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Simultaneous DPTV/PLIF measurements of a turbulent jet

D. R. Webster, P. J. W. Roberts, L. Ra’ad

Abstract Simultaneous measurements of instantaneous
velocity and concentration fields were performed using
digital particle tracking velocimetry and planar laser-
induced fluorescence for a turbulent jet at a Reynolds
number of 3000. The measurements of mean velocity,
turbulent stresses, mean concentration, concentration
variance, and turbulent flux of tracer all collapse onto self-
similar profiles in the far field of the jet. The measure-
ments showed excellent agreement with previous point
velocity and concentration measurements. It is concluded
that the system is an effective means of measuring the
velocity and concentration distributions and turbulent
characteristics.

1

Introduction

Transport of a scalar quantity, such as chemical concen-
tration or temperature, is important in many engineering
applications and environmental flows. Measurements of
the turbulent transport are useful for the design of many
devices, including mixers, chemical reactors, and com-
bustion chambers. In addition, understanding the turbu-
lent transport is very important in environmental flows
where mixing and dilution of chemicals and pollutants
affect safety and quality of life.

The purpose of this study was to develop a high-reso-
lution simultaneous velocity and concentration field
measurement technique for turbulent flows. Field mea-
surement techniques such as digital particle image velo-
cimetry (DPIV) and planar laser-induced fluorescence
(PLIF) measure the instantaneous spatial distribution of
velocity and concentration, respectively. These are
non-intrusive techniques that are superior to point mea-
surements because they reveal the instantaneous spatial
relationships that are important for understanding com-
plex turbulent flows.
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Simultaneous measurements of the velocity field via
digital particle tracking velocimetry (DPTV) and the
concentration field via PLIF are performed. DPTV is part
of a broad class of techniques that measure the fluid ve-
locity by observing the displacement of tracer particles
over a short time delay. The tracers are located by re-
cording brief pulses of laser light scattered from the par-
ticles on a medium such as film or a video array detector.
Consecutive images are compared to determine the local
particle displacement. Combining the displacement esti-
mates with the image magnification and time delay be-
tween laser pulses yields the velocity field. While DPIV
utilizes the cross-correlation between images to determine
the average displacement in a particular sub-window,
DPTV tracks individual particles. The DPTV analysis
method is more computationally intensive and produces a
non-uniform grid of vectors. The vector density is signif-
icantly higher, however, with improved spatial resolution,
accuracy, and ultimately turbulent statistics (Cowen and
Monismith 1997).

Measuring the concentration field with the PLIF tech-
nique involves exciting a fluorescent dye tracer with light
at a wavelength within its absorption range. The dye emits
longer-wavelength light with intensity proportional to the
local dye concentration and laser light intensity. After
careful calibration, the digital images of the instantaneous
intensity distribution are converted to the concentration
field.

This paper includes data collected for a turbulent round
jet at a Reynolds number of 3000. Turbulent round jets
have received significant attention in the literature, in-
cluding Wygnanski and Fiedler (1969), Antonia et al.
(1975), Papanicolaou and List (1988), and many others. To
validate the technique, the measurements are compared
with the point velocity and concentration measurements
available in these papers.

Of particular interest to this study are the radial and
axial turbulent flux of a passive tracer. The measurements
afford us the opportunity to calculate the local covariance
between concentration and velocity fluctuations, ' and
V¢, To calculate these quantities, the vectors resulting
from the DPTV analysis are correlated with the simulta-
neous concentration measurement at the same pixel lo-
cation. Since the instantaneous and mean concentration
values have been calculated at each point in the field, it is a
relatively straightforward procedure to calculate the co-
variance at each location where a validated vector was
identified.
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2

Experimental apparatus

The experiments were performed in a 1.07-m-wide by
24.4-m-long tilting flume with a rectangular cross section.
The flume was dammed at the tail end to provide a sta-
tionary ambient volume while the jet measurements were
performed.

