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ABSTRACT
Stratified flows are frequently observed in environmen-

tal and oceanic applications, which often involve interac-
tion of momentum and scalar flux. In this study, Particle
Image Velocimetry and Planar Laser Induced Fluorescence
are applied to simultaneously measure the velocity and den-
sity fields of a turbulent jet discharged horizontally into an
environment with density difference, for studying the mix-
ing and entrainment process in stratified flows. The data
are analyzed to gain understanding of the physical mech-
anism of vertical mixing (mixing along gravity direction)
and horizontal mixing (mixing along horizontal direction)
introduced by the turbulent jet flows. The dataset also pro-
vides a test platform for mixing models used in stratified
flow simulations.

NOMENCLATURE
U0: initial centerline velocity at nozzle exit, U0 =
〈U(0,0,0)〉
Uc: the centerline velocity, Uc(x) = 〈U(x,0,0)〉
ρe: density of light fluid
ρs: density of dense fluid

gs: grayscale value of image

c: concentration of fluorescence dye

c0: initial fluorescence dye concentration

∆ρ0 = ρs−ρe: initial density difference between light and
dense fluids

g: gravitional acceleration

g′ = g ·∆ρ/ρ: reduced gravity

D: diameter of nozzle exit

Ri = g′D/U2
0 : (bulk) Richardson number

µ: viscosity of fluid

Re = ρsU0D/µ: (bulk) Reynolds Number

θ = ∆ρ/∆ρ0: non-dimensional density difference

θc(x) = 〈θ(x,0,0)〉: non-dimensional centerline density
difference

y1/2: velocity half-width in horizontal plane

z±1/2: velocity half-width in vertical plane

yθ

1/2: density half-width in horizontal plane

zθ

±1/2: density half-width in vertical plane

Ωy: vorticity along Y direction
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INTRODUCTION
Stratified flows exist extensively in environmental and

geophysical applications. For example, ocean flows are
described as a thin stratified fluid using hydrostatic and
Boussinesq approximations in global-scale ocean simula-
tions [1], and the discharge of sewage water into ocean
forms a stratified current that has density difference than
the ambient ocean water. Particularly, developing effective
mixing models for numerical simulations presents a major
challenge and it requires a better understanding of the un-
derlying physics of density (scalar) mixing and entrainment
process in stratified turbulent flows [2–5]. To investigate
this problem through laboratory experiments, needed are
simultaneous measurements of velocity and density fields,
which make analysis of mixing and entrainment feasible.

In the past, various experimental efforts of measuring
scalar (concentration or density) field and velocity field are
reported. For example, Webster and Liu [6] apply digi-
tal particle tracking velocimetry to investigate the behavior
of a horizontal turbulent round jet injected into a linearly
stratified environment. A planar laser-induced fluorescence
(PLIF) technique is used by Crimaldi and Koseff [7] to
measure the the scalar spatial structure of turbulent flows
at high resolution. Papanicolao et al. [8] use PLIF and laser
Doppler anemometry to study the velocity components, as
well as the concentration distribution, of a turbulent buoy-
ant jet. Dahm and Dimotakist [9] investigate the entrain-
ment and mixing in the self-similar far field of a turbulent
jet in water by applying PLIF to measure the time-varying
fluid concentration field. Particle Image Velocimetry (PIV)
is applied by Kwon and Seo to study Reynolds number ef-
fects on the behavior of a non-buoyant round water jet [10].
PIV and PLIF are combined to measure the concentra-
tion field and velocity field simultaneously, by Wang and
Law [11,12] to study the buoyant jet discharges, by Zarruk
and Cowen [13] to investigate a neutrally buoyant turbulent
round jet at two Reynolds numbers, and by Feng et al. [14]
to study a confined liquid-phase rectangular jet.

In this paper, we describe a laboratory experiment for
studying the structure and dynamics of a turbulent strati-
fied jet, which serves as a model problem for investigating
mixing and entrainment process of stratified flow. More-
over, we conduct measurement in vertical direction (paral-
lel to the buoyancy direction) and in horizontal direction
(perpendicular to the buoyancy direction), to gain under-
standing of isotropy of mixing process. Details about the

facility are presented in section 2. Instrumentation tech-
niques are introduced in section 3. In section 4, the results
are discussed. The final section gives a summary and out-
look.

