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Abstract: The laser-induced fluorescenfldF) measurement technique is discussed in the context of environmental fluid mechanics.
The measurement equipment and procedures employed in our laboratory are described in detail. The technique is applied to an isokinet
chemical plumgneutrally buoyantin a turbulent open channel flow. A nonuniform laser sweep rate is employed to take full advantage
of the dynamic range of the digital camera over the entire spatially varying concentration field. Statistical measures of the concentratior
field, such as the average and variance, are presented and discussed. Comparisons are made with theoretical models and previ
experimental observations. The plume width grows at a greater rate in the downstream direction than that predicted by the analytice
model of a point source release into a uniform flow. Probability density function distributions do not resemble Gaussian distributions,
which reflects the highly intermittent nature of the concentration time record. The current measurements suggest that LIF is a valuable
technique for nonintrusively recording the scalar field evolution in turbulent flows.
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Introduction Ferrier et al. 1993; Karasso and Mungal 1997; Chen and Jirka

Turbulent mixing of passive quantities, such as chemical species,1999; Crimaldi and Koseff 2001; Crimaldi et al. 2002 addi-
is important in the context of many environmental flows. Ex- tion, the LIF technique has been recently coupled with simulta-
ample applications include control of water and air quality, regu- N€ous velocity field measurements, perfomed via particle image
lation of hazards posed by the release of toxic or flammable ma_velommetry_or a similar technique, to quantify the turbulent scalar
terials, design of efficient mixing and combustion devices, and flux (Sakakibara et al. 1997; Law and Wang 2000; Webster et al.
odor tracking strategies employed by aquatic and terrestrial ani-2001; Borg et al. 2001; Cowen et al. 200The basic principle of
mals. The focus of the current study is a chemical plume releasedL!F iS refatively simple. When fluorescence dye molecules are
isokinetically into a fully developed turbulent boundary layer in illuminated by a light source within the absorption spectrum of
an open channel flow. This particular flow arrangement is moti- the dye, the molecules are excited to a higher state. The molecules
vated by studying the ability of benthic crustaceésigch as blue emlt_ I|ght at a Ion_ger W_avelength with intensity pr(_)portlonal to
crabs to track chemical odors to locate food and magbster  the incident light intensity and the dye concentration. Thus, by
and Weissburg 2001The arrangement is also relevant to sewage Calibrating the incident light |nten5|.t§and other nonuniform ef-
or contaminant release near riverbeds and pollution release in arf€Cts the instantaneous concentration at a point can be nonintru-
atmospheric boundary layée.g., Fackrell and Robins 1982; Bara ;lvely measured. Iq practlce, a laser typically illuminates a plane
et al. 1992. in the flow and a digital camera system collects and records the
The objective of the experimental technique described in this €mitted light. With the commercial availability of lasers, high-
paper is to quantify the spatial and temporal distribution of a duality digital cameras, and timing control hardware, a LIF mea-
passive chemical tracer in turbulent flows. The laser-induced fluo- Surement system can be relatively inexpensively constructed.
rescenceLIF) measurement technique has been used in the re-  This paper aims to describe the measurement techniques em-
cent past to quantify mixing in aqueous flovesg., Koochesfah- ~ Ployed in our laboratory to measure the broad range of scales

ani and Dimotakis 1985, 1986; Dahm and Dimotakis 1987: observed in turbulent scalar fields. The LIF equipment and pro-
cedures are described in detail. An example of environmental

