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Overview

Ocean outfall has been afeasible aternative of wastewater disposal in most coasta cities. Effluents emanating from
ocean outfalls would rarely experience a stagnant environment. They are subjected to various ambient conditions of
currents and waves. The objectives of this project are to investigate the mixing mechanisms of buoyant jet discharges
under different ambient conditions: i.e. stagnant water, ocean currents (crossflows) and surface gravity waves.

A novel measuring system, namely combined DPIV and PLIF, is developed, verified and employed in the |aboratory
investigations. This technique allows simultaneous measurement of 2-D velocity and concentration field. The most important
advantage of the coupling of DPIV and PLIF isthat it provides synchronicity of the two databases allowing the computation of
both the time-averaged and turbulent transport in the mixing processes. Thisisin additional to the planar information for the
velocities and concentrations individually. Thus a complete analysis of the transport processes within the study area can be
made. The system was verified by measuring pure jet mixing in stagnant ambient water.

This project is supported by the Academic Research Fund of Nanyang Technological University, Singapore.Students
who are interested to take up this project for graduate study should contact the principal investigator for more details.

Personnel
Principal Investigator:

@Dr. Adrian Wing-Keung Law Email: CWKLAW @ntu.edu.sg

Experimental Program

@ Development of combined DPIV and PLIF system

@ Experiments of buoyant jets in stagnant water
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@ Experiments of buoyant jets under surface waves
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Instrumentation:Combined DPIV and PLIF System

Combined DPIV and PLIF System

Combined DPIV and PLIF System

Feature: 1. Capable of simultaneously sampling the 2-D velocity and concentration fields at SHz.
2. Real-time assessment of 2-D velocity field
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Schematic Diagram of combined DPIV and PLIF System

DPIV & PLIF cameras with filters | Double Pulsed Mini Nd-Y ag Laser | Planar Light Sheet Forming Optics
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Instrumentation:Combined DPIV and PLIF System
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DPIV Processor and RAID Cabinet | Fluorometer and Rhodamine B | A m('enl] of the in-house devel oped software
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Experiments of buoyant jets in stagnant water

These experiments are conducted to verify the combined DPIV and PLIF system. Some selected results are shown as follows:
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Instantaneous PLIF image .. Instantaneous PLIF image
{grayseale) {pseudo color)

Time-averaged PLIF image . Time-averaged PLIF image Standard deviation of concentration
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standard deviation of concentration Time-averag PLIF image
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Selected results

@ Test tank (3m x 1m x 1m) with a moveable platform on the top and Schematic diagram of experimental setup
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Experiments of buoyant jet in stagnant water

@ A calibrated instantaneous PLIF image (grayscale, z/D&1t22.9)
@ A calibrated instantaneous PL | F image (pseudo color, /D& 1t22.9)
@ Time-averaged PLIF image (grayscale, z/D&[t22.9)
@ Time-averaged PLIF image (pseudo color, z/D&t22.9)
@ Standard deviation image (grayscale, z/D& [t22.9)
@ Standard deviation image (pseudo color, z/D&1t22.9)
@ Time-averaged PLIF image (grayscale, 37.1& 1tz/D& It77.7)
@ Time-averaged PLIF image (pseudo color, 37.1&1tz/D&1t77.7)
@ Standard deviation image (grayscale, 37.1& [tz/D&It77.7)
@ Standard deviation image (pseudo color, 37.1&1tz/D&1t77.7)
@ Axial turbulent tracer transport profiles
@ Radial turbulent tracer transport profiles

.., ®An instantaneous vetor map of jet
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Experiments of buoyant jets under surface waves

Experiments of buoyant jets under surface waves

WAV

The mixing processes of buoyant jets under surface progressive wavesisthe
primary interest and main focus of this study. It is being investigated using the
verified combined DPIV and PLIF system.

@ Schematic diagram of experimental setup

@ Flap-typed wavemaker located at one end of the wave flume (16m x 0.6m x 0.6m)

@ Sloping beach (1:6.26) located at the other end of the wave flume (16m x 0.6m x 0.6m)
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Simultaneous Velocity and Scalar Field Measurements
of Axisymmetric Plumes with Combined DPIV and PLIF

Adrian Wing-Keung Law', Hongwei Wang"

AbstractuAn experimental study of round plumes in a
stationery uniform ambient fluid was conducted by
simultaneously measuring the velocity and scalar fields
with a combined Digital Particle Image Velocimetry
(DPIV) and Planar Laser Induced Fluorescence (PLIF)
system. Various considerations in combining the two
techniques are described. Experimental results showed
that the turbulent mass flux in a round plume accounts
for about 13% of the total flux and thus should not be
ignored in any integral models.