EXPERIMENTAL FACILITY
The core part of the facility is consisted of a main tank

and a jet nozzle as shown in figure 1. The main tank with
dimensions of 122×30×30 cm3, is made of 1.27 cm thick
acrylic plates, and it is filled with light fluid (ethanol solu-
tion with density ρe). The jet nozzle is made of acrylic pipe
with the inner diameter 1.27 cm. It is connected to an up-
stream diffuser which is manufactured using 3D jet printing
technique. The diffuser is used to eliminate the inlet flow
fluctuation to generate the turbulent jet flow with nearly
uniform and stable velocity profile. A constant head sys-
tem (not shown in figure 1), including a head-control tank, a
supply tank and two centrifugal pumps, is filled with dense
fluid (salt solution with density ρs). A centrifugal pump
(1750 RPM, 1/55 Hp), connected to the constant head sys-
tem, generates a jet of dense fluid into the light fluid in the
main tank, at a flow rate 0.24 L/s. Also as shown in figure
1, a piece of polycarbonate honeycomb (thickness 7.5 cm,
hole diameter 3 mm) is placed at the far end of the tank to
eliminate the influence of secondary flow reflected by the
end wall. Another piece of honeycomb (thickness 5.0 cm,
hole diameter 3 mm) is placed in the main tank to eliminate
the surface wave.

The origin of the coordinate system is set at the center
of the jet exit plane, shown in figure 1, while the X axis is
set horizontally along the flow direction and the Y axis is
set to be perpendicular to the X axis in the horizontal plane,
and Z axis points upwardly normal to the X-Y plane, i.e., Z
axis is anti-parallel to gravitional direction.

INSTRUMENTATION
The difference of refractive indices of dense liquid and

light liquid, caused by the density difference, leads to un-
focused image in optical measurements, which deteriorates
the acuracy of optical measurement. In order to apply op-
tical flow diagnostics techniques in stratified flows, the re-
fractive indices of the dense fluid and light fluid must be
matched [15–18]. In our experiments we use salt solution
as the dense fluid and ethanol solution as the light fluid, and

2 Copyright c© 2010 by ASME



PIV CAMERA

PIV FILTER

PLIF CAMERA

PLIF FILTER

α

SCHEIMPFLUG LENS MOUNT

JET NOZZLE

MIRROR

CONCAVE LENS
CONVEX LENS

CYLINDRICAL LENS

Nd: YAG Laser
532 nmLASER BEAM

Y(x2)

X(x1)
0

HONEYCOMB

JET NOZZLE

LASER SHEET

Z(x3)

X(x1)
0

HONEYCOMB

P3P1 P2

SIDE VIEW

PLAN VIEW

LIGHT FLUID

LASER SHEET

HONEYCOMB

DENSE 
FLUID

DENSE 
FLUID

PIV CAMERA

PIV FILTER

PLIF CAMERA

PLIF FILTER

α

SCHEIMPFLUG LENS MOUNT

JET NOZZLE

MIRROR

CONCAVE LENS
CONVEX LENS

CYLINDRICAL LENS

Nd: YAG Laser
532 nmLASER BEAM

Y(x2)

X(x1)
0

HONEYCOMB

JET NOZZLE

LASER SHEET

Z(x3)

X(x1)
0

HONEYCOMB

P3P1 P2

SIDE VIEW

PLAN VIEW

LIGHT FLUID

LASER SHEET

HONEYCOMB

DENSE 
FLUID

DENSE 
FLUID

g g

( a ) ( b )

Figure 1. Schematic illustration of the Stratified Turbulent Jet Flow Facility for (a) Vertical Mixing and (b) Horizontal Mixing.

match their refractive indices. The densities and refrac-
tive indices of the fluids are measured by a densitometer
(Mettler Toledo Densito 30PX) and a refractometer (Met-
tler Toledo Refracto 30PX).

Particle Image Velocimetry and Planar Laser Induced
Fluorescence are applied to measure the velocity and den-
sity simultaneously. A dual-head Nd: YAG laser (Big Sky
Laser Twins BSL, wavelength 532 nm, peak energy 130
mJ/pulse) is used to generate a 1 mm thick laser sheet
through a group of lenses in the test section.

The dense and light fluids are seeded with hollow glass
beads (median diameter 11 µm, specific gravity 1.1). A PIV
camera (14-bit Imager ProX 4M CCD camera) of 2048×
2048 pixels resolution is used to record the PIV images,
operated under double exposure mode at a sampling rate of
5 Hz. The time delay between a pair of laser pulses is set
to from 400 µs to 600 µs, depending on the averaged flow
velocity in the sample area. Velocity vectors are retrieved
by processing image pairs by using PIV analysis software
(Davis). A two-step processing is applied: 64× 64 pixels
interrogation window and 50% overlap for the first step,
and 32× 32 pixels interrogation window and 50% overlap

for the second step. Thus, a total of 128× 128 vectors are
resolved from each PIV image pair. The sample area of PIV
measurement is 11.0×11.0 cm2, and the spatial resolution
is 0.0875 cm.