As shown in Fig. 1, laser sheet access was provided by
the glass sidewalls of the flume. The cameras were
mounted above the test section. To eliminate the optical
distortion of photographing through the free surface, a 19-
mm-thick acrylic sheet was supported at the water surface
such that the bottom surface was wetted.

The jet discharged from a brass 3.14-mm-inner diam-
eter round nozzle. The straight brass tube was sufficiently
long to create fully developed turbulent pipe flow condi-
tions at the discharge nozzle. The source discharge system
delivered the effluent from a 40-1 polyethylene tank. A
rotameter measured the flow rate controlled by a needle
valve.

The illumination pulses were generated with two Nd:
YAG lasers (Gemini model, New Wave Research Inc.).
After passing through a second harmonic generator, the
emitted wavelength was 532 nm. The energy level for each
laser was 130 m] per pulse, and the pulse duration was
6 ns. The laser beam paths were combined with a polar-
ized mirror inside the combined laser head housing. The
laser beam diameter was approximately 4.5 mm. A com-
bination of lenses focused and expanded the beam into a
thin sheet. The lenses were 1000 mm focal length spherical
and -12.7 mm focal length cylindrical plano-concave.
The spherical lens focused the sheet to approximately
1.0 mm thick in the photographic region, while the
cylindrical lens expanded the sheet to span the entire
photographic region.

Two Kodak MegaPlus ES 1.0 CCD cameras captured the
DPTV and PLIF images. The cameras produced 8-bit
digital images with 1008 horizontal and 1018 vertical
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Fig. 1. Schematic of apparatus

pixels. The ES 1.0 features an electronic shutter and a
unique double-frame mode. The timing sequence was such
that the first frame of each camera was exposed by the first
laser firing and then transferred from the light-sensitive
cells to the storage cells. While the first image was trans-
ferred to the frame grabbing board, the second image was
exposed to the illumination of the second laser. The time
delay between the laser pulses was 10.0 ms.

The cameras were mounted side by side on a support
carriage. Precision tilt and rotation stages adjusted the
camera orientation so that they photographed the same
region of the laser sheet. After photographing a ruled grid,
the collected images were shifted (less than 10 pixels in
each direction) to produce perfectly aligned images.

Both cameras used identical 60-mm Nikon aberration-
free lenses. Two filters were placed on each camera, a clear
filter to block the UV wavelengths and a standard hot
mirror filter to block the IR wavelengths. Blocking the IR
light is important because the fundamental Nd: YAG
wavelength is 1064 nm and may damage the CCD chip.

A laser-line optical filter (Omega Optical Inc.) on the
DPTV camera allowed only the scattered laser light to pass.
The filter passed 87% of the light at 532 nm and had a
bandwidth of 3 nm. This filter therefore effectively blocked
the yellow/orange light emitted by the Rhodamine dye
(used by the PLIF technique) while passing the green light
scattered by the suspended particles. Thus, images were
captured with sufficient contrast between the suspended
particles and background for the particle identification
procedure.

An optical high pass filter (Tiffen 21) with cutoff around
560 nm was placed on the PLIF camera. The filter effec-
tively blocked the 532-nm laser light scattered from the
seeding particles used by the DPTV technique. It was very
important to block the scattered green light because it
would appear as false high concentration pixels in the
processed concentration fields.

Video Savant RTD software for Windows NT was used
to capture, process, and store images from each digital
camera. Images were stored directly on the hard drive
array in real time, a process referred to as real-time-
to-disk (RTD). For this experiment, several minutes of
digital video were required to achieve statistically sta-
tionary data and to provide a lengthy, continuous record
of velocity and concentration.

3

Experimental procedure

The experiments were performed in water at 20 °C. The jet
velocity at the nozzle, Uy, was 0.95 m/s corresponding to a
Reynolds number of 3000.

We have chosen Rhodamine 6G as the fluorescent dye
because the peak absorption is at 530 nm, very close to the
wavelength of Nd: YAG laser light. The peak emission of
Rhodamine 6G is near 560 nm (Arcoumanis et al. 1990).
Thus, the green laser light and yellow/orange emission
light could be effectively isolated with the optical filters
described above.