1

Introduction

Currently, many integral models of buoyant jets ignore
the turbulent mass flux by assuming it negligibly small
compared with the mean mass flux (e.g. Yannopoulos
and Noutsopoulos 1990; Jones and Baddour 1991). The
few models that do account for it treat it as a fixed
percentage of the mean value (e.g. Wood et al. 1993).
In reality, the percentage of turbulent mass flux may not
be small and may vary substantially with the
characteristics of the buoyant jets in different
surrounding environments. There is thus a need to
better quantify the turbulent flux to further improve the
prediction by these models.

The importance of the knowledge of the turbulent
mass flux stems from the Reynolds-averaged advection-
diffusion equation for a passive scalar quantity in an
incompressible fluid, which can be expressed in tensor
form as:

a_E + u_a_E = i

o oax; o H oy TTH
where ¢ is the instantaneous passive scalar
concentration (or temperature), u; the instantaneous
velocity component (j=1,2,3), and D the molecular
diffusion coefficient of the scalar quantity. The overbar
and ' in the above equation denote the time-mean and
turbulent components respectively. In turbulent flows,
the mass transport due to molecular diffusion can
generally be ignored comparing to the turbulent mass

% 4ol <1>

transport ujc . Eqg. (1) shows that, besides the mean
velocity and concentration fields, knowledge of the
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turbulent mass transport is also essential in dissecting
the anatomy of the mixing process.

Coupling of the velocity and scalar measurements
has been attempted in the past. Hot-wire probe with an
additional cold wire for temperature detection was
employed in a number of previous studies (e.g. Shabbir
and George 1994, hereafter referred to as S&G). The
stationary hot-wire probe is limited by a lack of
directional sensitivity and thus cannot be used in areas
where the velocity direction changes intermittently.
This led to the efforts to combine the non-intrusive
Laser Doppler Anemometry (LDA) with various scalar
measurement techniques, including micro-thermistor
(Kotsovinos 1977), Laser Induced Fluorescence (LIF)
(Papanicolaou and List 1988, hereafter referred to as
P&L) as well as Rayleigh and Raman scattering, etc.
For capturing planar fields, Simoens and Ayrault (1994)
performed simultaneous PIV and Planar-Laser-Induced-
Fluorescence (PLIF) measurements in jets based on
photographic film. Their accuracy was partly affected
by the uncertainties involved in the photographic
development processes.

In this study, the turbulent mixing of a round plume
is investigated using Digital Particle Image Velocimetry
(DPIV) (Willert and Gharib 1991) and PLIF. Various
considerations in combining the two techniques are
described and results are briefly summarised in the
following.

2
EXPERIMENTAL SETUP AND TECHNIQUES

2.1

Combined DPIV and PLIF system

The combined DPIV and PLIF system was developed
based on an enhanced Dantec DPIV system, as shown in
Fig.1. A detail description of the system can be found
in Law and Wang (1999). Only a brief summary is
given below.

The light source employed is a dual-cavity pulsed
mini Nd:YAG laser with a maximum repetition rate of
15Hz for each cavity. The energy level is 25mJ per
pulse and the pulse duration is about 7ns. The emitted
laser light is green with a wavelength of 532nm. The
light sheet has a typical thickness of 3 mm and a
divergence angle of 32°.

Two double-image 8-bit digital CCD cameras
(Kodak Megaplus ES1.0) are configured in the system,
one for DPIV and the other for PLIF. The spatial



resolution is 1008x1018 pixels. Both cameras are fitted
with Nikon 60mm lenses. The PLIF camera is set to
Single-frame Mode while the DPIV camera works in
Double-frame Mode. Thus the PLIF image is double-
exposed by the laser pulse pair whose interval is
determined by the cross-correlation DPIV requirement.
This arrangement ensures that both the measured
velocity and concentration are time mean values during
the interval of the pulse pair. The double exposure also
improves the sensitivity of the PLIF measurements.

ﬁDischarge Port Test Tank
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Seeding particles for DP1V

Optics

MiniNd-Yag Laser
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Figure 1. Experimental set-up for buoyant jet investigations
using combined DPIV and PLIF

Neutrally buoyant polyamid particles with a mean
diameter of 50um are chosen as the seeding particles for
DPIV, and Rhodamine B is employed as fluorescent dye
tracer for PLIF. According to Berlman (1971), the
absorption spectrum of Rhodamine B is from 460 to 590
nm with a peak at 550 nm, while its emission spectrum
ranges from 550 nm to 680 nm with a peak at 590 nm.
An optical 532 nm band-pass filter is placed before the
DPIV camera, allowing only a narrow band of
wavelengths around 532 nm scattered by the seeding
particles to pass through. Another optical 590 nm
sharp-cut low-pass filter is attached to the PLIF camera,
allowing through only the fluorescent light emitted from
the dye tracer.

The system is capable of recording DPIV image
pairs and PLIF image at a frequency up to 7 Hz (i.e. 21
images/second) for a period of a few minutes. The
relatively long measuring duration is made possible by
employing a RAID cabinet as an intermediate transfer
buffer before the images are slowly processed and
written to the PC hard disk.

