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Abstract

Measurements of the mean concentration of source fluid and mean velocity fields were obtained for the first time in the self-preserving
region of steady round buoyant turbulent plumes in uniform crossflows using Planar-Laser-Induced-Fluorescence (PLIF) and Particle-
Image-Velocimetry (PIV), respectively. The experiments involved salt water sources injected into water/ethanol crossflows within a water
channel. Matching the index of refraction of the source and ambient fluids was required in order to avoid image distortion and laser
intensity nonuniformities. Further experimental methods and procedures are explained in detail. The self-preserving structure properties
of the flow were correlated successfully based on the scaling analysis of [Fischer, H.B., List, E.J., Koh, R.C., Imberger, J., Brooks, N.H.,
1979. Mixing in Inland and Coastal Waters, Academic Press, New York, pp. 315–389]. The resulting self-preserving structure consisted
of two counter-rotating vortices having their axes nearly aligned with the crossflow direction that move away from the source in the
streamwise (vertical) direction due to the action of buoyancy. This alignment, was a strong function of the source/crossflow velocity
ratio, u0/v1. Finally, the counter-rotating vortex system was responsible for substantial increases in the rate of mixing of the source fluid
with the ambient fluid compared to axisymmetric round buoyant turbulent plumes in still environments, e.g., transverse dimensions in
the presence of the self-preserving counter-rotating vortex system were 2–3 times larger than the transverse dimensions of self-preserving
axisymmetric plumes at similar streamwise distances from the source.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recent progress toward understanding and modeling the
structure and penetration properties of round turbulent
nonbuoyant puffs, starting and steady jets, and buoyant
thermals, starting plumes and steady plumes in still and
crossflowing unstratified uniform environments (Sangras
et al., 2002; Diez et al., 2003a,b,c, 2005), were extended to
consider the structure of self-preserving steady round buoy-
ant turbulent plumes in uniform crossflows. These flows are
of interest for several reasons: they have practical applica-
tions to interrupted, developing and steady nonreactive
gas and liquid releases caused by process upsets, explosions
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and fires; they are simple classical flows that are relatively
easy to interpret in order to better understand the properties
of steady and unsteady buoyant turbulent flows; and they
involve uncomplicated geometries having well-defined ini-
tial and boundary conditions that provide measurements
useful for evaluating models of practical buoyant turbulent
flows. Motivated by this, the present work will consider the
structure properties of steady plumes in crossflows empha-
sizing self-preserving conditions.

A visualization of a typical steady turbulent plume in
crossflow appears in Fig. 1. The images consist of side and
top views of a typical turbulent plume in crossflow obtained
when steady flow conditions have been reached. The length
scales that appear on the images are appropriate for stream-
wise and cross stream directions. Far from the source,
the trajectory of steady turbulent plumes in crossflows
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Fig. 1. Visualization of the penetration properties of a steady turbulent
plume in a uniform crossflow (d = 6.4 mm, Re0 = 5,000, q0/q1 = 1.150,
Fr0 = 223, u0/v1 = 7). The upper figure is a side view; the lower figure is a
top view.
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become nearly horizontal and self-preserving behavior is
approached. When this condition is reached, the streamwise
penetration of the flow approximates a two-dimensional
horizontal line thermal in a still fluid. Then the streamwise
motion of the line thermal, retarded along its sides in the
streamwise direction by the uniform ambient crossflow,
naturally leads to the flow becoming two nearly horizontal
counter-rotating vortices whose axes are aligned along the
axis of the plume as a whole. Evidence for this behavior is
provided by the top view of the flowwhich is the lower image
in Fig. 1, where the darker regions associated with the two
vortices are separated by a significantly lighter region dom-
inated by the presence of dye-free ambient fluid that is
entrained by the vortex system along its plane of symmetry.
In order to further introduce the present investigation,
earlier studies of round nonbuoyant turbulent jets in still
fluid will be discussed next.

Several review of earlier studies of round nonbuoyant
turbulent jet flows have appeared in the literature, (see
Tennekes and Lumley, 1972; Hinze, 1975; Fischer et al.,
1979; List, 1982; Dahm and Dimotakis, 1990; Panchapak-
esan and Lumley, 1993; Mi et al., 2001 and references cited
therein). Due to the availability of these references, the
present discussion of the literature will be brief.

