
Errors in the image acquisition system stem from spatial
and temporal variations in the excitation laser scan in-
tensity [I,(i,j)], dye fluorescence capability [o,(i,j)], and
camera response [also carried in o,(i,j)]. Many of these
errors can be corrected by the algorithm given in Eq. (7).
However, because of our choice to acquire only two
background images per experiment (and to obtain virtual
background images by interpolation for the correction
algorithm, based on continuous fluorometer data), only
spatial variations that are constant in time during the
experiment are completely corrected. Some slowly varying
spatial variations are also corrected, depending on their
effect on the system, but our approach was to minimize
temporal variations directly whenever possible (the biggest
exception being the background concentration growth,
which is directly corrected through the algorithm).
Spatial variations in the excitation laser scan intensity
result primarily from the nature of the laser scan genera-
tion, as discussed previously. The variation in the
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streamwise direction was removed directly through the
choice of the command signal sent to the optical scanner,
but it is not possible to remove the cross-stream variation.
Fortunately, the scan intensity varies smoothly in space,
and is constant in time, so Eq. (7) successfully corrects for
this variation, so long as the camera alignment is main-
tained during the course of the image acquisition se-
quence.

The presence of dye in the test section also alters the
scan intensity across the light sheet through an attenuation
process (Koochesfahani 1984; Walker 1987; Hannoun and
List 1988; Ferrier et al. 1993). Since the background dye is
well mixed in the test section (and this dye is the source
for the measurements used for the background image in-
terpolation), the attenuation from background dye is
completely corrected for by Eq. (7). However, the presence
of higher concentration structured dye in the plume is a
potential cause for concern. Koochesfahani (1984) de-
scribes a correction algorithm for attenuation due to
rapidly varying dye structures; this approach is based on
the well-known Beer-Lambert law given by

r

exp —S/C(r, 0)dr’ (8)

o

I(r,0)
I,

where I(r,0) is the local beam intensity (the coordinate r is
measured radially from the scanning mirror), I is the
beam intensity at the location where the beam enters the
dyed fluid (at r = ry), C(r,0) is the local instantaneous dye
concentration, and ¢ is the extinction coefficient for the
dye. However, the Beer-Lambert attenuation correction
approach is numerically expensive for 2-D image data
produced with a radial-scan light sheet; a simpler ap-
proach is to minimize the dye concentrations so that the
magnitude of the error is acceptable. The magnitude of the
attenuation error depends on the scale and intensity of
concentration filaments. The worst attenuation in our ex-
perimental setup occurs close to the source, where con-
centration peaks can be large (often several orders of
magnitude higher than the local mean concentration). At
x = 40 cm (the closest location to the source at which data
are reported in this paper), the highest concentration peak
recorded in a 30-min record for the 10 cm/s flow speed
was C/Cy = 0.068, or, dimensionally 1.36 ppm. Using the
extinction coefficient 23 (ppm m)~"' reported by Ferrier
et al. (1993) for Rhodamine 6G, this results in a 3.7% error
due to the attenuation in the determination of the mag-
nitude of this single peak. More typical peaks (occurring
100 times in 30 min) had concentrations of C/C, = 0.02,
with an associated attenuation error of 1.1%. However,
these errors apply only to the determination of the mag-
nitude of the individual peaks themselves.

If the Beer-Lambert law is used to manually attenuate
the entire recorded concentration history at x = 40 cm,
the mean concentration changes by only 0.23%, the rms
fluctuation changes by only 0.86%, and the effect on the
measured intermittency is negligible. Furthermore, the
magnitude of the concentration peaks at other reported
locations, and for the higher flow speed, are far lower, with
associated attenuation errors that are also far lower. Due to

the minimal effect of attenuation on the concentration
statistics, we chose not to perform the Beer-Lambert
correction associated with Eq. (8) in order to reduce
processing time.

Temporal variations in the laser output power would
also cause measurement error. The laser was operated in a
closed-loop light regulation mode in order to minimize
this source of error. The rms noise level of the laser output
is 0.2%, and the long-term stability of the laser output is
rated at 0.5%. Even if the laser output power does drift
during the course of an experiment, the linear trend
component of the drift would be removed by Eq. (7).