2.2

Considerations in the Combined Measurements
Verification experiments were carried out to quantify
the characteristics of different parts of the system
including simultaneously measuring the velocity and
concentration fields of a turbulent round jet discharging
into a stagnant environment. Results were compared

with those measured with precision point-based
techniques by P&L, Panchapakesan and Lumley (1993),
Hussein et al. (1994) as well as Dahm and Dimotakis
(1990). Good agreement in both time mean and
turbulent quantities confirmed the coupled system as a
useful tool for the study of turbulent mixing processes.
Details of the verification experiments were reported in
Law and Wang (1999).

For PLIF, the RMS noise due to the unsteadiness of
the laser sheet intensity as well as the camera noise was
found to be less than 2% at any pixel when half of the
camera intensity dynamic range (i.e. 127 greyscale) is
reached. It has also been checked that with the present
set-up, the excitation of Rhodamine B worked in its
weak region without the occurrence of saturation and
photo-bleaching. The camera response was found to be
linear with the gamma setting equal to unity.

In combining the DPIV and PLIF measurements, the
cross-interference effect of the two techniques from the
use of different tracers must be evaluated carefully. The
effect of dye tracer on DPIV is minimal because the
intensity of the residual dye pattern that passes the
DPIV filter is very weak (typically the local intensity is
only increased by a few counts) and can be treated
simply as background noise. Thus it can be easily
removed by setting a threshold value in the DPIV
algorithm, leaving only the greyscale images of seeding
particles. On the other hand, the effect of seeding
particles on PLIF requires more detail examination as
follows.

Assuming the cloud of seeding particles can be
modelled as a continuous phase, the greyscale G of a
pixel in the PLIF image with the interference of seeding
particles can be described as:
G(m(x),n(z)) — G, (m(x), n(z))

= Hriye 02 +k, 20 e ) @
5 7 Pexn g
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where (m(x), n(z)) is the pixel in the captured image that
corresponds to the point (x, z) in the laser sheet, G, the
zero-concentration image, B a local constant accounting
for the various factors including the quantum yield and
absorptivity of the dye, the camera response, the light
intensity distribution in the laser sheet as well as the
attenuation of the laser light due to the water absorption,
¢ the molecular absorptivity coefficient of the dye for
the incident light, s the direction of propagation of the
local incident laser beam in the light sheet, and | the
path length of the incident laser light in the water. The
superscript ' in the above equation denotes the same
variables for the emitted fluorescence light received by
the camera. The subscript p denotes the same variables
for the seeding particles. Hence, &, &' are the
“molecular” absorption (or extinction) coefficients of



the seeding particles for the laser and fluorescent light
respectively. The exponential decay terms in the above
equation involving these two coefficients represent the
attenuation effect on light intensity due to the seeding
particles.

koq is @ constant reflecting the interaction between
the dye and seeding particles. The interaction results in
an increase of local fluorescence, which is proportional
to the concentrations of the seeding particles and dye
tracer. Qualitatively this effect is consistent with the
observation of P&L. The reason may be because of the
absorption of Rhodamine B onto the surface of the
seeding particles that leads to the higher induced
fluorescence.

kp is a proportionality constant accounting for the
contribution of the laser light scattered by the seeding
particles that passes through the PLIF filter. The
contribution is proportional to the concentration of
seeding particles and independent of the dye
concentration. k, depends on the characteristics of the
PLIF filter.

Calibration experiments were designed to quantify
separately each of the factors in (2). From these
experiments, the constants &, &, kyq, k, Were determined
as 0.0176 (mepg/l)?, 0.018 (memg/l) *, 0.0015 (mg/I)™*
and 0.032 (ug/mg)™, respectively. It should be noted
that Eg. (2) is dimensional with the particle
concentration expressed in mg/l while dye concentration
in po/l.

For Rhodamine B, the molecular absorptivity
coefficient &’ should be much smaller than &, because
only a very small part of the emitted fluorescence that
with wavelength longer than 590 nm is reabsorbed.
This can be judged from the aforementioned absorption
and emission spectra of Rhodamine B. For the seeding
particles, the coefficients &, and &,’can be assumed to be
the same.

The attenuation errors due to both seeding particles
and dye tracer are not locally dependent and thus can
only be accounted for using integral correction. On the
other hand, the local errors resulting from particle-dye
interaction and MIE scattering of the seeding particles
can be corrected through calibration or simple
compensation.