To apply PLIF measurement, a fluorescent dye, Rho-
damine 6G, is mixed uniformly in the dense fluid. The dye
serves as a surrogate of the concentration of dense fluid
mixed into light fluid, i.e., the local dye concentration is of
a linear relationship with the local density of the mixture.
The Rhodamine 6G absorbs the excitation light of center
around 530 nm and emits fluorescence with a peak at 550
nm [19]. In the present experiment, the same pulse laser is
used to excite the fluorescence and to illuminate PIV parti-
cles, as shown in figure 1. The PLIF images are recorded
by a PLIF camera (14-bit Imager ProX 4M CCD camera)
with 2048× 2048 pixels resolution. As shown in figure 1,
this camera points to the test section at a tilt angle α (about
15◦). A scheimpflug lens mount is used on this camera to
keep the PLIF image focused.

The grayscale value in the PLIF image, gs, is a function
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Figure 2. Three typical PLIF calibration curves. Each curve is corre-

sponding to a pixel location in the PLIF image. Symbols show the aver-

aged value from 50 calibration images and the error bars show the rms

values.

of the dye concentration value, c:

gs(x,y,z, t) = f (c(x,y,z, t)), (1)

if the excitation intensity is assumed constant. This rela-
tionship between the gs and c is determined by calibration
procedure, in which PLIF images of the sample area, with
controlled dye concentration, are recorded. In the calibra-
tion for this study, 8 dye concentration levels, from 0 µg/L
to 70 µg/L, are generated. A total of 50 images are recorded
at each level. Then the data is curve fitted to establish a
second order polynomial to relate gs and c at every pixel
location in the PLIF image. Thus, for a recorded gs, a cor-
responding dye concentration c can be determined from the
calibration curve. Furthermore, the density difference ∆ρ

of the mixture is given by:

∆ρ(x,y,z, t)≡ ρ(x,y,z, t)−ρe =
c(x,y,z, t)

c0
∆ρ0, (2)

where c0 is the initial fluorescence dye concentration in the
dense liquid (e.g., c0=60 µg/L) and ∆ρ0 = ρs−ρe.

To measure the velocity fields and density fields simul-
taneously, PIV and PLIF signals are separated. A PIV fil-
ter (bandpass, center wavelength 530±10 nm) is applied to
pass the scatter light from PIV particles and block the flu-
orescence signal. Another PLIF filter (highpass with cut-
off 550 nm) is used to block the PIV signal and pass the

fluorescence signal only. The sample area of PLIF mea-
surement encloses the sample area of PIV measurement, so
that the PLIF data can be subsampled to obtain the concen-
tration field over the same grid as for PIV measurement,
i.e., for every node among the 128× 128 PIV grids, there
is a velocity vector measured from PIV and a density value
from PLIF.

We conduct two series of experiments on stratified tur-
bulent jet, using the above-mentioned PIV-PLIF measure-
ment: one for vertical mixing along the vertical central
plane (Y=0, shown in figure 1-a), and another for horizon-
tal mixing along the horizontal central plane (Z=0, shown
in figure 1-b). The positions and orientations of PIV and
PLIF cameras and laser sheet orientation are different, as
shown in the figure 1. Measurement at three consecutive
downstream locations (along the X direction, labeled as P1-
P3 in figure 1), are conducted for both the vertical mixing
and horizontal mixing cases. At each location, a total of
600 repeated PIV-PLIF measurements are recorded, from 4
runs, to form an ensemble set for statistical analysis. Dur-
ing each run, the effective data acquisition time is 30 sec-
onds and the height change of the free surface is ignorable
within this time. After each run, the main tank is drained
and rinsed to remove the residual fluorescence dye. Then
the liquids are prepared again for next experiment run.

RESULTS
The stratified data discussed in this paper are ob-

tained from the following experimental conditions: char-
acteristic inject velocity U0 = 1.9 m/s; Reynolds num-
ber Re = ρsU0D/µ = 20000; initial relative density differ-
ence ∆ρ0/ρe = 0.5%; and initial bulk Richardson number
Ri = g′D/U2

0 = 1.7× 10−4. This dataset is referred to as
“stratified case”. We also perform PIV measurement for
another case where no initial density difference is created.
In this controlled case (referred to as “unstratified case”),
the inject velocity and the Reynolds number are the same
as in the stratified case while the density difference is zero.