fluid mechanics application, namely a chemical plume, is dis-
cussed.
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Fig. 3. Side view of a plume released isokinetically 25 mm
(0.123) above the bed into a fully developed turbulent boundary
layer in an open channel flow
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Plume The LIF technique was used to record the long-time series of
source planar concentration fields with varying resolution. The LIF sys-
Flow //= tem is composed of a laser, a scanning mirror system, timing
= s control, and an image acquisition system as shown in Fig. 1.
X RN An argon-ion lasef5 W, Coherent Innova 90tuned to 514
nm, was used to illuminate the flow. The laser beam entered the
Flume flume through glass sidewalls. It is extremely important to elimi-
nate light reflected off solid surfaces in the measurement region
Fig. 1. Experimental apparatus because it causes false concentration measurements. Thus, the
floor of the flume was painted flat black to provide a uniform
nonreflecting background for the laser sheet. The peak absorption
the measurement sectid¢firacy and Lester 1961 The boundary ~ Of the fluorescent dye, Rhodamine 6G, is at about 530(Am
layer profile above the bed was measuteding laser Doppler ~ coumanis et al. 1990The peak emission is in the yellow-orange
velocimetry and agreed well with the expected law-of-the-wall Wwavelength range, around 560 nm. An optical cutoff filEiffen
distribution in the range 30u* z/v<300(Fig. 2. The wall shear ~ color 21) blocked the laser light and passed only the fluoresced
velocity, u*, for the bed boundary layer was 3.55 mm/s. light to the camera sensor.
The plume source consisted of a brass 4.7 mm diameter nozzle A Kodak MegaPlus ES 1.0 camerg8 bit, 1018
with a streamlined fairing to minimize the wake perturbation. The * 1008 pixels) viewed the measurement region from above. To
effluent was neutrally buoyant and the release velocity matchedeliminate optical distortion due to the free surface, a plexiglas
the channel flow velocity thus creating a passive, isokinetic Sheetwas half-submerged at the water surface in the photographic
source. The general features of the chemical plume released 23egion. Observations in the flume and calculation of the boundary
mm above the bed can be seen in the photograph in Fig. 3. Dyelayer thicknessiand the corresponding displacement thickness
released from the point source is advected downstream while tur-suggest that the plexiglas sheet had a mild effect on the channel
bulent fluctuations stir and spread the filaments. The dye distribu-flow and plume(i.e., less than 2% perturbation to the channel
tion in the flow visualization image hints at the fact that the plume Velocity). By varying the camera mounting location and the focal
consists of small filaments of dye, interspersed within relatively length of the lens, two image resolutions were recorded. A Fuji-
clean water. The next section describes how the LIF technique isnon 12.5 mm focal length lens was used to record a large-scale

used to quantify the filamentous nature of the plume. region roughly 1 nx1m, and a Nikon MicroNikkor 200 mm
focal length lens was used for a much smaller region, 20 mm

X 20 mm. Planar measurements at the scéle m present some
unique challenges that will be discussed nedte that fields of
similar dimension have been measured previously by Ferrier et al.
(1993 at lower resolutioh The image resolution for each ar-
rangement was determined by photographing a ruler located at the
measurement plane. The respective resolutions for these images
were approximately 1 mm and 0.02 mm per pixel. For the large-
scale measurements, data were obtained at four overlapping re-
gions at the same elevation as the nozzie 25 mm). Between
measuring each region, the plume source was moved 0.5 m up-
stream to ultimately record data up to 2.5 m downstream of the
plume source(Because the channel flow was fully developed,
moving the plume source upstream is equivalent to moving the
measurement station downstreaifhe source concentration was
increased for each successive downstream location such that the
emitted light in the measurement region employed the full dy-
L i L namic range of the camera. In addition, images of horizontal
%o 10" 102 10° planes at 12 heights from the bed were collected for the region
w¥z/v covering the firs1 m downstream of the source. The small-scale

measurements were collected in the plane of the source, 1 m
downstream.