A fundamental requirement of DPIV is that the
density of seeding particles inside an interrogation area
should be sufficient to yield a correct velocity vector.
However, a high seeding particle concentration is
detrimental to the PLIF measurements. Equation (2)
provides a rational basis for selecting the optimal
combination of seeding particle density and dye
concentration as well as for error analysis. As indicated
by Westerweel (1997), increasing the seeding density
improves the reliability but not necessarily the precision
in velocity estimation. This implies that the

concentration of seeding particles can be kept low as
long as the estimated velocity vector is reliable, i.e. the
correlation peak is high enough to be clearly
distinguishable from other noise peaks.

2.3

Experiments on Round Plume

The experimental conditions consisted of a round salt
water buoyant jet of diameter 9.4 mm discharging
vertically downward at a flow rate of 1.02E-5 m%s into
stagnant fresh water in a large tank of 1 m wide by 3 m
long with 0.9 m water depth. The centreline of the
buoyant jet was located at a position of 0.6 m from a
side panel along the longitudinal centreline of the tank
in consideration of the diffuse angle of the light sheet
and the sensitivity of PLIF. The submergence of the
discharge nozzle was approximately 0.05 m. The initial
density difference was 2.84% that corresponded to a
discharge Densimetric Froude Number equal to 2.87.
The temperature variation from the source to the
measured area was measured to be less than 0.2 °C.
Thus the ambient fluid was essentially non-stratified.

The source concentrations of Rhodamine B and
seeding particles were 663 pg/l and 150 mg/l
respectively. The receiving water in the vicinity of the
jet flow was also seeded with particles with a
concentration equal to approximately 1 mg/l to assist in
the velocity measurements near the edge of the plume.
The effect of these seeding particles in the receiving
water on the PLIF measurements was effectively
removed by having the calibration image taken with the
background.

The axis of the DPIV camera was carefully aligned
to be perpendicular to the imaged plane to eliminate any
geometrical distortion. On the other hand, the PLIF
camera was placed at a slightly tilted angle of less than
5° in order that both cameras pointed to the same area.
Simple geometrical calculations showed that the
fluorescence image distortion was minimal due to the
small angle.

The measurements were recorded at a sampling rate
of 5 Hz for a period of 60 s that represented a frequency
capturing range of 0.02-2.5 Hz. From P&L, most of the
turbulent energy content in plume should be contained
within this range.

The measurements were initiated just after the jet
flow became steady in the clear ambient water. The
relatively short duration of the experiments avoided
self-contamination and accumulation of dye and seeding
particles in the region between the laser source and the
imaged area caused by the recirculation within the
confinement of the tank, which would significantly
attenuate the laser.

The size of the DPIV interrogation area used in this
study was 32 x 32 pixels with 50% overlapping. This
leads to a velocity estimation for every 3 mm? area. On



the other hand, the PLIF spatial resolution in the light
sheet plane was much higher. This higher planar
resolution was not however meaningful because of the
3mm light sheet thickness. Thus 5 x 5 pixels spatial
moving average on the time mean and standard
deviation concentration images were performed. For
the computation of the turbulent mass transport terms,
spatial averaging of the instantaneous PLIF data over 16
x 16 pixels corresponding to a DPIV vector was
performed in the overlapped area of the DPIV and PLIF
imaging windows.

Three different validation methods were adopted
consecutively to process the raw DPIV vectors. First,
peak validation method was used. A raw vector was
rejected if the ratio of the first highest peak to the
second one on the cross-correlation plane was less than
1.2. Range validation was then performed on the left-
over vectors, kicking out vectors that represented
displacements greater than ¥ of the interrogation area.
Finally moving average validation was conducted to
remove the remaining “false” vectors that deviated
substantially from their surrounding vectors.  All
rejected vectors were substituted by the average of their
surrounding vectors. The overall rejection rate was
typically less than 17%. Most rejections occurred in the
surrounding ambient with the lower seeding
concentration rather than inside the core of the plume.

3

Experimental Results

The measurements were taken in the region of
11.5<7/L,<20, where L, is a characteristic length scale

defined as (Fischer et al., 1979) Lm:Mo%y with Mg
0 2

and By the initial momentum and buoyancy fluxes
respectively. According to P&L, the measured area can
be considered to be in the asymptotic plume region.
Based on the synchronised velocity and concentration
data, various mean and turbulent characteristics were
computed. Only those related to the conservation of the
tracer mass flux are reported here.