Changes in the propensity of the dye to fluoresce under a
given excitation level are another potential source of error.
The fluorescence of Rhodamine 6G, like most dyes, is pH
and temperature-dependent. Care was therefore taken to
hold these quantities constant during an experiment. Ad-
ditional fluorescence is obtained with time due to growth of
background dye concentration in the recirculating flume.
This effect is corrected by Eq. (7). Another fluorescence-
related concern is the process of photobleaching, whereby
the dye loses some of its ability to fluoresce under strong
excitation (Sugarman and Prud’homme 1987; Rieka 1987;
Saylor 1995; Crimaldi 1997). Rhodamine 6G was chosen for
this study because it has been shown by Crimaldi (1997) to
be resistant to photobleaching. Like attenuation, photo-
bleaching would manifest itself as an asymmetry in the
odor statistics, which was not observed.

The final sources of error are associated with the camera
itself. Optical effects such as lens vignette or variations in
optical transmission by the flume walls can change the
measured fluorescence. The same is true for spatial (pixel-
to-pixel) variations in the response of the CCD chip. The
CCD chip also has a dark response which must be removed.
All of these error sources are presumed to be constant in
time, and hence completely corrected by Eq. (7).

The potential error sources and corrective actions taken
are summarized in Table 1.

Table 1. Summary of error sources and corrections

Error source Correction
Eq. (7)* None

Laser scan intensity pattern X

Attenuation (background dye) X

Attenuation (plume dye) xP
Laser power x©
Flume pH X

Flume temperature X

Background fluorescence X

Photobleaching x4
Optics (lens vignette, flume walls) X

CCD pixel variation X

CCD dark response X

#Equation (7) corrects only steady or slowly varying spatial
variations in the listed error sources due to the use of the inter-
polated background image
bMitigated through minimizing concentrations; symmetry of re-
sults indicates that error was not significant
¢ Laser operated in closed-loop light regulation mode
d e . .

Eliminated through choice of dye



2.2

Temporal measurements

A second measurement technique, a laser-induced fluo-
rescence (LIF) probe, was used to independently measure
concentration time-histories at selected points in the odor
plume. Although the LIF probe can only record concen-
tration information at a single point, the probe can resolve
temporal fluctuations in the concentration history up to
1000 Hz. The LIF probe is a custom addition to a stock
Dantec 2-D laser-Doppler anemometer (LDA) system. The
complete system is capable of making simultaneous mea-
surements of concentration and velocities (see Crimaldi
1997, 1998 for additional information).

The LIF probe measures dye fluorescence at the in-
tersection of three 514.5-nm laser beams that are focused
to a point by the LDA optics, as shown in Fig. 3. The
resulting measurement volume is approximately 0.1 mm
in the streamwise (x) and vertical (z) directions, and
1 mm in the cross-channel (y) direction. Dye passing
through the LIF measurement volume fluoresces with an
intensity that is proportional to its concentration; the
fluoresced light is gathered by a set of back-scatter optics
and the intensity is measured using a photomultiplier
tube (PMT). A closed-loop high-voltage power supply is
used to provide a stable voltage to the PMT. The PMT
current is converted to a voltage using an ideal current-
to-voltage converter, and the resulting voltage is recorded
by an A/D card in a PC.

The LIF probe is calibrated by flooding the LIF mea-
suring volume with a known concentration of dye. This
calibration is done in-place in the flume test section, with
the appropriate background concentration levels in the
flume. A horizontal 1-cm stainless steel tube is place di-
rectly upstream of the LIF measuring volume, and a know
concentration of dye is pumped (iso-kinetically) through
it. The LIF measuring volume is placed close enough to

Laser Input

High Voltage
Power Supply

R

) i—» Vv > AD

é PMT Ideal

— Converter

Optical Filter
..................... T 1J T Flume Wall

Measurement Volume

Fig. 3. Schematic of the LIF probe system used to measure the
temporal structure of the odor plume at a point

the tube exit such that the measuring volume remains in
the potential core of the jet flow. A 0.15 PPM concen-
tration calibration solution was used (this exceeded the
mean concentration of the local plume structure to be
determined with the probe). The path length through the
calibration concentration solution is only 0.5 cm, which
results in a raw calibration error of 1.1%; this error can
be corrected using the Beer-Lambert law as described
earlier.