One of the simplest interactions between nonbuoyant
turbulent source flows and another fluid source involves
the transient development of turbulent jets in still fluids;
therefore, this flow has attracted the attention of a large
number of workers (e.g., see Sangras et al., 2002; Diez
et al., 2003a,c; Johari and Paduano, 1987; Kato et al.,
1987; Papanicolaou and List, 1988; Kouros et al., 1993,
and references cited therein). Relationships for the self-pre-
serving transient and steady penetration properties of these
flows have been developed from scaling analysis and con-
firmed by measurements.

Most practical releases of turbulent jets and plumes are
exposed to crossflow; therefore, there have been a number
of attempts to extend the results just discussed for jets in
still fluids to corresponding round turbulent nonbuoyant
jets and buoyant plumes in uniform crossflows (see Diez
et al. (2003a,b, 2005); Fischer et al. (1979); Lutti and Brzu-
stowski, 1977; Andreopoulos, 1983; Alton et al., 1993;
Baum et al., 1994; Smith and Mungal, 1998; Hasselbrink
and Mungal, 2001a; Hasselbrink and Mungal, 2001b; Su
and Mungal, 2004; Gordon and Soria, 2001 and references
cited therein). These studies generally have shown that
motion in the crossflow direction satisfies the no-slip con-
vection approximation and that the deflection of the jet
or plume toward the crossflow direction results in the
development of a counter-rotating vortex system over the
cross section of the flow, as discussed in connection with
Fig. 1. Relationships for the self-preserving transient and
steady penetration properties of these flows have been con-
firmed by measurements, obtaining results similar to corre-
sponding flows in still environments. In particular, the
flows become turbulent within five source diameters from
the source and become self-preserving at streamwise dis-
tances greater than 40–50 source diameters from the source
for u0/v1 < 35 (Diez et al., 2003a,b, 2005). On the other
hand, the rates of mixing and the structure properties of
these flows at self-preserving conditions have not yet
received any attention.

Based on the previous observations, the objectives of the
present investigation were to extend past work concerning
the self-preserving penetration properties of steady turbu-
lent plumes in crossflows (Diez et al., 2003a,b), in order
to develop an improved understanding of their self-preserv-
ing mixing structure properties, as follows:

(1) Measure the self-preserving mixing structure of these
flows, including the distributions of the mean source
fluid concentrations within the counter-rotating vor-
tex system, and the distributions of the mean and
velocity field, for steady flow and for source and
crossflow conditions typical of practical applications.

(2) Exploit the new measurements of these flows to eval-
uate the effectiveness of self-preserving scaling rela-
tionships developed by Fischer et al. (1979) for flow
mixing structure properties.

In order to evaluate present measurements of the flow
structure, baseline measurements of the structure proper-
ties of round nonbuoyant turbulent jets in uniform still
fluids were also undertaken. The present description
of the research begins with a discussion of experimental
methods and the self-preserving scaling properties of the
flows; measured scaling results are then described, consid-
ering flow mixing structure properties.



F.J. Diez et al. / Int. J. Heat and Fluid Flow 26 (2005) 873–882 875
2. Experimental methods

2.1. Test apparatus

The present experiments adopted methods analogous to
the salt/fresh-water modeling experiments for buoyant tur-
bulent flows suggested by Steckler et al. (1986). Somewhat
different source and ambient fluids were required, however,
because the techniques used, Planar-Laser-Induced-Fluo-
rescence (PLIF) and Particle-Image-Velocimetry (PIV),
required matching the indices of refraction of the source
and ambient fluids in order to avoid scattering the laser
beam away from the buoyant flow. A visual inspection of
the two instantaneous PLIF images in Fig. 2 clearly shows
the effect when the indices of refraction of the source and
ambient fluids are not matched. Ensemble-averaged con-
centration contours (4000 images) taken with and without
matching the index of refraction of the fluids showed con-
centration values up to three times higher when the index
of refraction was matched which reflects the importance
of index matching. A salt (potassium phosphate, monoba-
sic KH2PO4) water source containing Rhodamine 6G dye
was injected into an unstratified uniform ethyl alcohol/
water crossflow for matched refractive index PLIF mea-
surements of source flow concentration structure and
matched refractive index PIV measurements of velocity
structure. The unstratified and uniform crossflow was pro-
duced by a water channel facility. The test section of the
water channel had cross section dimensions of
610 · 760 mm and a length of 2440 mm. Some experiments
were also carried out with no water flow in order to provide
observations of round nonbuoyant turbulent jets in still
environments, as a baseline to evaluate methods of measur-
ing mixing properties.