The mean axial velocity (see Fig. 2) and
concentration decay along the centreline can be
modelled as:

VMo _ 1 [z 7 (3a)
ZW_c kpw HLm
(3b)

2
CoQ _ 1 ZE/3

zc. M, Ky ELm
where w is the axial velocity, c, the source dye
concentration, and Q, the initial volume flux. The
subscript ¢ denotes the centreline value. Applying best-

fitting to the experimental data yields kp,, =4.13 and ky.=
11.3. These values compare reasonably well to the

values of 3.85 and 11.1 reported by P&L and 3.4 and
9.4 by S&G.
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Figure 2. Centreline decay of mean axial velocity

The cross-sectional variations of the mean axial
velocity and concentration are plotted in Fig. 3 and 4. It
clearly shows that the cross-sectional profiles are self-
similar and can be described by Gaussian curves as:

W O O
=—exp§kpwg§5§§ (4a)
WC

- 0 0

S —exp kg LA D (4b)
Ce H tzOH

where r is the radial distance from the centreline. Again
curve-fitting yields kpyg = 91 and kyeg = 84. These two
values are in agreement with 90 and 80 reported by
P&L but substantially higher than 58 and 68 by S&G.
Fischer et al. (1979) proposed an average value of 100
for Kpug.
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Figure 3. Cross-sectional variation of mean axial velocity
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Figure 4. Cross-sectional variation of mean concentration



The velocity fluctuations along the centreline,

Y V% were recorded to be about 26% and 19%
We We
for the axial and radial directions respectively. The
cross-sectional variation of the turbulent shear
stressﬁ—“zl had a peak value of approximately 0.023 at
We
r/z=0.7. These quantities are almost the same as those
measured in jets (Law and Wang, 1999) and agree with
literature.  The measured concentration fluctuation

2

‘_ at the centreline was about 42%, in good
Ce

agreement with the 42% measured by P&L and 40% by

S&G. This value almost doubles that measured in pure

jets (Law and Wang, 1999). Replaying the recorded

DPIV vector maps and PLIF images shows that flapping
of the flow is more pronounced in plumes than in jets.
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Figure 5. Cross-sectional profile of axial turbulent mass

transport
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Figure 6. Cross-sectional profile of radial turbulent mass
transport

The cross-sectional variations of the axial and radial
turbulent mass transport are plotted in Fig. 5 and 6.
Integrating Fig. 5 yields an average ratio equal to 15%
of the axial turbulent mass flux to the mean mass flux,
i.e. about 13% of the total mass flux are transported
through the turbulent diffusion. This percentage is a bit
lower than the 15%~20% reported by P&L and
15%~18% by S&G. It should be noted that Fig. 5 looks
rather similar to the same figure shown in P&L, with
nearly the same peak height and profile width. Thus,
the difference could be attributed to the substantial
scatter and low data density in their measurements. The
magnitude of the turbulent mass flux in plumes is

certainly not trivial and should be taken into account in
the integral models.

4

Discussions on the Measurement Accuracy

In the experiments, the mean concentration at the
centreline would have been underestimated by about 9%
according to Eqg. (2). However, the attenuation of the
laser light in the PLIF calibration image was
intentionally not corrected, and this would lead to an
approximately 9% overestimate of the centreline
concentration. The two effects compensated each other
and thus high accuracy of the concentration
measurements was achieved.

With DPIV, a major consideration in the accuracy is
the sub-pixel interpolation. Due to the relatively large
experimental scale in the present study, the particle
image size calculated based on MIE scattering (using
the equation proposed by Adrian 1991) is smaller than
one pixel with lens aperture f=2.8. However, it was
observed that the recorded particle image size were
actually in the range of 1~3 pixels. This was probably
because the camera was slightly defocused and also
there was some aberration introduced by the DPIV filter
and camera lens. This pixel range is close to the
optimal value for the sub-pixel interpolation proposed
by Westerwheel (1997). The correlation peak widths
were found from the histograms to be in the range of
2.3~5 pixels. In the measurements, instantaneous
velocity vectors representing displacement as small as
0.25 pixel were observed and looked reasonable. Thus
it could be inferred that the interpolation worked
reasonably well.

For the range validation, the measured maximum
mean velocity corresponds to a displacement of about
4.6 pixels. P&L showed that the maximum
instantaneous velocity in plume is about 1.65 times of
its mean value. Thus the maximum instantaneous
displacement can be estimated to be about 7.5 pixels,
which should not be falsely removed in the range
validation procedure described previously.

With the limited resolution and dynamic range in the
measurements, whether the variation (e.g. the cross-
sectional profile) of a particular quantity can be
adequately resolved would depend on its magnitude. In
plume, we have:

|G(r,z)|max ~0.039w (2) (5a)

|wT'(r, 7) fax ~0.15w, (2) (5b)

ﬁ?(r,z)g = 0.26W (2) (5¢)
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The above equations clearly show that the mean radial
velocity in Eq. (5a) has the lowest magnitude and is thus
the most difficult to measure. Laboratory measurements
of mean radial velocity were seldom documented in
literatures. S&G reported measurements with rather
coarse accuracy and also failed to capture with r/z>0.1
where the radial velocity reverses in direction.