3

Application of the techniques

We created a laboratory-scale odor plume within a tur-
bulent boundary layer along the bed of a recirculating
flume. A fluorescent dye was used as the scalar odorant; it
was released from a low-momentum source flush with the
bed at the upstream edge of the flume test section. The
full-field PLIF technique and the single-point LIF tech-
niques were used to quantify the spatial and temporal
structure of the resulting plume.

3.1

Flow facility

We used the two techniques described above to measure
the spatial and temporal structure of a laboratory scale
odor plume. The experiments were conducted in an
open-channel recirculating flume with a test section that
is 3 m long and 0.6 m wide. The flume is driven by a
digitally controlled pump that fills a 4-m-high constant-
head tank; this arrangement allows for constant and re-
peatable flow conditions in the test section. Water from
the constant-head tank enters the flume and passes
through a diffuser, three homogenizing screens, and a
two-dimensional contraction before entering a rectangu-
lar channel section. A 3-mm-diameter rod spans the
flume floor at the start of the channel, serving as a
boundary layer trip. The boundary layer develops over a
2.2 m distance before encountering the plume source in
the test section. The bed of the flume is Plexiglas, with no
roughness elements. The flow depth in the test section is
approximately 0.25 m, and the Jq9 thickness of the mo-
mentum boundary layer is approximately 0.10 m, de-
pending on the flow condition. The turbulence levels are
approximately 2%, and the test section is free from ar-
tificial secondary flows due to the entrance section, re-
sidual pump vorticity, etc. A more detailed description of
the flow facility is given by O’Riordan et al. (1993) and
Crimaldi (1998).

The walls of the test section are made of glass to im-
prove optical clarity. The floor is made of Plexiglas that
has been painted black to minimize laser reflections. A
small glass window can be placed on the free surface of the
flow to enable optical access for the laser sheet in the
vertical configuration; this window does not alter the flow
in the image area. A sketch of the flume test section is
shown in Fig. 4.

Results are presented for two flow conditions; the mean
freestream velocities for the two flow conditions are
U,, = 10 cm/s and U,, = 30 cm/s, respectively. Hydro-
dynamics details of these flow conditions can be found in
Table 2 and in Crimaldi (1998).

95



96

Glass Laser Window
on Free Surface

\ Glass Flume Sidewall 'Y W
N
i Laser
__I Source Scan

—#[*— |0 cm diameter

Pomy O

Scanner

'}f/‘

Smooth Plexiglas Bed

Odorant Reservoir

Fig. 4. Side view of the flume test section showing the odorant
source location and coordinate system (vertical laser scan con-
figuration shown)

Table 2. Experimental flow conditions®

U, [cm/s] u, [cm/s] 0 [cm] Rey
10 0.488 9 540
30 1.18 9 1.79 x 10°

# All values were measured on the flume centerline at x = 170 cm

3.2

Odor source design

The odor source is designed to mimic a diffusive-type (i.e.,
low-momentum) release of a scalar from a flush, bed-level
source in a turbulent boundary layer. The odor source is
located on the flume centerline, near the upstream edge of
the test section (2.2 m downstream of the boundary layer
trip). The odor source location is designated x = 0. A

20 ppm aqueous solution of the laser fluorescent dye
Rhodamine 6G is used as the scalar odorant. The dye so-
lution is pumped slowly through the odor source, which is
a 1-cm-diameter circular hole drilled perpendicular to the
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bed in the floor of the flume. The hole is filled with a
porous foam that is designed to provide a uniform flow
across the source exit; the foam is mounted flush with the
bed of the flume. A small gear pump is used to pump the
dye solution through the odor source at a volumetric rate
of 3 ml/min, resulting in a vertical exit velocity of

W, = 0.063 cm/s. The electronic gear pump provides an
accurate dose rate with no measurable pulsing.