The camera was connected to a Windows NT computer
through a Coreco image capture board. The images were stored
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Fig. 2. Mean velocity profilg coefficients for law-of-the-wall profile
are those recommended by Nezu and RAd@i86, and wall shear
velocity is 3.55 mm/é
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on a hard drive array in real time using Video Savant softwibde board also sent a voltage trigger to the camera so that the elec-
Industrie$; a process referred to as real-time-to-disk. Thus, the tronic shutter was synchronized with the sweep.
length of the image sequence was limited only by the hard drive  Because of effects like laser sheet nonuniformity, lens vi-
array capacity. This flow is highly intermittent and hence requires gnette, and pixel response variability, a detailed calibration is
a very long measurement period to accurately resolve statisticalcritically important for quantitative measurements. Uniform dye
quantities. For the data presented here, time series of 600 s wereoncentrations were photographedsitu to provide the calibra-
required for statistical convergence of the time average and stan-tion data. Concentrated dye was injected upstream near the flume
dard deviation(Webster and Weissburg 200IThe camera was  head box from a copper 38.1 mm diameter diffuser spanning the
triggered at a rate of 10 H®,000 samplesfor data in the plane  width of the flume with eight 1.6 mm diameter holes. A 20 mg/l
of the nozzle, and 5 H%3,000 samplesfor other planes. Note  solution of Rhodamine 6G was pumped through the diffuser.
that each image corresponds to 1 MB, thus a 6,000 image se-Varying the dye flow rate through the diffuser created the desired
quence results in a 6 GB file. concentration levels in the flume. The turbulent jets through the
A lens focuses the laser beam in the measurement region; thaliffuser holes and the ambient turbulence present in the channel
beam thickness is 1 mm for the large-scale measurements and 0.flow mixed the dye to create a nearly uniform concentration dis-
mm for the small-scale measurements. Two mirrors mounted ontribution at the measurement regiéover 20 m downstream of
galvanometergCambridge Technologywere used to position the  the diffusej. For each measurement arrangement, eighty images
beam horizontally and vertically. One mirror swept the laser beam were captured for each of six concentration levels between 0 and
in a plane parallel to the bed to create the laser sheet and the25 pg/l. To remove any slight nonuniformities in the dye distri-
second mirror set the height of the sheet above the bed. bution, the eighty images were averaged to produce a single cali-
As can be inferred from Fig. 3, dilution was rapid with dis- bration image for a given concentration level.
tance from the source for this plume. Thus, over a distance of 1 ~ The calibration images were corrected for laser attenuation.
m, the concentration decreased dramaticdlhis is discussed  The corrected intensity was calculated using the following equa-
quantitatively in the “Results” section If a constant mirror tion (Ferrier et al. 1998
sweep rate were employed, the near nozzle region would be . e .
bright due to relatively high local concentration. Conversely, the N1 1) corrected= (1] measure®XP o CL(1,])} (3)
lower concentration filaments farther downstream would be ex- Ferrier et al.(1993 report that the value of the attenuation coef-
tremely dim. To take full advantage of the dynamic range of the ficient, a, for Rhodamine 6G is 0.0023 perg/l per mm.(The
camera over the entire image, the sweep rate of the laser beaninstantaneous plume images were not corrected for attenuation
was nonuniform such that the incident light intensity increased because the short optical path length through the dye filaments

with distance from the plume source. produced a negligible effegt.

To first-order approximation, the laser beam position is lin- The corrected calibration images were used to calculate a
early related to the control voltage signal supplied to the rotating slope,A(i,j), and interceptB(i,]), at each pixel location using a
mirror linear least-squares fit. In order to avoid misleading negative con-

centrations, the least-squares fit was forced to pass through the

_ — o _ zero-concentration measurement. The raw images of the plume
X=Xq+ — (X1—Xq) Q) . L

E1—Ep were subsequently converted to instantaneous concentration fields

. . . . . using the slope and intercept:
The objective of the following analysis is to specify the cyclic

voltage signal patterr for the mirror to produce the desired c(i,j)=Ad,I,j)+B(,]) 4)
nonuniform sweep rate. It is known that the emission intensity is gecayse the calibration was local for each pixel, all nonuniform
linearly prqportlonal to both the .Iaser mtensny and the SPECies effects such as the laser sweep rate, lens vignette, and pixel re-
concentratiorie.g., Koochesfahani and Dimotakis 1988hus, if sponse variability were accounted for by the slope and intercept.
we assume that the concentration decreases as a poweclaw (The yncertainty for the instantaneous concentration measure-
=1/x"), then the laser intensity should increase at the inverse rateants was estimated to be3% based on an analysis of the

(1<x") to produce uniform light emission. The local intensity of .gjibration procedure and measurement repeatability.
the laser light is proportional to the residence time of the beam,

and thus inversely proportional to the beam velocity: 1/v).

Combining these relations suggests thatdx/dte1/x". Integrat- Turbulent Scales
ing this relationship and combining with E@l) produces the
functional form for the control voltage signal The motivation for measuring the concentration field with the two
P image resolutions just descri_bed i_s to resolve _the range of turbu-
E=Eo+ (E;—Eyp) i @) lent length scales expecteo_l in this flow: In this section, the rel-
T evant length scales are defined and estimated for the plume.