Previous researchers have observed that residual
chlorine reacted with Rhodamine 6G, causing decay in
concentration (Davidson et al. 1997). Sodium thiosulfate



was added to both the ambient and the effluent water to

remove any residual chlorine, and a commercial chlorine
test kit was used to verify the removal. A premixed high

concentrate Rhodamine 6G dye solution was added to the
effluent water to produce a dye solution of 200 pg/l.

Titanium dioxide (TiO,) particles with a specific gravity
of 3.5 and nominal diameter less than 5 um were used as
tracers. A small amount of TiO, (<0.5 g) was added to
both the ambient and effluent fluid. The metal oxide
particles provide superior light scatter to comparably sized
nylon or kaolin particles. The inertial time constant of the
particles was approximately 2 ps, and the settling velocity
was 12 pm/s, both of which are negligibly small for this
flow.

The PLIF technique required a careful calibration to
convert image intensity to concentration. The calibration
procedure was performed in the flume with identical op-
tical conditions to the jet experiments, except that the dam
at the tail end was removed. A copper, 38.1-mm-diameter
diffuser with eight 1.6-mm-diameter holes spanned the
flume at mid-depth near the head box. A 1.0-g/l solution of
Rhodamine 6G was pumped to the diffuser at controlled
flow rates to create calibration concentration levels. The
dye was ejected from the diffuser as high velocity jets and
mixed further due to ambient turbulence while advecting
down the flume, creating a uniform concentration distri-
bution at the measurement region. Eighty images were
captured for each of six concentration levels, between 0
and 25 pg/l. (Concentration levels were maintained at this
low level to minimize absorption effects.) The 80 images
were averaged to produce a single calibration image for a
given concentration level. The averaging removed any
slight non-uniformity of dye concentration. The calibra-
tion images were correct for attenuation of laser intensity
using the coefficients reported in Ferrier et al. (1993). The
pixel response was found to be closely linear and a cali-
bration curve was applied to each pixel.

4

Image processing

In this experiment, the double frame capture rate was

10 Hz and 4000 consecutive images were captured simul-
taneously by each camera. The total duration of the sam-
pling was thus 200 s, which was significantly longer than
the largest time scales in the jet flow. The 4 GB RTD file
was subsequently converted by Video Savant to individual
1 MB TIFF image files for processing. One thousand fields
were found to be sufficient to achieve statistically sta-
tionary turbulence data; thus every other image pair was
used in the statistical calculations.

The DPTV technique employed here follows the method
of Cowen and Monismith (1997). The DPTV processing
employed the following steps: preconditioning of the im-
ages, coarse DPIV analysis, DPIV validation, DPTV algo-
rithm, and DPTV validation and statistics calculation.

Preconditioning of the images consisted of subtracting
the minimum value at each pixel from all the original
images. This process removed any constant background
level and any effects of non-uniform illumination.

A coarse DPIV vector field was calculated and subse-
quently used as a displacement estimator for the DPTV

search algorithm. In the DPIV algorithm, spatial correla-
tions between two sequential digital images were calcu-
lated for 64 x 64 non-overlapping subwindows. The
correlation was efficiently calculated by complex conjugate
multiplication of the spatial Fourier transform of each
subwindow. The position of the peak in the correlation
corresponded to the average particle displacement within
the interrogation subwindow. The correlation peak loca-
tion was identified to sub-pixel accuracy using a Gaussian-
fit function. The second image subwindow was then
shifted to be centered at the initial displacement estimate
and the correlation calculation was repeated. This proce-
dure was repeated until the displacement vector remained
centered in the second image subwindow.

A Gaussian filter was used to remove the occasional
stray or bad vector from the DPIV algorithm. To accom-
plish this, the mean and standard deviation were calcu-
lated at each location using all 1000 vector fields. Vectors
falling beyond +4 standard deviations were discarded. The
filter was repetitively applied until no additional vectors
were removed.