4
Results
A sample image showing the instantaneous spatial struc-
ture of an odor plume is shown in Fig. 5. The image shows a
vertical slice in the x-z plane on the plume centerline
(y = 0), in the vicinity of x = 100 cm. The concentrations
are normalized by the source concentration, Cy, and a false-
color scheme is applied to the image. The image clearly
shows some of the well-known structural features of a
turbulent momentum boundary layer: the viscous sublayer
(VSL) is made visible because of its propensity to trap dye;
turbulent burst structures are then visible because they take
dye-laden fluid from the VSL into the overlaying flow;
sweep structures, on average, tend to contain less dye. The
image also illustrates some of the structural features of the
scalar boundary layer: the dye is stirred into highly fila-
mentous structures by the boundary layer vorticity; this
stirring action places thin filaments of high-concentration
structures very close to regions of near-zero concentration
fluid and mixing ensues. Another feature is odorant inter-
mittency: the mean concentration results from very strong
odorant structures that occur, on average, very infre-
quently. Note that the instantaneous red odorant structure
near x = 108 cm, z = 6 cm has a concentration that is over
500 times the mean concentration at that location.

A long series of images such as that shown in Fig. 5 can
be ensemble-averaged to calculate odorant statistics. In-
stantaneous concentrations, C, are decomposed into the

sum of the mean concentration, C, and the fluctuating

003

Fig. 5. Instantaneous concen-
a: tration field in a vertical slice
000 through the plume centerline
(y = 0). Concentrations are
normalized by the source con-
centration C,
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Fig. 6. Mean concentration field in a horizontal slice at z = 2 cm.
Concentrations are normalized by the source concentration C,.
The image is a mosaic of five separate sub-images

concentration, c¢. The mean concentration field in a hori-
zontal slice at z =2 cm is shown in Fig. 6. The image is
actually a mosaic of the mean image from five series of
images at different streamwise locations. Because the slice
is taken above the bed, the mean concentration at x = 0 is
zero. The mean concentration reaches a peak near
x = 65 cm and decays downstream from there. Normal-
ized mean lateral concentration profiles at several
streamwise and vertical locations and for both the
U.. = 10 cm/s and U.. = 30 cm/s flow cases are shown in
Fig. 7. The values of C;, and o, are obtained from a two-
parameter least-squares fit to the equation
C —y?
—exp( )

y

Figure 7 also contains a plot of Eq. (9), although it is
difficult to see amongst the symbols. The mean lateral
concentration profiles are clearly Gaussian and self-simi-
lar, in agreement with previous plume studies by Fackrell
and Robins (1982) and Bara et al. (1992). The symmetry
and Gaussian shape of the data are indicative of the ac-
curacy of the technique, and of the ability of the image
processing method (as described in Sect. 2) to ensure
uniform results over the entire field of view of the image.
Furthermore, the near-zero mean concentration values far
from the plume centerline demonstrate the absence of any
mean zero-level bias in the technique.

Hoy

y/Uy

Fig. 7. Normalized lateral profiles of mean concentration. Units
in the legend are in terms of cm. The solid line is the Gaussian

C/Cn = exp(—y*/203)
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The strength of concentration fluctuations can be
quantified by the rms value of the fluctuations, ¢’, or the
variance, ¢2, where ¢ = (c2)1 2 Figure 8 contains an im-
age of the normalized rms concentration fluctuation
strength ¢’ in a horizontal slice at z =2 cm near
x =100 cm. Note that the fuzziness in the image is not
noise. Even with 8,000 images used to calculate this sta-
tistic, the result is not fully statistically converged; indi-
vidual structures that contributed to the rms strength are
still visible in the image, producing the fuzzy texture. It is
possible to view structures near the edges of the plume
that occurred only once at a given location during the
entire sampling period. For the horizontal slice shown,
¢’ has reached a maximum upstream of the image, and
is decaying in the downstream direction.