The source flows had a larger density than the crossflows
for present conditions and were injected vertically down-
ward into the channel flow to obtain steady turbulent
plumes in crossflows. The source flows passed through
smooth round injector tubes having inside diameters of
2.1, 3.2 and 6.4 mm. The source injector tubes had
length/diameter ratios of 200, 100 and 50, respectively, to
help insure fully-developed turbulent pipe flow at the
Fig. 2. Instantaneous PLIF images of the cross section of a steady turbulent pl
image but not in the right image for comparison purposes.
source exit for sufficiently large source Reynolds numbers,
as discussed by Wu et al. (1995). The source injector tubes
passed through a plane horizontal Plexiglas plate
(508 · 914 mm in plan dimension · 12 mm thick) with a
tight fit. The source injector tube exits were mounted flush
with the lower surface of the Plexiglas plate in order to pro-
vide well-defined entrainment conditions at the source exit.
The source liquid was supplied to the tubes using either a
syringe pump (Harvard Apparatus, PHD2000, Model 70–
2000, with four 150 cc syringes having volumetric accura-
cies of ±1% mounted in parallel) for small flow rates, or
a peristaltic pump (Masterflux L/S Digi-Staltic Dispersion,
Model 72310-0) with two flow dampers for large flow rates.
The pumps were calibrated by collecting liquid for timed
intervals.

2.2. Structure measurements

2.2.1. Concentration measurements

The PLIF arrangement was similar to the arrangement
used by Diez et al. (2005) for studies of the structure of
steady turbulent jets in crossflows, except for features
required to match the refractive indices of the source and
crossflowing fluids discussed by Ferrier et al. (1993), Alahy-
ari and Longmire (1994), and Daviero et al. (2001). The
arrangement consisted of a laser, optics for scanning the
laser beam across the image area and a digital camera for
recording the image. Rhodamine 6G dye at a concentration
of 5.0 · 10�6 mol/l was used for the PLIF signals in the
source liquid (see Ferrier et al., 1993) for a discussion of
the properties of this dye. An argon-ion laser (Coherent
Innova 90-4) operated in the single-line mode at 514.5 nm
with an optical power of 3200 mW and a beam diameter
of 1.5 mm (at the e�2 intensity locations) was used to excite
the fluorescence.

The use of potassium phosphate (KH2PO4) to increase
the density of the source fluid along with an appropriate
concentration of ethyl alcohol in the crossflowing water
which decreased its density, matched the refractive indices
of the source and ambient fluid as discussed by Ferrier
et al. (1993); Alahyari and Longmire (1994); and Daviero
et al. (2001). Close control of the temperature differences
ume in a uniform crossflow. Refractive index matching was done in the left



Fig. 4. This contour plot was generated from geometrical considerations
to correct for beam intensity decay as a function of distance and angular
speed from the scanning mirror.
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between the source and ambient fluid, however, was also
required for proper matching of refractive indices; this
was done using a heater for the source fluid that limited
temperature differences between the source and ambient
fluids to less than 0.10 K.

A mirror located roughly 1000 mm downstream from
the imaged cross section of the flow allowed the camera
to view the PLIF image. The camera was a Redlakes
Inc., Model Mega Plus ES 1020. This camera has a
1004 · 1004 pixel array with a 7.4 · 7.4 mm active sensor
area. The intensity resolution of the pixels was 10-bit which
provided 1024 color levels of the image. A PC-Cam Link
frame grabber from Coreco Imaging transferred the cam-
era images to a computer for processing and storage.