. ) The range of scales for the velocity fluctuations extends from
Nonuniform sweep rates were employed for the & im fields. e jntegral scale down to the scale at which viscosity dissipates
By trial and error, it was found that=1.0 produced the most y,pyjent kinetic energy to heat. The integral scale;H/2
uniform LIF images for the two fields closest to the source, and — 109 mm. is estimated as half of the channel depth, i.e., the

thatn=0.5 was best for the next two regions. Nonuniform Sweep |argest eddies are physically constrained by the presence of the
rates were not necessary for the small-scale measurements b&seq ang free surface. The scale at which dissipation occurs is
cause the peak magnitude of the concentration varied mildly overy,,\vn as the Kolmogorov microscale and is estimated from the

the image field. _ _ fluid viscosity and dissipation ratolmogorov 194}:
The timing control computeiWindows NT) provided the con- va

trol voltage signals via a National Instruments multifunction _ V_3
input/output (I/0O) board and theLABVIEW software. The 1/0 n

€

®)
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The dissipation rate is estimated by-Ti%/I, which comes from - e
physical observationdennekes and Lumley 19Y.Zrhe Kolmog- 0.001 001 0.1
orov microscale for this flow is estimated to be 0.7 mm. The 1
corresponding Kolmogorov time scate;- (v/&)*?, is 0.5 s. @)

The length scales for the turbulent concentration field range 05~
from the plume width to the scale at which molecular diffusion iy S
acts to homogenize the distribution. This length scale is referred X °[ - e 2ol .s‘t‘* S
to as the Batchelor scale and is estimated from dimensional analy- .
sis as the square root of the ratio of the molecular diffusivity and
the strain rate of the smallest velocity scalBsitchelor 1959 1 . 1 . L . 1 L I L

D\2 ? x/H
LBN(? (6)

The strain rate of the smallest scales is proportional to the ratio of 0.01 0.03 0.05 0.07 0.09
Kolmogorov velocity and length scaleg~v/m~ (e/v)¥2 Thus, 0.05
the Batchelor length scale can be recast into a form that includes I “ ()
both the molecular diffusivity of the scalar and the kinematic : N
viscosity:

vD?2 0.025

1/4
Lg~ T) =mn(Sc)~ 2 (7) -

Eqg. (7) also shows that the Batchelor and Kolmogorov length -

scales are related by the square root of the Schmidt number. The B
diffusivity of Rhodamine 6G in water is aroundx110™° m?/s o Un "\

(Crimaldi and Koseff 200} therefore, the Batchelor scale is es-
timated to be 0.02 mm, which is 35 times smaller than the Kol-
mogorov microscale. Thus, we should expect a much finer struc-

ture for the concentration field than the velocity field. The _0025-_
corresponding time scale of the finest concentration variation ob- \

»