A typical snapshot of velocity and density fields is
shown in figure 3. The development of the jet structure
and dilution of dense fluid can be clearly identified. As the
jet flow moves downstream, complicated mixing and en-
trainment structures appear around the outter edge of the
jet. The ensemble averaged mean velocity 〈Ui〉 and density
〈ρ〉 are calculated from the 600 snapshots at each location.
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Figure 3. An snapshot of velocity (left) and density (right) fields of vertical measurement at P2.

Then the data from locations P1-P3 are jointed together to
show the mean velocity and voriticity distributions from
X/D = 0 to 24.
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Figure 4. Distribution of the non-dimensional vorticity (ΩyD/U0, top)

and vectors and streamlines showing the mean flow pattern (bottom). The

data is from vertical measurement of stratified case. For clarity only 1/16

of vectors are displayed.

In the present experiment, the streamwise (axial) ve-
locity component U(x,y,z) is much larger than the other
two velocity components. The distribution of the mean vor-
ticity in vertical stratified mixing case, as shown in figure
4, illustrates that strong vortices exist near the nozzle exit,
which is caused by the mixing and entrainment near nozzle
tip. Also displayed in figure 4 are the mean velocity vectors
and streamlines showing the mean flow pattern.

To understand the development of the stratified jet, the
vertical profiles of axial velocity component, at three typi-
cal downstream locations (X/D = 8, 16 and 24), are plotted
in figure 5. The counterpart profiles of unstratified case are
also plotted for comparision. The Z-location of the peak
of the velocity profile occurs at Z∼0, i.e., the centerline of
the jet structures for both cases is nearly horizontal. For
each location, the velocity profiles of stratified and unstrat-
ified cases do not overlap, although the initial density dif-
ference is only 0.5% and the Ricardson number is small
(Ri = 1.7× 10−4). The centerline mean velocity of strati-
fied case is always larger than that of the unstratified case,
and the difference ranges from 3.6% to 16.7%, for X/D=8
to 24. If we analyze the upper portion (Z ≥ 0) and lower
portion (Z≤ 0) of the velocity profiles seperately in the ver-
tical mixing, we observe differences around the outter edge
of the jet. For example, for X/D=16, when Z/D >1.0,
〈U〉 of the stratified case (diamond symbols in figure 5)
is smaller than that of the unstratified case (diamond dash
line in figure 5), while the trend is reversed when Z/D<-
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Figure 5. Vertical profiles of streamwise velocity component (〈U〉/U0)

of stratified and unstratified cases at three different downstream locations.

1.6 along the same profiles. When X/D = 24, the difference
described above is more evident. This observed difference
is due to the following facts. In the upper portion, light liq-
uid (ambient fluid, ρe) is on top of dense liquid (jet mixture,
ρe < ρ < ρs) and this forms a stable stratification, which re-
strains the turbulent mixing. This less active mixing causes
smaller mean axial velocity around the outer edge of the
jet compared to the unstratified case. In the lower portion,
on the contrary, the dense liquid is on top of light liquid
and this forms an unstable stratification, which enhances
the turbulent mixing. As a result, the mean axial velocity
of stratified case is larger than that of the unstratified case.

To investigate the difference between stratified and
unstratified cases, the centerline velocities, Uc(x) =
〈U(x,0,0)〉, are plotted as a function of x in figure 6. The
centerline velocity of stratified case decreases at a slower
rate than the unstratified case, which means the core part
of the stratified case can loses les kinetic energy due to
less dissipation compared to the unstratified case. In an-
other word, the stratified case can maintain its momentum
to travel a longer downstream distance.

The distribution of the ensemble averaged mean non-
dimensional density difference θ = ∆ρ/∆ρ0, of stratified
vertical and horizontal mixing along the X direction is
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Figure 6. Development of the mean centerline velocity along X direc-

tion to compare the velocity decreasing difference between stratified and

unstratified mixing.

shown in figure 7 with the label of the non-dimensional
density contour. We can observe the density change due
to mixing and dilluting process as the jet structure devel-
oped. For the vertical mixing, the centerline density pro-
files departure from horizontal line (Z=0) as the jet travels
to downstream. For the horizontal mixing, the profiles are
nearly symmetric about X axis. This can be explained by
the difference of buoyancy term in vertical and horizontal
cases.