The digital PLIF images are individually corrected as
follows:

1. The background image, which accounts for the image of
mean dark current is subtracted from each image.

2. A lens calibration image shown in Fig. 3, and applied to
each image, was used to remove the lens vignetting effect
(Ferrier et al., 1993).

3. From simple geometry considerations it is found that
the scanning laser beam produced by the oscillating mir-
ror delivers an intensity to each point in the field of view
that is dependent on the distance from that point to the
oscillating mirror, the angular speed of the mirror and
the reflection and transmission coefficients of the work-
ing fluids. A contour plot, shown in Fig. 4, was gener-
ated from geometrical considerations to correct for
this intensity variation and applied to each image.

4. The power of the laser beam is attenuated as it passes
through water, ethanol and salt. Corrections due to
Fig. 3. Contour plot of vignetting correction image. Individual raw
images are multiplied by this image to correct for vignetting effects
produced by the lens used.
attenuation were done by integrating the Beer–Lambert
Law (Ferrier et al., 1993; Daviero et al., 2001) as:

I ¼ I0 exp �
Z r

0

adr0
� �

; ð1Þ

where I0 is the beam intensity reaching the water chan-
nel, r is the distance the light travels, I is the resulting
laser intensity at that location and a is the attenua-
tion coefficient (due to clear water, salt, ethanol and
Rhodamine 6G (Daviero et al., 2001)).

Although implementing these corrections was numeri-
cally expensive, it provided results when applied to calibra-
tion images that differ by less than 1% from the actual
values. Thus, they were applied to all the experimental
data.

The mean concentrations of source fluid were obtained
over cross sections of the flow by averaging 4000 images.
The same general arrangement was used for PLIF structure
measurements of round nonbuoyant turbulent jets in a still
fluid in order to provide baseline results needed to evaluate
the PLIF technique for measurements in crossflows. The
experimental uncertainties (95% confidence) were less than
7% for mean concentrations at each point in the flow.
These uncertainties were largely governed by sampling
errors due to the finite number of measurements of concen-
tration properties that were averaged at each point in the
flow.

2.2.2. Velocity measurements

The PIV arrangement was similar to the arrangement
used for the PLIF measurements except where noted. The
arrangement consisted of a laser, optics for creating a laser
sheet across the image area and a digital camera for record-
ing the PIV images. Hollow glass spheres (8–12 lm in
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diameter) were used to seed the source and ambient flow.
The system uses a double pulse and frequency-doubled
Nd:YAG laser (Spectra-Physics) to provide a beam at
532 nm (green) with roughly 10 ns pulse length. The beam
is expanded into a parallel light sheet that intersects the
vortical structure produced by the plume in the crossflow
direction.

A mirror located roughly 1000 mm downstream from
the imaged cross section of the flow allowed the camera
to view the PIV images. These double-frame images were
taken with a fast shuttered PIV camera (Cooke SensiCam
SVGA, 1280 · 1024 pixels). The interrogation window size
was set at 64 · 64 pixels and the interrogation window
spacing was set at 10 pixels apart (there is overlap between
neighboring interrogation windows). The magnification
factor was 3.7 pixels/mm which gives roughly a
17 · 17 mm interrogation window size. The CCD chip in
the camera has 1280 · 1024 pixels and the image consists
of an array of 124 · 96 vectors (i.e., 11904 uniformly-
spaced vectors). Some cropping of the field of view was
required to remove the edge-effect of the mirror used in
the water channel. Thus, the final PIV image consisted of
106 · 75 vectors.

The 532 nm green beam, with energies in excess of
100 mJ, was expanded into a laser sheet that crossed the
test section perpendicular to the freestream flow. This laser
sheet was approximately 1 mm thick and 40 cm wide. The
time separation between the two pulses that provided the
highest good-vector percentage was found to be 1 ms for
this experiment. This time delay, as well as the laser Q-
switches and flashlamps, were controlled by a Stanford
Digital Delay Generator (DG 535). A programmable tim-
ing unit synchronizes the triggering of the lasers and
camera.
Table 1
Summary of test conditions for steady round buoyant turbulent plumes in
uniform crossflows