served at a point ik g /u=0.0004 s.
The resolution range of the plume images is 1 nond tm for L
the large-scale measurements and 0.02 mm to 20 mm for the L
small-scale measurementdlote that the sheet thickness for the -0.05 T R
small-scale measurements is 0.1 mm, thus limiting the measure- 4.95 4~975 x/SH 5~°25 5.05
ment resolution in the vertical directionThe small-scale mea-
surements, therefore, can resolve the Batchelor scale in the phoFig. 4. (a) Large-scale and(b) small-scale measurements of
tographic plane, while the large-scale measurements are coarseinstantaneous concentration fietdC,
The large-scale measurements, however, provide a broad perspec-
tive of the plume as it evolves in the downstream direction. To-
gether the measurements span a large range of the length scales of
this chemical plume. is at the origin. The perspective for Fig@tis from above the
flume (unlike Fig. 3, which was from the sigleData are not
shown forx/H< 0.6 because the concentration peaks are beyond
Results the linear calibration range in this region. The peak magnitudes
decrease rapidly, dropping by roughly an order of magnitude be-
A photograph of the dye plume is shown in Fig. 3. The release tweenx/H=1 and 4. This rapid decrease necessitates the nonlin-
location is in the logarithmic layer of the fully developed turbu- ear contour spacing in Fig.(d. The decrease in concentration
lent boundary layefatz* =zu*/v=90). Because the effluent and results from molecular diffusion acting at the Batchelor scale on
channel velocities are matched, the velocity gradient produced bysteep gradients created by turbulent stirring. The concentration
the release is very small and the production of turbulence due togradients are very high in Fig(d@); the concentration rises from
velocity shear is minimal. Thus, stirring of the chemical tracer is near zero to the peak value over very small distarjomsghly a
mainly due to the turbulent fluctuations produced by the bed millimeter).
boundary layer. The plume exhibits evidence of stretching and  The steepness of the concentration gradients is better revealed
folding processes that are normally associated with turbulent stir- by the high-resolution measurements. Fi¢b)dshows a sample
ring. However, concentrated packets of dye are observed even ainstantaneous concentration field taken on the centerline of the
the end of the field of view, which suggests that the plume re- plume at five channel depths from the source. The individual
mains inhomogeneous. filaments of the chemical tracer are now clearly observed and the
One of the strengths of the planar LIF measurement techniquehighly intermittent nature of the plume is exhibited. The concen-
is the ability to reveal the spatial distribution and variability. The tration rises from near zero to peak values of roughly@,over
contours of concentration shown in Figafireveal the high spa-  distances approaching the Batchelor scale. Molecular diffusion
tial variability of the plume. Note that the contour levels are non- acts on these steep gradients, ultimately diluting and homogeniz-
linearly spaced for Fig. @). The measurement plane consists of ing the concentration field. Turbulent stirring continues to stretch
the streamwisex, and the spanwise, directions and the nozzle and fold these filaments, continually creating very steep gradients.
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Fig. 5. Time-average concentration along plume centerlidata 10!

from four overlapping fields are shoyn

Whereas the instantaneous concentration distribution demon-
strates high spatial variability, the time-average and other statisti-
cal measures are expected to be smoother distributions. In fact,
eddy diffusivity is often used to model the time-average concen-
tration distribution. For a point release into a uniform flow with
constant eddy diffusivity, the average concentration varies in-
versely withx (e.g., Fischer et al. 1979The measured time-
average concentration along the centerline of the plume is shown
in Fig. 5. Close to the sourcgoughly up tox/H=2), the de-
crease irc is faster than that predicted by the theoretical model.
This is consistent with the idea that the eddy diffusion coefficient
is not constant, but rather increases until the filan{entcloud
size grows to be larger than the largest eddy samproximately
0.5H in this flow). Forx/H>2, the average concentration along
the centerline varies as the inverse of the distance from the
source, which agrees well with the theoretical model.

10"

(b)

T A

5 10

x/H

Fig. 7. Transverse plume width dia) linear and(b) logarithmic axes

Fig. 6 shows profiles of the time-average concentration in the
spanwise direction at four downstream locations. Because the
spanwise direction is essentially unboundge., the channel
walls are very far away the average concentration distribution is

self-similar and shaped like a Gaussian profile. The standard de-
viation of the time-averaged profile, and the centerline value of

Fig. 6. Self-similar spanwise profiles of time-average concentration

the average concentration are employed to demonstrate the self-
similar profiles in Fig. 6. For these data, the Gaussian peak was
assumed to be at the plume centerliggH{=0), and the value of

o was determined from a linear regression betweeddg) and

y2. Also shown in Fig. 6 is a Gaussian profile

y2
C(X,y)=cc|(><)exp( oy 8)

As seen in Fig. 6, the measured profiles compare very well with
the Gaussian profile.

The plume width is generally defined as four times the stan-
dard deviation of the time-averaged profiée,As expected, Fig.
7(a) shows that the transverse width increases as the plume
evolves downstream. At/H =2, the plume width roughly equals
0.5H, which matches the estimate of the size of the largest eddies
in the flow. This observation is consistent with the fact that the
turbulent transport appears to transition from relative to constant
eddy diffusion around/H=2, as just discussed regarding the
average concentration profilgig. 5. The growth rate of the
plume width, however, deviates significantly from the analytical
prediction. The analytical solution of the advection—diffusion
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Fig. 8. Vertical profiles of time-average concentration Fig. 9. Vertical profiles of standard deviation of concentration fluc-
tuations