Normalized lateral profiles of ¢” at several streamwise
and vertical locations for both flow cases are shown in
Fig. 9. The values for ¢, and ¢, were obtained by fitting
/¢, to the right-hand side of Eq. (9); once again, Eq. (9)
is included in the figure, but it is difficult to discern. The
lateral profiles of concentration ¢" shown in the figure are
strongly Gaussian, with no evidence of off-axis bipolar
maxima. Some previous boundary-layer plume studies
(Fackrell and Robins 1982; Bara et al. 1992) did report off-
axis variance peaks, but the source conditions for those
studies differ substantially from those in the current study
(the previous studies used iso-kinetic jet sources rather
than flush, low-momentum sources). Hanna (1984) sug-
gests that the concentration variance may have a single
centerline peak for certain plume types, in agreement with
the results presented here. The near-zero values of ¢’ far
from the plume centerline are indicative of the extremely
low intrinsic noise level that the technique described in
this paper is capable of producing.

Another statistical measure of the plume structure is the
odorant intermittency, 7, defined herein as

y = prob[C > Cr] (10)

where Cy is a concentration threshold value; the choice of
this parameter involves some arbitrariness, as discussed in
detail by Chatwin and Sullivan (1989). For the results
presented here, we have chosen Cr = 0.0002C,. Figure 10
contains an image of the concentration intermittency in a
horizontal slice at z = 2 ¢m near x = 100 cm (the same
location as shown in Fig. 8). The intermittency is growing
slowly in the streamwise direction as the turbulent mixing
process breaks down sharp odor filament gradients into
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Fig. 9. Normalized lateral profiles of rms concentration fluctua-
tion strength. Units in the legend are in terms of cm. The solid
line is the Gaussian ¢/c;, = exp(—y*/20})

more diffuse structures. Near the centerline of the plume,
odorant concentrations above Cr are present nearly 50%
of the time.

Normalized lateral profiles of y at x = 100 cm for three
vertical locations for both flow cases are shown in Fig. 11.
The values for y,, and o, are obtained by fitting /), to the
right-hand side of Eq. (9). Equation (9) is included in the
figure as a solid line. Also shown in the legend of the figure
is the value of y,, associated with each intermittency curve.
In general, the lateral profiles of concentration intermit-
tency are not Gaussian. The deviation away from the
Gaussian shape becomes more extreme in flow locations
and conditions where y,, — 1; these locations also have an
associated clipped concentration pdf.
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Fig. 8. Rms concentration fluctuation
0000  strength in a horizontal slice at z =2 cm
115 near x = 100 cm. The fluctuation strengths

are normalized by the source concentra-
tion C,

A single-point LIF probe, as discussed earlier, was used
to measure the temporal structure of the plume.
Figure 12 shows a 20-s record of the odorant concen-
tration for the U,, = 10 cm/s flow condition at
x = 40 cm, z = 2 cm. The intermittent nature of the
odorant signal is clearly visible. The temporal structure of
the odorant signal is characterized by odorant bursts with
fast rise times and of short duration. The time history
shows the extremely fast temporal response of the LIF
probe, and the flat zero-concentration periods between
odorant bursts are indicative of the low noise level and
lack of zero-level bias associated with the technique. The
concentration spectra of much longer records for the
U, = 10 cm/s and U, = 30 cm/s flow conditions at this
same location are shown in Fig. 13. The LIF probe re-
solves nearly six decades of concentration fluctuations,
with frequency contents above 1000 Hz.

5
Scales and resolution
For the measurement of an odor plume, three scales must
be addressed: the spatial, temporal, and odor intensity
scales of the instantaneous odor structure. An accurate
quantification of the odor structure relies on adequate
resolution of all three of these scales.

The smallest spatial scales of motion in the flow are set
by the Kolmogorov scale, which can be estimated in the
log-law region of the boundary layer as

1 1
w\* AGA
nK s Ll?:

For weakly diffusive scalars (Sc = v/2 > 1), concentra-
tion fluctuations can exist on scales smaller than the

(11)
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Fig. 11. Normalized lateral profiles of concentration inter-
mittency at x = 100 cm. The solid line is the Gaussian
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Kolmogorov scale. The smallest scalar fluctuations are set
by the Batchelor scale, given by Batchelor (1959) as
—— (12)
For the U., = 10 cm/s flow case at z = 0.7 cm (z* = 30),
Egs. (11) and (12) give nx = 0.4 mm and (for Sc = 1,250)
ng = 0.01 mm. Of course, there are smaller odor fluctua-
tion scales very close to the wall, but this estimate of # is
representative of the typical small odor scale for most of
the data reported here.