Based on Eqg. (3a) and (4a) the mean radial velocity
can be derived from the continuity equation as:

ow
,J’Oriwrdr (6)
% E
@kpwg( 7 (r/z)EBxp[ Kpwg (1/2) ] 76kpwg(r/z)§

The measured cross-sectional profile of the mean radial
velocity in the present experiment is shown in Fig. 7.
The analytical relationship computed from Eq. (6) is
also plotted for comparison. Despite the scatter among
the experimental data, the trend is in agreement with the
theoretical curve, and the peak location and magnitude
are detected with reasonable accuracy. This should
indicate that the present measurements achieve an
accuracy within  1~2% in the mean velocity
determination. The uncertainty corresponds to
0.04~0.08 pixel. However, it should be noted that this
does not imply the instantaneous velocities were also
measured with this accuracy, because the averaging
process could effectively remove the random errors
associated with DPIV.
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Figure 7. Cross-sectional variation of mean radial velocity
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Conclusions

A combined DPIV and PLIF system was successfully
applied to simultaneously measure the velocity and
scalar fields in a round plume. While the interference of
the fluorescent tracer on DPIV is negligible, the effect
of the seeding particles on PLIF can be attributed to

three factors, namely attenuation of the laser light that
can be described by Beer-Lambert law, interaction with
the dye tracer which leads to the increase of local
fluorescence, and the residual MIE scattering light that
passes the PLIF filter. The accuracy of both DPIV and
PLIF is discussed. The experiment showed that the
turbulent mass flux can be substantial and amount to
13% of the overall fluxes in plumes and thus should not
be ignored in any integral models.
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Simultaneous velocity and concentration
measur ements of buoyant jet discharges

with Combined DPIV and PLIF

Adrian Wing-Keung Law, Hongwei Wang

School of Civil and Environmental Engineering

Nanyang Technological University, Singapore

ABSTRACT: An experimental system is developed that alows the simultaneous measurements of
velocities and concentrations within a study area using the techniques of Digital Particle Image
Velocimetry (DPIV) and Planar Laser Induced Fluorescence (PLIF). The hardware components for the
system are described in this paper. It was found that the simultaneous measurements are possible under
appropriate combination of the amount of the two different tracers. For verification purposes, the system
was used to measure the characteristics of around jet discharging into stagnant environment.
Comparison between the measurement results and the large body of existing information for purejetsis
satisfactory.

1. Introduction

In recent years, the measuring techniques of Digital Particle Image Velocimetry (DPIV) and Planar
Laser Induced Fluorescence (PLIF) are extensively used to investigate mixing processes related to
buoyant jets phenomenon (e.g. Haven and Kurosaka, 1997; Weisgraber and Liepmann, 1998). The
principles of DPIV and PLIF are well known and can be found in numerous articles. The experimental
setup for the two techniques are rather similar. DPIV requires the projection of alaser sheet onto the
flow field at successive time intervals and the subsequent capturing of the images detailing the position
of seeding particles that reflect the laser light. Analysis of the difference in positions of the particles
reveals the Lagrangian velocity distribution of the flow field. Similarly, PLIF requires the projection of a
laser sheet onto the flow field to excite the dissolved fluorescence. Either digital cameras or video
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cameras are then used to capture the images of the fluorescence for qualitative assessment of the flow
structure, and/or quantitative analysis of the concentration distribution.

With the similarity in the experimental setup, it isnot surprising in recent years that the two techniques
are often applied to the same experiments for the measurements of both the velocity and concentration
fields (e.g. Haven and Kurosaka, 1997). Thusfar, in ailmost all cases the application of the two
techniques is performed separately. Asfar as the author is aware, the two techniques had not been
coupled for simultaneous measurements in any previous studies. Although valuable information can
already be gained by analyzing the velocity and concentration data independently, the interaction
between the flow structure and the concentration distribution cannot be readily revealed without the
synchronicity of the two records.

There are many advantages if the two techniques can be applied simultaneously. First, there will be
significant saving in experimentation time. Experiments have to be repeated if the DPIV and PLIF are
performed separately, thus doubling the number of experiments necessary. In addition, there may be
inaccuracies involved in repeating the same experiment for the two measurements, such as changesin
the ambient conditions and the typical errorsinvolved in controlling the discharge characteristics. These
Inaccuracies can be eliminated with the coupled measurements. Perhaps the most important advantage of
the coupling isthat it provides synchronicity of the two databases allowing the computation of both the
time mean and turbulent transport in the mixing processes. Thisisin additional to the planar information
for the velocities and concentrations individually. Thus a complete analysis of the transport processes
within the study area can be made. Investigation of the coupling of these two techniques as a
measurement approach is the primary objective of the present study.