The filtered DPIV velocity field was then used to
develop a displacement estimating function for the
velocity at any point in the field.

The DPTV algorithm consists of the following steps.
Both images in the pair were binarized with a threshold
value of 50 between a pixel and the background. The bi-
nary image was then scanned to identify clusters of light
pixels, which denote particles. The center of each particle
was determined to sub-pixel accuracy by a Gaussian-fit
function to the original image.

When particle pairs are matched, the displacement of
each particle identified in the first image is first estimated
using the estimating function discussed above. A local
correlation over 9 x 9 subwindows was performed to re-
fine the displacement estimate. Finally, a 3 X 3 subwindow
centered at the refined displacement estimate location was
examined. If one, and only one, particle was present in that
window, the particles were considered a pair. The dis-
placement vector was then calculated as the difference
between the particle locations.

The result of the DPTV algorithm was randomly placed
vectors of considerably higher density than the uniform
DPIV field. The fields were divided into 32 X 32 subwin-
dows to calculate the flow statistics. Any vector falling in a
particular subwindow for any of the 1000 vector fields was
included in the statistics. Stray vectors are removed with
the dynamic Gaussian filter described above. For this data
set, approximately 4000 validated vectors were used in
each subwindow.

PLIF image pairs were captured at the same instants as
the DPTV image pairs. The PLIF image pairs were then
averaged to yield an image that corresponded to the mid-
time between the laser pair firings, in agreement with the
velocity estimate. The PLIF processing used the fact that
the intensity of light emitted from the fluorescent dye is
proportional to the concentration and incident light in-
tensity.

The calibration procedure accounted for laser sheet
non-uniformity, pixel response non-uniformity, and lens
vignette. Each pixel in the field was calibrated separately.
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A linear regression was applied to the six calibration im-
ages of known concentrations to yield a slope and inter-
cept at 1008 x 1018 pixel locations. The raw image files
were then converted to concentration levels by applying
the linear calibration function to each pixel. Statistical
quantities such as the mean and variance were then cal-
culated at each pixel location.

Once the velocity and concentration fields are calcu-
lated, it is relatively straightforward to calculate the co-
variance between the velocity and concentration:

W:%i(u—U)(c—C)

where the upper-case symbols are mean quantities and the
lower-case symbols are instantaneous quantities. Individ-
ual validated velocity vectors resulting from the DPTV
analysis were correlated with the concentration value lo-
cated at the center of the vector. The correlation values
were then averaged over 32 X 32 subwindows in the same
manner as the velocity statistics.

The measurement uncertainty for velocity was esti-
mated to be £2% based on the accuracy of the particle
location estimate. The uncertainty in the concentration
measurement was estimated to be +3% based on several
factors including the calibration procedure and repeat-
ability of the laser sheet intensity.

5

Results

A sample velocity field obtained by processing a DPTV
image pair is shown in Fig. 2a. Figure 2b shows the
simultaneous concentration field, where the contour lev-
els represent Rhodamine 6G concentration levels non-
dimensionalized by C,, the source concentration. The
coordinate axes have been non-dimensionalized by the
nozzle diameter, D. As expected, the jet width increases
with downstream distance, while the concentration and
velocity magnitudes decrease. The decay of mean cen-
terline velocity, shown in Fig. 3, agrees very well with the
semi-empirical curve reported by Fischer et al. (1979),
U, = 6.2 DU, /x, where U, is the mean centerline velocity.
The growth and dilution of the jet result from entrain-
ment of low-concentration, low-momentum fluid from
the ambient into the jet. Entrainment and ejection events
can be observed in the velocity field. In addition, the
concentration contours show the jet interface to be highly
contorted due to the presence of a range of turbulent
eddy sizes.