The spatial resolution of the PLIF imaging system is set
primarily by the quotient of the image dimension and the
array size of the CCD chip in the camera. The (square)
image dimensions used for this study were approximately
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Fig. 12. Normalized concentration time-history output from the
LIF probe for the U., = 10 cm/s flow case at x = 40 cm, z =2 cm

15 cm for the images in the vertical plane and 30 cm for
horizontal images; for the 1,024 x 1,024 pixel array, this
results in a spatial resolution range of 0.15-0.29 mm in the
plane of the laser scan. The spatial resolution normal to
the plane of the laser scan depends on the out-of-plane
width of the laser scan; the high resolution produced from
a small image dimension and large pixel array size can be
corrupted by the spatial integration of structure through a
thick laser sheet. For our setup, a conservative estimate for
the out-of-plane spatial resolution in the central region of
the sheet was calculated to be 0.28 mm. Thus, for a 15 cm
image dimension, a single-pixel integration volume has
dimensions of 0.15 mm on a side (about 0.45k or 137g) in
the plane of the laser scan, and a dimension of 0.28 mm
normal to the laser scan. Thus, it would be necessary (and
possible) to reduce the total image size in order to capture



100

10 100
Frequency (Hz)

Fig. 13. Concentration spectra calculated from LIF data for two
different flow conditions at x =40 cm, z =2 cm

the smallest odorant scales. However, we chose the image
size based on a compromise between capturing the
smallest scales while still being able to record the large-
scale odorant structure.

Errors can be introduced into the measured values of
odor concentration statistics if the integration volume is
overly large. The mean concentration is generally the
statistic that is the least susceptible to resolution-based
errors. If the measurement volume dimension in the x;
direction is denoted by d;, then resolution-based errors
in the mean concentration can be avoided by ensuring
that

C
% < 5t /om )
Because C varies reasonably slowly for most parts of the
plume, this criterion is generally easy to meet. Even
though there may be instantaneous concentration struc-
tures that are substantially smaller than the pixel scale, the
camera pixel performs a spatial and temporal integration
on the small moving structure with no introduced error on
the resulting mean concentration.

The integration volume size becomes more critical for
higher-order statistics such as concentration variance (or
rms concentration) or intermittency. If d; > #;, then the
measured variance will be artificially low due to spatial
smearing of sub-pixel-scale structures (although the effect
may be minimal since the majority of the variance is con-
tained in the larger integral length scale eddies). Con-
versely, the measured intermittency will be artificially high
when d; > 3, although the degree of error depends on the
characteristics of the instantaneous concentration structure
and on the true value of the intermittency itself (as
Yerue = 1, the resolution-based intermittency error disap-
pears). In general, resolution-based errors will be largest
where there is a prevalence of high-concentration, small-
scale features in the concentration field, e.g., close to the
source but not close to the bed. In these regions, the tur-
bulence has stirred the odorant into fine-scale structures,
but the odorant structures are still distinct and relatively
unmixed. Further downstream and/or close to the bed, the

turbulence has stirred the odorant to such small scales that
molecular diffusion has eradicated much of the small-scale
structure, thus relaxing the integration volume dimension
criterion.