On the combined application of the DPIV and PLIF techniques, the primary issues are to achieve the
simultaneous data capturing and to minimize the interfering effect between them. DPIV requires
markers such as neutrally buoyant particles to provide the signal within a captured image for data
processing. These seeding particles reflect the laser light onto a camerathat istypically fitted with a
filter for the laser frequency. Their positions are then captured in the images. Higher concentration of
these particles improves the accuracy of the DPIV for auto- and cross-correlation analysis. However, the
blockage of the laser light by these particles will induce a diffracted illumination pattern with varying
light intensity in their immediate vicinity and in their shadow. This unevenness of light intensity is
highly undesirable to the PLIF. In the PLIF, the concentration measurements are taken by capturing in
iImages the fluorescent light intensity distribution in the flow field excited by a consistent emission of an
illuminating laser light source. The degree of fluorescence would depend on the dye concentration and
the illuminating laser intensity. Hence if the laser intensity is consistent the dye concentration can then
be analyzed by the pattern of fluorescence light in the flow field. However, with uneven intensity
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distribution in the laser illumination sheet created by the high concentration of the marker particles
embedded in random positions within the flow, the concentration may no longer bear a direct
relationship with the degree of fluorescence. The level of interference will of course depend on the
concentration of the seeding particles.

In the following sections, the combined DPIV and PLIF system developed in this study isfirst
presented. Subsequently the verification experiments with jet discharging into stagnant environment are
described. It will be shown that the comparison is satisfactory, demonstrating the coupled system as a
useful experimental tool for the measurements of both mean and turbulent transport quantities.

2. combined DPIV and plif system

Figure 1 shows a schematic diagram of the setup. The DPIV and PLIF components will be described
individually, followed by discussion on the synchronization of the two components.

2.1 DPIV system

An enhanced Dantec FlowMap DPIV system was employed as an instantaneous whole-field velocimetry
tool. The basic system provides five stages of DPIV data acquisition process. seeding, illuminating,
recording, processing and analysing the flow field (Dantec, 1997). The light source was a dual -cavity
frequency-doubled Q-switched pulsed mini Nd:Y AG laser. The energy level was 25mJ per pulse and
pulse duration was about 7ns (by using Q switch). Near neutral buoyant polyamid particles with nominal
diameter of 50 m were used as seeding particles. The emitted light from the mini laser was green at a
wavelength of 532nm, which was frequency-doubled from infrared by a built-in harmonic generator.
The residual infrared was removed by a harmonic separator. The maximum pulse repetition rate of each
laser cavity was 15Hz. The obtained velocity field was integrated in atime interval much smaller than
the time scale of the flow and thus the velocity field can be regarded as an instantaneous measurement.
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The illumination system incorporated light sheet optics mounted at the front of the laser head. The
typical thickness of the light sheet was 3 mm. The divergence angle was 32° . The two laser beams were
co-linearly aligned to ensure that the two light sheets illuminated the same spatial area. Two Kodak
Megaplus ES1.0 Charge Coupled Device (CCD) cameras were configured in this system, one for the
DPIV measurement and the other for PLIF. It has a CCD chip that comprises both 1008x 1018 light-
sensitive pixels and an equal number of storage cells. The active area of the CCD chip are 9.1 x 9.2 mm
with pixel pitch 9 x 9 um, pixel size 3.4 x 7 u m and fill factor 60% (using microlens array). The
camera is black-and-white with an intensity resolution of 8 bits or 256 grey scales. However, it is
difficult to employ the full resolution range for the PLIF measurement due to the fact that the cameras
were primarily configured for DPIV purpose.

A laser pulse pair is needed for one DPIV measurement. The first laser pulse istimed to expose the first
frame, which is transferred from the light-sensitive cells to the storage cells immediately after the laser
pulse. The second laser pulseisthen fired to expose the second frame of the frame pair. These two
frames are then transferred to FlowMap PIV 2000 processor for cross-correlation function computation.
The readout of aframe lasts 66 ms, so the frame pair is read out after 132 ms, giving a maximum DPIV
measurement rate of around 7.5 Hz. The minimum time interval between the pulse pair is2u s. This
determines the upper limit of velocity measuring range of the cross-correlation DPIV.
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Unlike the first frame of the frame pair whose integration timeis very short (5~255 s), the second
frameisintegrated for amost 65 ms. Therefore, the second frame is exposed to both the signal laser

light and the ambient or background light. If the ambient light levels are high, there will be poor contrast
between the seeding images and the background. The second frame in the frame pair will appear brighter
and have less contrast than the first one. This problem was prevented by placing an optical filter on the
DPIV camera, thus only allowing a narrow band of wavelengths around 532 nm which was scattered by
the seeding particles to pass.

In order to use DPIV for turbulence measurements, the system must be able to capture the flow field
with high temporally frequency for a sufficient duration. The present DPIV system possesses
enhancement specifically tailored for this purpose. The coupled DPIV and PLIF measurements can be
performed up to 7.5 Hz for aduration up to 2 minutes that should be sufficiently long to establish the
ergodic flow behavior for most laboratory experiments involving turbulence interactions. The relatively
long measuring duration is made possible through the utilization of an 18 GB RAID cabinet as an
immediate transfer buffer before the images are slowly being written to the hard disk.