Property Value

Source fluid KH2PO4 and water
Crossflowing fluid CH3CH2OH and water
Source mass solute (% by wt.) 3.6% KH2PO4

Crossflowing mass solute (% by wt.) 6.6% CH3CH2OH
Source dye conc. of Rhodamine 6G (lM) 5.0
Source fluid density (kg/m3) 1024
Crossflowing fluid density (kg/m3) 987
Index of refraction of source and ambient fluid 1.3372
Source fluid kinematic viscosity (mm2/s) 1.05
Crossflowing fluid kinematic viscosity (mm2/s) 1.33
Source diameter (mm) 2.1, 3.2 and 6.4
Source passage length, L/d 200, 100 and 50
Source flow rate (cc/s) 13–40
Source Froude number, (q0u

2
0=ðgdDqÞÞ

1=2 26–211
Source Reynolds number, u0d/m0 5000–15,000
Source/crossflow fluid density ratio, q0/q1 1.038
Source/crossflow fluid velocity ratio, u0/v1 19–96
Streamwise (vertical) penetration

distance, (xp�x0)/d
0–202

Cross stream (horizontal) penetration
distance, (yp � y0)/d

0–380
The mean velocity fields were obtained over cross sec-
tions of the flow by averaging 1000 images. The experimen-
tal uncertainties (95% confidence) were less than 7% at each
point in the flow. These uncertainties were largely governed
by sampling errors due to the finite number of measure-
ments of velocity properties that were averaged at each
point in the flow.

2.3. Test conditions

Test conditions for the present experiments considering
steady turbulent plumes in crossflow are summarized in
Table 1.

3. Self-preserving structure properties

The present discussion of the self-preserving structure
properties is limited to the behavior of jets in still fluids,
as a baseline test for the PLIF technique, and steady turbu-
lent plumes in crossflows (see Diez et al., 2003a,b) for con-
sideration of the penetration properties of starting plumes
in still and crossflowing fluids.

Analysis to find the self-preserving behavior of the mean
and rms fluctuating concentration distributions in self-pre-
serving steady round nonbuoyant turbulent jets in still flu-
ids is well known (see List, 1982; Dahm and Dimotakis,
1990; Panchapakesan and Lumley, 1993, and references
cited therein) for the details. The results of these analyses
in terms of the present notation are as follows:

�cðx� xosÞ=ðc0dÞ ¼ F ½r=ðx� xosÞ�; ð2Þ
ð�c0=�cmÞ ¼ F 0½r=ðx� xosÞ�; ð3Þ

where �cm is the maximum mean concentration of source
fluid over the flow cross section (the maximum condition
in the present case clearly is at the axis of the flow). This
form of Eq. (3) for �c0 is used in order to simplify compar-
isons between present and earlier findings.

The configuration of the present steady turbulent
plumes in crossflows considered in the following is sketched
in Fig. 5. The source flow enters from a round passage nor-
mal to the crossflow and flows into an environment having
a uniform crossflow velocity. As discussed by Diez et al.
(2003a), the streamwise velocity decays rapidly with
increasing streamwise distance for this flow; for example,
the streamwise velocity is proportional to (t � tos)

�1/3 when
the crossflow velocity is large compared to the streamwise
velocity and the steady plume is nearly horizontal, as the
self-preserving region is approached far from the source
Diez et al., 2003a. In addition, the flow approximates no-
slip convection in the cross stream direction Diez et al.,
2003a,b. This behavior implies that the plume eventually
is deflected so that its axis is nearly aligned with the cross
stream direction. At this condition, the initial streamwise
source specific buoyancy flux continues to be conserved
so that the flow approximates the behavior of a line ther-
mal. Then the streamwise source specific buoyancy flux
per unit length of the line thermal causes a counter-rotating



Fig. 6. Plots of mean concentrations of source fluid over the cross section
of the flow in terms of self-preserving variables for steady round
nonbuoyant turbulent jets in still environments.