equation for a point release into a uniform flow with constant
diffusivity predicts that the plume width increases in proportion to €t al. (1997 reported that the power-law exponent varies from
x%% (e.g., Fischer et al. 1979Fig. 7(a) includes ax°* profile, and — 2.4 to—3.3. For the current data, the scalar fluctuations follow
it is clear that the measured plume grows at a faster rate. Thethe same qualitative behavidfig. 10. Near the source, the vari-
plume width plotted on logarithmic axg&ig. 7(b)] shows that ance decays exponentially as shown in Fig. 20s(scaled by the
the profile follows a power lawe ox% 75, integral length scale of the velocity fieldl/2, in the exponential
Vertical profiles of the time-average concentration on the function. Small-scale fluctuations in this region decay rapidly
plume centerline are presented in Fig. 8 at four locations. For causing the variance to decrease exponentially. Beydhid= 2,
each profile, the peak value is near the release height of plumethe variance follows a power law with=—3.5. In this region,
(i.e.,z/H=0.125). With distance from the source, the peak value large-scale fluctuations decrease more slowly, which yields a
decreases and the vertical profile becomes more uniform. Thepower-law decay of the scalar variance. For this power-law re-
vertical distributions are not Gaussian due to the bounding influ- gion, the variancéand standard deviatiom= —1.75) decreases
ence of the bed. These data agree qualitatively with the elevatedfaster than the time-average concentratiéig. 5), which indi-
release data collected by Fackrell and Rohih882 in a wind cates the plume is becoming homogeneous faster than it is dilut-
tunnel using a modified flame—ionization detector system. ing. Finally, it should be noted that the data $dH <2 can also
Whereas the time-average concentration is often used whenbe fit well with a power law with a exponent of around. The
mode”ng turbulent chemical transport as a diffusion process, theregion is too short to d6f|n|t|VG|y determine which functional form
time-average y|e|ds an incomp|ete, and possib|y mis|eading’ pic- is correct from this single data set. We have plOttEd the exponen-
ture of an intermittent plume because it lacks any information tial curve in order to compare with the theory and experiments of
about the fluctuations and peak values. The standard deviation Guilkey et al.(1997).
variance provides information about the magnitude of the con-
centration fluctuations. Fig. 9 shows vertical profiles of the stan-
dard deviation of the concentration fluctuations at four down-
stream locations. The vertical profiles for standard deviation have
the same qualitative shape as those for time-average concentra-
tion (Fig. 8). The magnitude of the standard deviation for each
profile is greater than the corresponding time-average, however.
This indicates that the concentration fluctuates greatly about a 10*
relatively small time-averaged value, which agrees with the spa- o
tial variability (and hence, intermittengyobserved in Fig. 4. As 8"
1%}

- o< exp(-2x/H)

T T

the plume evolves downstream, the fluctuation profiles decrease
in magnitude and become flatter because the plume becomes
more homogeneous. Again, the standard deviation profiles agree
qualitatively with those presented by Fackrell and Roljit232

in an airborne plume.

The fluctuations are expected to decrease withs the con-
centration distribution becomes more homogeneous. According to
a recent study of scalar fluctuations in a flow through a round pipe 10'70
(Guilkey et al. 1997, the decay of scalar variance follows an
exponential function in the near field and a power-law function in _ . . .
the far field. In the pipe flow experiment, the transition was Fig. 10. Variance of concentration fluctuations along plume center-

around 35 pipe diameters downstream of the source, and Guilke\}Ine

J

T T T
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10' ¢ employed for the large-scale measurements because of the rapid
E dilution of concentration in the turbulent plume.
30 . x/H=27 Concentration data are presented for an isokinetic chemical
o ® o x/H=53 plume released into a fully developed turbulent boundary layer in
10° Eﬂ% . MR an open channel flow. Measurements were performed for two
EVV"- o @MYQY image resolutions to demonstrate the range of scales of the con-
_ * ~ °% o YW&VY centration field. Because the flow is highly intermittent, long time
W ly '-\.'_..._ Congep B “ - records are required for statistical quantities, such as the time
& 10 F Lk T o%oo Ooo‘i Wy average, to converg@00 s for this plumg The average concen-
=k W M, 0 'm_vm tration measurements agree well with theoretical modeling and
i "_ .'.""_ ooo‘f&. previous experimental observations for similar plumes. The trans-
102k meen Ch_ S verse plume width increases as a power law with an exponent
g greater than that predicted by the idealized model. The variance
i of the concentration fluctuations appears to decrease as an expo-
- nential forx/H<2 and as a power law with= — 3.5 beyond this
ol b L L Lo b point. This behavior agrees with the theory and measurements
0.5 1 CI}SE 2 25 3 presented by Guilkey et al1997 for mixing in a turbulent pipe