At large downstream distances, previous experiments
show that the flow becomes self-preserving, which means
that the local length and velocity scales solely determine
both the mean and the turbulent fields. To observe self-
similar behavior, profiles were examined in the zone of
established flow (ZEF), which exists beyond approximately
6D downstream from the jet nozzle (Fischer et al. 1979).
Eight mean velocity profiles are shown in Fig. 4. The local
velocity scale is represented by U.. Because the jet width
grows linearly, the local length scale is proportional to
downstream distance (Tennekes and Lumley 1972). The
eight profiles collapsed onto a single profile, thus con-
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Fig. 2. a Sample simultaneous velocity field. b Sample simulta-
neous concentration field

ﬁrming that the flow was self-similar. Also shown in Fig. 4
is the semi- emp1r1ca1 curve glven by Fischer et al. (1979),
U=U. exp{ (r/by)’}, where r is the radial distance from
the jet axis, b, = 0.107x is a measure of the half-width of
the mean velocity profile, and x is the downstream dis-
tance from the nozzle. The coefficient 0.107 is the average
of several experimental investigations of round jets
(Fischer et al. 1979). The present data agree remarkably
well with this expression.

Figures 5-7 show eight profiles of axial normal stress,
w1/, radial normal stress, v/, and shear stress, u’v'. Again,
the local velocity scale is the mean centerline velocity and
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Fig. 3. Mean velocity (triangle) and tracer concentration
(square)along the jet centerline. Also shown are the semi-em-
pirical curves U, = 6.2 DUy/x (dashed line) and C. =5 DCy/x
(solid line) reported by Fischer et al. (1979)
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the local length scale is characterized by downstream
distance. In each case, the profiles are self-similar, with
slight scatter near the centerline for the normal stresses
and near the peak values for the shear stress. The axial and
radial normal stresses are positive and symmetric about
the centerline, as expected. The shear stress is antisym-
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Fig. 5. Self-similar axial normal stress profiles. Symbols same as
Fig. 4
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Fig. 6. Self-similar radial normal stress profiles. Symbols same as
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metric about the centerline: positive where the mean shear
is negative and negative where the mean shear is positive.
The sign of the shear stress agrees with the net transport of
high momentum away from the centerline.

The current measurements of axial normal stress agree
very well with those of Wygnanski and Fiedler (1969),
which were performed with hot-wire anemometry. While
the agreement with Wygnanski and Fiedler (1969) is re-
markable, it should be noted that reported centerline
values in the literature vary between 0.24 and 0.3
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Fig. 7. Self-similar shear stress profiles. Symbols same as Fig. 4

(e.g., Gibson 1963; Antonia et al. 1975; Chevray and Tutu
1978; Papanicolaou and List 1988).

The measured values of radial normal stress are slightly
higher than those reported by Wygnanski and Fiedler
(1969), while the profile shape seems to agree well. There is
more disparity among the reported measurements of this
quantity in the literature than in the axial component;
centerline values have been reported between 0.18 and 0.3.
The present results fall roughly in the middle of this range.

The shear stress measurements compare well with the
profile of Wygnanski and Fiedler (1969), although the peak
value is slightly higher in the present measurements.
Again, some disparity is observed in previous measure-
ment of the peak value of this quantity with the present
measurements falling roughly in the middle of the range.
The location of the peak is consistent with Wygnanski and
Fiedler (1969) and corresponds to the location were the
mean velocity gradient is greatest.

Concentration measurements also agree well with pre-
vious studies. The mean concentration decay along the
centerline, shown in Fig. 3, agrees well with the semi-
empirical curve reported by Fischer et al. (1979),

C. = 5 DCy/x. Figure 8 shows the self-similar mean con-
centration profiles. The characteristic concentration is the
mean centerline value, C,, and the length scale is charac-
terized by x, as with the velocity profiles. The mean con-
centration field is symmetric about the centerline, as
expected.