Fig. 5. Sketches of a steady turbulent plume in a uniform crossflow.
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pair of vortices to form, leading to a somewhat flattened
shape of the flow cross section. The streamwise source spe-
cific buoyancy flux per unit length can be expressed as
follows:

B0
0 ¼ _Q0gjq0 � q1j=ðq1v1Þ. ð4Þ

Analyses to find the self-preserving behavior of the
mean concentration distributions in self-preserving steady
turbulent plumes in crossflows is described by Fischer
et al. (1979). The results of these analyses in terms of the
present notation are as follows:

�cgðxc � xosÞ2=ðc0B0
0Þ ¼ F ½ðx� xcÞ=ðxc � xosÞ; z=ðxc � xosÞ�.

ð5Þ
Similarly, the analyses to find the self-preserving behav-

ior of the mean u- and w-velocity distributions in self-
preserving steady turbulent plumes in crossflows are
described by Fischer et al. (1979). The results of these anal-
yses in terms of the present notation are as follows:

�uðxc � xosÞ1=2=ðB0
0Þ ¼ G½ðx� xcÞ=ðxc � xosÞ; z=ðxc � xosÞ�;

ð6Þ
�wðxc � xosÞ1=2=ðB0

0Þ ¼ H ½ðx� xcÞ=ðxc � xosÞ; z=ðxc � xosÞ�.
ð7Þ

A similar analysis can be found in Hasselbrink and
Mungal (2001a,b).

4. Results and discussion

4.1. Concentration measurements

Still fluids. In order to evaluate present PLIF measure-
ments of concentration distributions over the cross section
of steady round nonbuoyant turbulent plumes in uniform
crossflows, initial measurements considered the well-stud-
ied case of a steady round constant-density turbulent jet
in a still fluid.

The variation of radial profiles of mean concentrations
as a function of streamwise distance from the jet exit is
illustrated in Fig. 6. These results were obtained by averag-
ing 4000 PLIF images at each streamwise station. The scal-
ing parameters of Eq. (2) are used in this plot so that the
ordinate is equal to F(r/(x � xos)). The measurements are
plotted for various streamwise distances with (x � xos)/
d P 12. The maximum value of ð�c=c0Þðx� xosÞ=dÞ exhibits
a progressive increase with increasing distance from the jet
exit; this behavior is accompanied by a progressive narrow-
ing of the flow in terms of the self-preserving scaled vari-
ables. However, self-preserving conditions are observed
for present measurements when (x � xos)/d P 32. The sub-
sequent variation of the profiles is well within the experi-
mental uncertainties (95% confidence) of less than 10%
for (�c=�cmÞ for jrj/(x � x0) < 0.2 of the measurements over
the range of the present experiments: 32 6 (x � xos)/
d 6 400, with jet exit Reynolds numbers in the range
5000–16,000. Within the self-preserving region, present
radial profiles of mean mixture fractions are reasonably
approximated by a Gaussian fit, similar to past work
(e.g., Fischer et al., 1979; Law and Wang, 2000) as follows:
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F ðr=ðx� xosÞÞ ¼ F ð0Þ expf�k2cðr=ðx� xosÞÞ2g; ð8Þ
where

kc ¼ ðx� xosÞ=‘c. ð9Þ
Thus, ‘c represents the characteristic jet radius where
�c=�cc ¼ expð�1Þ. The best fit of the present measurements
in the self-preserving region yielded F(0) = 5.05 and
k2c ¼ 59. This correlation agrees with the findings of Dahm
and Dimotakis (1990), based on measurements judged to
be self-preserving in the range 100–350 source diameters
from the source, within experimental uncertainties, helping
to provide confidence in the present PLIF measurements.
As can be seen from the results plotted in Fig. 6, present
measurements of mean concentrations in the self-preserv-
ing region of steady round nonbuoyant turbulent jets in
still fluids are also in good agreement with the earlier mea-
surements of Law and Wang (2000), based on measure-
ments in the range 40–80 source diameters from the
source, and Fischer et al. (1979), based on measurements
in the range 24–110 source diameters from the source.