flow. The relative rate of decrease of the standard deviation com-

Fig. 11. Probability density function distributions of concentration at pared to the average suggests that the plume is becoming homog-
four locations on the plume centerlin@neasured concentration enous faster than it is diluting. The concentration PDF distribu-
samples beyond@are not shown tion is highly skewed and very flat and does not resemble a
Gaussian distribution. The distribution physically corresponds to
a concentration signal that is near zero with intermittent bursts of

The probability density functioliPDF) of the instantaneous high concentra_tion as individual filaments advect past the mea-
concentration for four locations on the centerline is shown in Fig. Surement location.
11. The measured distributions do not resemble a Gaussian dis-
tribution. Instead, the distributions are highly skewskewness
~10) and very flatkurtosis~ 100). The distribution, even when
normalized by the standard deviation, changes significantly with
downstream distancéRemember also that the value of the stan- The writers gratefully acknowledge the valuable advice of Dr.
dard deviation decreases significantly wih Fig. 10. At x/H Philip Roberts including that related to the nonuniform sweep rate
=2.7, the distribution indicates that there is a high probability of analysis and calibration procedure. ONR/DARPA provided finan-
a zero- or near-zero concentration level. The tail extends well cial support for this projectGrant No. NO0014-98-1-0776
beyond three standard deviations, but such high concentration
bursts are rare and the PDF in this range is difficult to resolve
with a finite-length time record. With increasing distance down- Notation
stream, turbulent mixing acts on the filaments and the probability
of zero- or near-zero concentration decreases. Similarly, the prob-The following symbols are used in this paper:
ability of very high concentration sampléshich are not shown A = calibration slope;
decreases. Conversely, the probability of fluctuations in the range B = calibration intercept;
of half to three standard deviations appears to increase. This shiftC, = source concentration;
in the distribution corresponds to the concentration field becom- ¢ = concentration;
ing more homogeneous as turbulent mixing acts on the filaments. ¢ = time-average concentration;
At the farthest downstream locations/H=7.8 and 10.3 a local ‘c,; = time-average concentration on plume centerline;
maximum is observed in the PDF distribution arowi@=0.5. T = standard deviation of concentration fluctuations;
This suggests that as the filaments mix, concentration samples D = molecular diffusivity;
around 0.8 are more probable than zero-concentration samples. E = control voltage for rotating mirror;

H flow depth;

intensity (gray scalg of pixel;
pixel number in streamwise direction;
pixel number in spanwise direction;
The LIF measurement technique is described in detail. The sys- L = length of optical path of laser beam;
tem consists of commercially available equipment including an Lg = Batchelor length scale;
argon-ion laser, rotating mirrors, a digital camera system, and | = integral length scale of velocity fluctuations;
computer-controlled timing. The procedure is summarized as fol- n = power-law exponent;
lows. The rotating mirror sweeps the laser beam in a horizontal Sc = Schmidt number;
plane through the plume. Rhodamine 6G dye molecules absorb T = time period of laser sweep;
the laser light(green and emit light at longer wavelengths t = time;
(yellow-orange with an intensity proportional to the concentra- u* = wall shear velocity;
tion and laser sheet intensity. The emitted light is captured and T = standard deviation of velocity fluctuations;
recorded by the digital camera system. Usingirasitu calibra- u = average velocity;
tion, the raw images are converted to instantaneous planar con- v = Kolmogorov velocity scale;
centration fields. A nonuniform sweep rate of the laser beam is v = laser beam sweep velocity;
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= streamwise coordinate;
= spanwise coordinate;
= vertical coordinate;
= attenuation coefficient;
strain rate of smallest velocity scales;
= dissipation rate;
= Kolmogorov microscale;
= kinematic viscosity;
= standard deviation of time-averaged spanwise profile;
and
7 = Kolmogorov time scale.
Subscripts
0 = starting voltage or position; and
1 = end voltage or position.

Q 3 0 R NX X
Il
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