2.2 PLIF System

Fundamentally for PLIF, the water solution of Rhodamine B was excited by the pulsing laser light sheet
at awavelength of 532 nm, that resulted in the emission of fluorescent light at longer wave lengths
around 590 nm. The two-dimensional fluorescent light field was then captured by the PLIF camera. An
optical filter with asmall bandpass around 590nm was placed before the aperture of this camera,
blocking out the scattered 532 nm laser light and all ambient light except the fluorescent emission. This
arrangement provided the possibility to simultaneously measure the two dimensional velocity and
concentration fields.

To ensure that the Nd:Y ag laser was satisfactory for PLIF application, the energy distribution of the
laser light emission characteristics was carefully examined including the two individual laser beams and
between consecutive pulses from the same cavity. When illuminated by laser, the aqueous solution of
Rhodamine B fluoresces amost immediately. After the pulse duration, the fluorescence still lastsfor a
few nanoseconds. The specification of the timing diagram of the PLIF camera was verified to ensure that
the fluorescence images could be captured by the present set-up.
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Before the experiments, calibration procedures were carefully planned to ensure the accuracy of the
PLIF. The procedures were numerous and could not be listed here due to space constraint.

2.3 Coupled DPIV and PLIF

The PLIF camera was set to Single-frame Mode while the DPIV cameraworked in Double-frame Mode.
Each PLIF image was taken from a pulse pair which was the same as the DPIV pulse pair. This means
the PLIF image was double exposed by the two consecutive laser pulses (each pulse had a duration of
7ns) from both cavities. The purpose of the double exposure for PLIF images was to improve the
sensitivity of the PLIF measurement. For simultaneous DPIV and PLIF measurements, the time interval
between pulsesin a pulse pair was determined by the DPIV requirement and was typically set from
100usto 20ms. It was found that the time interval between the two pulses which the PLIF images were
exposed did not affect the image intensity.

The Dantec DPIV software can only provide the instantaneous velocity fields and the raw grey-scale
images. For PLIF alone and for coupled DPIV and PLIF analysis, a 32-bit windows program was
developed in-house based on Visua C++ 5.0. The program analyzes from thousands of collected images
the turbulent velocity and concentration characteristics to compute the mean and turbulent transport in
the flow field.

The interference effect between the two tracers, namely the effect of the fluorescent light on DPIV and
the presence of seeding particles on PLIF, was investigated by applying the system to the following
experiments of jet discharging into stagnant water with different concentrations of particle tracer and
fluorescent dye. A satisfactory combination of the two tracers was then selected based on the results of
the experiments.

3. VERIFICATION EXPERIMENT
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Experiments with a jet issuing into stagnant environment were performed to verify the combined system
and to quantity the degree of accuracy in the measurement of the induced mixing. The setup for the
experimentsis also shown in Figure 1. The subject of a pure round jet discharging into a stagnant
environment has been well studied experimentally in the past. The large body of existing experimental
results on this subject provides good references for verification purposes.

Due to space limitation, only the results of one test are briefly presented here. The test conditions
consisted of ajet diameter of 0.45 cm and discharge velocity of 2.52 m/s. The jet was discharged into a
transparent glass tank with dimension 3m long x 1m wide x 0.8m water depth. The jet fluid was seeded
with seeding particle concentration of 52 g/m3 and Rhodamine B concentration of 573 pg/l. The
combined DPIV and PLIF system was applied with a sampling frequency of 5Hz and a sampling
duration of 60 seconds.

A large amount of information of the mixing processes is collected with the measurements. Here only
results of the mean and turbulent mass transport are shown. Generally the results demonstrate
satisfactory agreement with information obtained from previous studies. Figure 2(a) illustrates the
changes in the mean axial mass transport along the centreline of the jet. The dotted curve in thefigureis
computed based on the results by Papanicolaou (1984) with centreline decay constants 6.71 and 6.37 for
mean axial velocity and concentration respectively. The agreement is excellent as shown in the figure.
The centreline turbulent mass transport plotted in Figure 2(b) was measured to be approximately 0.024.
Figures 2(c) and 2(d) show the experimental results of the cross-sectional profiles of the axial and radial
turbulent mass transport respectively. The mean cross-sectional profiles from Papanicolaou (1984)
measured using combined LDA and LIF are also plotted for comparison. The agreement is not as good
as the mean transport quantities but still appears to be satisfactory.
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4. SUMMARY

A coupled DPIV and PLIF system is developed in this study for the experimental measurements of
mixing processes. The different issues of the application of the techniques of DPIV and PLIF alone as
well as the coupling of the two were examined. The verification results for the case of around jet into
stagnant environment agreed well with existing data. With the ability of capturing both qualitatively
(with the images) as well as quantitatively (with DPIV and PLIF) the mixing characteristics, the system
appears to be extremely useful for future experimental studies of pollutant transport.
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