Radial profiles of rms concentration fluctuations for
streamwise distances of (x � xos)/d of 32–400 are illus-
trated in Fig. 7; throughout this region, values of �c0=�cm
exhibited self-preserving behavior for present measure-
ments. Also shown on the plot are the earlier measure-
ments of Papanicolaou and List (1988), based on
measurements in the range 24–110 source diameters from
the source, and Law and Wang (2000), based on measure-
ments in the range 40–80 source diameters from the source,
which are in qualitative agreement with the present mea-
surements but exhibit significant amounts of scatter. All
Fig. 7. Plots of rms concentration fluctuations of source fluid over the
cross section of the flow in terms of self-preserving variables for steady
round nonbuoyant turbulent jets in still environments.
these results have a dip in �c0=�cm near the axis which reflects
reduced production of concentration fluctuations in this
region because the radial gradient of �c becomes small near
the axis of the flow. Notably, round buoyant turbulent
plumes in still environments do not exhibit a similar dip
of concentration fluctuations near the axis because these
flows undergo turbulence production near their axis due
to the buoyant instability of the flow in this region—a
mechanism that clearly is absent for the present nonbuoy-
ant flows, see Dai et al. (1994) for plots of rms concentra-
tion fluctuations for steady round buoyant turbulent
plumes in still environments.

To summarize, the baseline tests of present PLIF mea-
surements for simple steady round nonbuoyant turbulent
jets in still environments are in reasonably good qualitative
and quantitative agreement with earlier measurements of
this flow providing confidence in present PLIF measure-
ments of flow structure.

Crossflow. The fine details of the dynamics of the mixing
pattern of the source and ambient fluids in plumes in uni-
form crossflows can be seen from the sequence of PLIF
images illustrated in Fig. 8. In order to achieve adequate
spatial resolution for these PLIF images, the diameter of
the laser beam sweeping the cross section of the flow was
0.5 mm. The time between images was 50 ms, which implies
a cross stream distance between images that is relatively
large compared to the integral length scales of the flow;
therefore, the images illustrated in Fig. 8 are statistically
independent. The instantaneous images appearing in
Fig. 8 show the largely distorted presence of the two coun-
ter-rotating vortices separated near the plane of symmetry
by the deeply-penetrating ambient fluid of the flow. In
addition, the presence of ambient fluid being transported
deep into the vortex system of the flow along its plane of
symmetry clearly has an important effect on the flow struc-
ture, as mentioned earlier in connection with the discussion
of the flow visualization of Fig. 1. The images in Fig. 8
show similar structures as those presented by Smith and
Mungal (1998). In the other hand, the present images were
taken in the self-preserving region of plumes in crossflow,
as will be shown next, while Smith and Mungal (1998)
mentioned that self-similarity was not seen in their ensem-
ble-averaged images.

The distributions of mean concentrations over the cross
section of steady turbulent plumes in crossflows in the self-
preserving region are quite complex and cannot be reduced
to a simple empirical formula similar to that obtained by
Dai et al. (1994) for steady turbulent plumes in still fluids.
Instead, present measurements of mean concentrations
over cross sections in the self-preserving region were
reduced in terms of self-preserving variables and plotted
as a function of location in the cross section according to
self-preserving streamwise and transverse variables indi-
cated by Eq. (5), e.g., (x � xc)/(xc � xos) and z/(xc � xos),
respectively. Results of this nature are illustrated in
Fig. 9 for the present test conditions from Table 1. The
self-preserving scaled values of mean concentrations ranges



Fig. 8. Instantaneous PLIF images of the cross section of a steady turbulent plume in a uniform crossflow (d = 3.2 mm, Re0 = 15,000, q0/q1 = 1.038,
Fr0 = 148, u0/v1 = 44, (xc � xos)/d = 108, y/d = 220 and Dt = 50 ms between frames).