Also shown in Fig. 8 is the semi-empirical curve by
Fischer et al. (1979), C = C, exp{—(r/bc)z}, where the
half-width of the concentration field is b. = 0.140x. The
coefficient 0.140 is slightly higher than the average (0.127)
of several experimental data sets reported by Fischer et al.
(1979), but falls within the range of quoted values
(0.101 < b, < 0.156). With this choice of coefficient, the
present data agree very well with the Gaussian curve. The
ratio b./b, is 1.30, indicating the concentration field
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Fig. 8. Self-similar mean concentration profiles. Symbols same as
Fig. 4

spreads roughly 30% faster than the velocity field. The
increased growth rate indicates the turbulent transport of
the scalar is larger than that of momentum.

Figure 9 shows eight profiles of the concentration
standard deviation, (W)l/ %, normalized by the centerline
mean value, C.. The profiles are symmetric about the
centerline, and the peak value is displaced off the center-
line. The profiles collapse onto a self-similar shape, and
agree well with the measurements of Papanicolaou and List
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Fig. 9. Self-similar concentration variance profiles. Symbols
same as Fig. 4
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Fig. 10. Contours of the axial turbulent flux, 1000 w'c’/UyCy

(1988), who used a combined laser Doppler velocimetry
(LDV) and laser-induced fluorescence (LIF) system to
measure simultaneous velocity and concentration at single
points. The off-centerline location of the maximum occurs
at approximately r/x = 0.1. The peak location is coincident
with the maximum turbulent shear stress observed in
Fig. 7.

Figures 10 and 11 show contour plots of the axial tur-
bulent flux, /¢, and radial turbulent flux, v'c/, respec-
tively. In each case, the nozzle exit velocity and
concentration are used to non-dimensionalize the flux
quantities. The axial turbulent flux is symmetric about the
centerline, and the peak value is located off the centerline
of the jet, as with the concentration variance. Conversely,
the plot of radial turbulent flux is antisymmetric about the
centerline. The sign of the radial turbulent flux indicates
that the direction of the turbulent flux transport is away
from the centerline.

Self-similar profiles of the axial turbulent flux, u'c/, are
shown in Fig. 12. The turbulent flux is non-dimension-
alized by the mean centerline velocity and concentration,
so this quantity corresponds to the ratio of turbulent flux
to the mean advective flux. Although the data collapses
away from the centerline, significant scatter is observed
near the centerline. Similar levels of scatter are observed
in the data of Papanicolaou and List (1988) (LDV/LIF),
Lemoine et al. (1996) (LDV/LIF), and Law and Wang
(1998) (PIV/PLIF). Despite the scatter, the present
measurements are in reasonable agreement with the
referenced studies.

Self-similar profiles of the radial turbulent flux, Vv, are
shown in Fig. 13. The profiles collapse very well and ex-
hibit less scatter than observed with the axial turbulent
flux profiles. The profiles also show excellent agreement
with the measurements of Law and Wang (1998).
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Fig. 11. Contours of the radial turbulent flux, v'c'/U,C

6

Conclusions

A technique has been developed and tested to measure the
planar velocity and concentration distribution in turbulent
flows simultaneously with DPTV and PLIF. A simple
round jet into a stationary medium was studied to
benchmark the measurement system against previous
point measurements. Normalized plots of mean velocity,
turbulent stresses, mean concentration, and concentration
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Fig. 12. Self-similar axial turbulent flux profiles. Symbols same
as Fig. 4
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variance all collapsed to self-similar curves. In each case,
the profile shape and magnitude agreed well with previous
point velocity and concentration measurements. Normal-
ized profiles of the covariance between velocity and con-
centration also demonstrated self-similar behavior and
agreed well with previous results. As a result of these
comparisons, it was concluded that the combined DPTV
and PLIF measurement system is an effective and efficient
experimental method.

The intention is to use the measurement system to
study complex environmental flows. Understanding the
chemical and pollutant transport in many environmental
flows is critically important for engineering design, safety,

and quality of life considerations. The measurement sys-
tem described here provides the means to measure the
turbulent flux of chemical tracers in such flows.
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