The spatial resolution of the imaging system is also
governed by temporal considerations. The spatial
resolution of a moving odor structure can be corrupted by
temporal integration during the exposure sequence. The
single-scan laser imaging system used in this study was
designed to minimize distortion and smearing due to
temporal averaging. The duration of a laser scan across the
entire image area ranged from 8 ms to 250 ms (depending
on the flow condition and image location), with a typical
scan having a duration of 50 ms. For a typical advective
flow speed of 10 cm/s, the odor structures illuminated at
the end of the scan (at one edge of the image) would have
moved, on average, 0.5 cm from where they were located
when neighboring odor structures at the beginning of the
scan were being illuminated (15 cm away at the opposite
edge of the image). This results in a potential 3% spatial
distortion from one edge of the image to the other.
However, the largest odor structure scales are typically
much smaller than the image size, so this potential dis-
tortion is unlikely to affect coherent structures. Much
more important is the spatial resolution at pixel-level
scales. In a traditional continuous light sheet (made with a
cylindrical lens or multiple scans of a rotating mirror), a
given pixel integrates odorant over the entire exposure
period (which is necessarily long since the available laser
power is spread out over a large area). This results in a
spatial smearing of pixel-scale odor structures if the dis-
tance that they advect during the exposure time is com-
parable to or larger than the single-pixel image dimension.
For the single-scan laser system used for this study, a given
pixel is exposed for a time approximately equal to 1/1,024
of the total scan time across all of the pixels. This small
pixel exposure time provides sufficient exposure, since all
of the available laser power is concentrated in a pixel-scale
region at any given point in time. For a 50 ms scan, an
individual pixel is exposed for less than 50 ps, during
which time a 10 cm/s flow advects only 5 pm (which is
much smaller than the single-pixel image dimension of
146 um for a 15-cm image dimension). Thus, there is no
time-based spatial distortion or smearing of pixel-scale
odor structures with this system.

Because of the high information content of the
1,024 x 1,024, 12-bit images (1.5 Mb per image) and the
associated difficulty of streaming and storing the data,
the sample rate for successive images was typically only
2 Hz. Thus, even though the spatial resolution for a given
image was very high (as discussed above), the temporal
resolution between images was very low compared with
the timescales of the flow. However, 8,000 images were
typically acquired (at 2 Hz) for each location and for
each flow condition. Thus, the image data taken for this
study are useful for calculating details of the spatial
structure of the odor fluctuations, but not for the tem-
poral structure of the fluctuations. This shortcoming was
overcome by including the complimentary use of the
high-speed LIF probe to measure the temporal structure
of the plume.



The shortest time scales for concentration fluctuations
in the flow are given by

T = (Z)Escfl/z ~ <K_ZSV> gc1/2
g ul

For the U., = 10 cm/s flow case at z = 0.7 cm, 15 =
0.0008, corresponding to a frequency of 1,300 Hz. Again,
there are shorter time scales closer to the wall. The sin-
gle-point LIF probe is capable of acquiring data at rates
of over 5 kHz. However, the true temporal resolution of
the LIF probe is ultimately limited by spatial integration
within the finite size of the measurement volume. For a
10 cm/s flow advecting a concentration structure through
the 0.1 mm measurement volume, the resulting limit

of the temporal resolution is about 1,000 Hz. Thus, the
single-point LIF probe captures the majority of the
temporal concentration fluctuations. The temporal
resolution could be easily enhanced (with no detrimental
effects) simply by changing the LDA front-end optics to a
shorter focal-length lens, thus reducing the size of the
measurement volume.

(14)

6

Summary

In this paper, we detailed two techniques for quantifying
the scalar structure of turbulent flows. The full-field PLIF
image technique was capable of making highly resolved
measurements of spatial structure, and the single-point
LIF probe resolved the temporal structure. The sample
results presented for each technique demonstrate the res-
olution, accuracy, and low noise levels obtainable using
these techniques. The main features of the two techniques
are summarized below.

Spatial measurements (PLIF)

- High spatial resolution: 0.2 mm resolution for the cur-
rent configuration. This resolution can be increased by
reducing the image size or increasing the pixel array
size (along with an accompanying decrease in the out-
of-plane laser scan thickness).

- Laser beam is expanded and then focused to match the
single-pixel resolution, providing a near-cubic mea-
suring volume at each pixel location.

- Single-pass laser scan provides high temporal resolu-
tion of small-scale odorant structures within an image.

- Non-linear scan profile minimizes the spatial excitation
intensity variation across the scan.

- High accuracy and low noise achieved through a post-
processing scheme that eliminates or mitigates common
sources of error (see Table 1).

Temporal measurements (single-point LIF)

- Probe based on an off-the-shelf LDA system.

- High temporal resolution: 1,000 Hz resolution for the
current configuration. This resolution can be increased
by decreasing the size of the measurement volume with
a shorter focal-length LDA lens.

- Velocities can be measured simultaneously, allowing for
the computation of scalar fluxes (see Crimaldi 1998).
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