Fig. 9. Three-dimensional shaded surface of mean concentration profile of
source fluid in terms of self-preserving variables over the cross section of
the flow for steady turbulent plumes in crossflows within the self-
preserving region.
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from 0–70. The onset of self-preserving behavior required
that the axes of the counter-rotating vortex system be
nearly aligned with the crossflow direction. This alignment,
in turn, was a strong function of the source/crossflow
velocity ratio, u0/v1. The net result was that the onset of
self-preserving behavior was observed at streamwise
distances of 10–20 source diameters from the source for
u0/v1 = 4, increasing to streamwise distances of 160–170
source diameters from the source for u0/v1 = 100. The
counter-rotating vortex system is seen to contribute to
the two-lobed structure of the flow with the entrainment
of ambient fluid along the plane of symmetry from the side
of the flow opposite to the plume source tending to displace
maximum mean concentrations along this plane in the
streamwise (upward) direction (i.e., in the direction of pen-
etration of the counter-rotating vortex system). A particu-
larly surprising feature of this flow is its unusually large
streamwise and transverse penetration distances of
(x � xc)/(xc � xos) of approximately +0.6 to �0.3 and z/
(xc � xos) of approximately ±0.5. These values are 2–3
times larger than the corresponding radial dimensions of
steady round buoyant turbulent plumes in still fluids, see
Dai et al. (1994), where r/(x � x0) is approximately 0.16.
In addition, the concentration field for steady turbulent
plumes in crossflows decays according to �cm � ðx� xosÞ�2,
which is slightly faster than for steady turbulent plumes
in still fluids which decays according to �cm � ðx� xosÞ�5=3

Dai et al., 1994. This highlights the capability of vortex
structures in crossflow to promote effective mixing between
source and ambient fluids.

4.2. Velocity measurements

The fine details of a typical instantaneous velocity and
vorticity fields of a cross section of a steady turbulent
plume in a uniform crossflow are shown in a velocity vector
plot and vorticity contour plot, respectively in Fig. 10. In
Fig. 11 the mean concentrations of source fluid and veloc-



Fig. 10. Instantaneous velocity vector plot from PIV measurements and
instantaneous vorticity contour plot of the cross section of a steady
turbulent plume in a uniform crossflow (d = 3.2 mm, Re0 = 9000, q0/
q1 = 1.038, Fr0 = 88, u0/v1 = 37, y/d = 220).

Fig. 11. Contour plots of mean concentrations of source fluid and velocity
vector plot in terms of self-preserving variables over the cross section of
the flow for steady turbulent plumes in crossflows within the self-
preserving region.
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ity vector distribution are superimposed and plotted
according to the self-preserving structure variables of
Eqs. (5)–(7). The counter-rotating vortex system is clearly
observed both in the mean concentration and velocity vec-
tor plots. The centers of rotation of the counter-rotating
vortex system are shown as white crosses on these plots,
and the centers of maximum mean concentration of the
counter-rotating vortex system are shown as white dots
on these plots, for reference purposes. A particularly sur-
prising feature of this flow is how far the centers of rotation
of the counter-rotating vortex system are (z/(xc � xos) of
approximately ±0.3) in comparison with the location of
the centers of maximum mean concentration of the coun-
ter-rotating vortex system (z/(xc � xos) of approximately
±0.2).

5. Conclusions

Scaling relationships for the structure properties of
steady turbulent plumes in crossflows were evaluated based
on measurements of the mixing properties of salt water
sources injected into ethanol/water crossflows. Major con-
clusions of the study are as follows:

(1) Measurements of the mean concentration of source
fluid and mean velocity fields were obtained for the
first time in the self-preserving region of steady round
buoyant turbulent plumes. These challenging mea-
surements included the use of refractive index match-
ing in order to remove refractive index variations in
the mixing flow from density changes. Also, in order
to achieve accurate results, the individual images
were corrected for vignetting, sweep geometry, atten-
uation (by water, Rhodamine 6G, sodium phosphate
and ethanol) and background effects.

(2) The self-preserving structure of steady turbulent
plumes in crossflows involves a counter-rotating vor-
tex system whose axes is nearly aligned with the
crossflow and thus is nearly horizontal. The nearly
crossflow orientation of the axes of the counter-rotat-
ing vortex system promotes unusually rapid mixing
due to the approximately crossflow motion in the
streamwise direction of steady turbulent plumes in
crossflows compared to steady turbulent plumes in
still fluids where the flow axis is aligned with the
streamwise direction, for example: (rps and wps)/
(xps�xos) = 0.36 and 0.49 for steady turbulent plumes
in crossflow compared to rp/(xp�xos) = 0.16 for
steady turbulent plumes in still fluids.
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