We apply the similarity analysis to the obtained dataset.
The horizontal velocity half-width and vertical velocity
half-width of the jet, y1/2 and z±1/2, are defined such that
〈U(x,y1/2,0)〉 = 〈U(x,0,z+1/2)〉 = 〈U(x,0,−z−1/2)〉 =
1/2Uc(x) [20]. For the horizontal measurement, for both
stratified and unstratified cases, as shown in figure 8, the
profiles of 〈U〉/Uc(x), plotted against y/y1/2, collapse on a
single curve. This suggests that a same similarity solution
is nearly valid for both stratified and unstratified cases at
the density difference being studied in the horizontal direc-
tion.

From the vertical measurement, there is a difference
of the similarity profiles, as shown in figure 9. At a up-
per stream location (X/D=8), the curves of stratified and
unstratified profiles nearly overlap each other. At this loca-
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Figure 7. Schematic illustration of the distribution of the non-dimensional density difference θ of the stratified turbulent jet, the top figure is vertical mixing

and the bottom figure is horizontal mixing.

tion the local Ri number is much smaller than unity, which
means the turbulent mixing is dominant and influence of
buoyancy is less important. However, at a downstream lo-
cation (X/D=24), further away from nozzle exit, the pro-
files of 〈U〉/Uc(x) in the stratified and unstratified cases
are different. As also shown in figure 9, we analyze the
profiles of upper portion and lower portion seperately. In
the upper portion, at the same z, the value of 〈U〉/Uc(x) of
stratified case is smaller than that of the unstratified case
for z/z+1/2 > 1.2, while in the lower portion, the value of
〈U〉/Uc(x) of stratified case is larger than that of the un-
stratified case for z/z−1/2 <−1.2. The difference is caused
by the stable and unstable stratification in the upper and
lower portions, as discussed before.

We define a centerline density difference as θc(x) =
〈θ(x,0,0)〉, and the horizontal density half-width and verti-
cal density half-width, yθ

1/2 and zθ

±1/2, are defined in the the
same way as for velocity half-width, i.e., 〈θ(x,yθ

1/2,0)〉 =
〈θ(x,0,zθ

+1/2)〉 = 〈θ(x,0,−zθ

−1/2)〉 = 1/2θc(x). Figure 10
shows the ensemble averaged mean density of both verti-
cal and horizontal stratified mixing against the radial dis-
tance at locations X/D = 8 and 16. At X/D = 8, the pro-
files of 〈θ〉/θc(x) for horizontal mixing (square symbols)
and vertical mixing (left triangle symbols) nearly collapse.
At X/D = 16, further away from the nozzle exit, when
y/y1/2 > 1.2 and z/z1/2 > 1.2, the profiles of 〈θ〉/θc(x) for
horizontal mixing, does not fit with the profiles for vertical
mixing, and relative difference of 〈θ〉 is about 25 %. Figure

7 Copyright c© 2010 by ASME



11 shows that the profiles of 〈θ〉/θc(x) for vertical mixing
at three downstream locations does not collapse. This sug-
gests that 〈θ〉/θc(x) can not lead to a similarity solution of
density distribution in stratified jet, at least in the outer edge
of the jet where z/z1/2 > 1.0.

To understand the stratified jet expansion structure In
figure 12, the development of velocity half-width (y1/2 and
z±1/2) and density half-width (yθ

1/2 and zθ

±1/2) are plotted
together as functions of x. The velocity half-width curves
including stratified and unstratified, horizontal and vertical
as well, are almost coincident. However, the density half-
width curves of horizontal and vertical cases do not over-
lap each other and also larger than the values of velocity
curves.

SUMMARY
A turbulent jet facility is developed to investigate the

dynamics of unstratified and stratified mixing and en-
trainment process, at Reynolds number Re = 20000 and
Richardson number Ri = 1.7× 10−4. A combined PIV-
PLIF technique measures the 2D velocity and density fields
simultaneously at high spatial resolution. Particularly stud-
ied are vertical mixing (within X-Z plane) and horizontal
mixing (within X-Y plane), as well as the downstream de-
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(bottom) X/D=24.

velopment of jet structures. The ensemble averaged veloc-
ity and density are applied for similarity analysis. Accord-
ing to analysis and observation, there is a significant dif-
ference in the dynamics of the mixing and entrainment be-
tween the unstratified and stratified round jet even though
the density difference of stratified case is only 0.5%. The
velocity profiles of stratified and unstratified cases are al-
most the same along the horizontal direction, but strati-
fied vertical mixing must be analyzed by upper portion
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(stable stratification) and lower portion (unstable stratifica-
tion) seperately. A similarity solution can not be obtained
to profiles of 〈θ〉/θc(x), especially for outer edge of the
jet. On-going efforts include change of Richardson Num-
ber and Reynolds Number by adjusting the experimental
conditions, to better understand physics and modeling of
stratified mixing.
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