
Simultaneous measurements of velocity and density
in buoyancy-driven mixing

P. Ramaprabhu, M. J. Andrews

Abstract A variant of the particle image velocimetry (PIV)
technique is described for measuring velocity and density
simultaneously in a turbulent Rayleigh–Taylor mixing
layer. The velocity field is computed by the usual PIV
technique of cross-correlating two consecutive images, and
deducing particle displacements from correlation peaks of
intensity fields. Different concentrations of seed particles
are used in the two streams of different temperature
(density) fluids, and a local measure of the density is ob-
tained by spatially averaging over an interrogation win-
dow. Good agreement is reported between the first- and
second-order statistics for density obtained from this
technique and from a thermocouple. Velocity–density
correlations computed by cross-correlating individual
time series are presented. The errors in the density mea-
surements are quantified and analyzed, and the issue of
spatial resolution is also discussed. Our purpose for this
paper is to introduce the PIV-S method and validate its
accuracy against corresponding thermocouple measure-
ments.

1
Introduction
In a buoyancy-driven flow, such as a Rayleigh–Taylor
(R-T) mix (Chandrasekhar 1961; Youngs 1984; Snider
and Andrews 1994), temperature plays the role of a
‘‘dynamic’’ scalar influencing the evolution of the velocity
field (and being influenced by it) through the buoyancy
term and Boussinesq approximation. The resulting tur-
bulence can be characterized, in part, by velocity–density
correlations, and it is of interest to turbulence modelers
and for DNS validation to study the variation in such
statistics across the mix. A non-intrusive, whole-field
technique that we call PIV-Scalar, or PIV-S, is used here
to simultaneously measure velocity and temperature
(density) fields. The two streams of different tempera-
tures (densities) in an R-T mix are seeded with different

concentrations of particles, and a digital camera takes
snapshots of the instantaneous intensity field I(x,y) of
reflected light. The velocity field is obtained by a stan-
dard particle image velocimetry (PIV) cross-correlation
technique, while the density field is obtained by per-
forming local spatial averages of the intensity field within
interrogation windows roughly the size of 1 mm · 1 mm
(24 · 24 pixels). Thus,
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where (xc,yc) denotes the geometric center of the inter-
rogation window of size N·N pixels. It is not necessary to
determine the constant of proportionality in the above
equation since we work with non-dimensional quantities.
This also removes the need to calibrate the PIV-S
method. Furthermore, this method is simple to imple-
ment, and yields low error values, as we shall describe.

Although variation in seed particle concentrations has
been used before to determine velocity–density fields
(Simoens et al. 1996), they have large errors, particularly in
the measurement of second-order moments. This is due to
the measurement of pointwise intensity values (rather than
local averages as suggested by Eq. 1) as an indicator of
density, thus leading to unreliable realizations. Further-
more, these methods require two cameras to capture the
velocity and density fields, introducing additional align-
ment errors.

Another technique commonly used is digital particle
image velocimetry/thermometry or DPIV/T (Dabiri and
Gharib 1991) and Park et al. (2001), which involves seed-
ing the flow with liquid crystal particles that change color
in response to temperature changes. From the color of the
particle, the local temperature is inferred, while the dis-
placement of the particle gives the velocity field. The
measurement of color is more complicated (color is a
three-dimensional vector with components [R,G,B]) than
that of the intensity (a scalar) and requires sophisticated
post-processing techniques. This method also suffers from
uncertainties that stem from manufacturing defects in the
particles, causing them to reflect light at different wave-
lengths even while at the same temperature (variations of
5–20% have been observed). In addition, the standard
deviation of the wavelength of reflected light is itself a
function of the temperature, making this technique diffi-
cult to calibrate. Although Park et al. removed some of
the errors by local spatial averaging, significant errors
remained, in some cases up to 8%.
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Sakakibara and Adrian (1999) used PIV and planar
laser-induced fluorescence (PLIF) in tandem to measure
velocity and density fields, respectively. The use of dye
gives very high spatial resolution. This method not only
requires two cameras, but also suffers from sensitivity of
fluorescent dye to light intensity, which may vary due to
refraction. Sakakibara and Adrian (1999) overcame this
problem by introducing a two-dye technique, with each
dye having a different temperature response so that the
ratio of the fluorescence intensities itself is independent of
the temperature. They estimate the overall accuracy of the
method to be around 95% for the mean quantities.

In the following, the experimental setup is described in
Sect. 2.1, while the PIV and thermocouple systems are
detailed in Sects. 2.2 and 2.3, respectively, and the effects
of refractive index changes on PIV are discussed in
Sect. 2.4. Section 3 is a summary of the results, with a
comparison of density data obtained from the PIV-S and
thermocouples (Sect. 3.1), velocity statistics from PIV-S
(Sect. 3.2), and velocity–density correlations (Sect. 3.3).
The errors in the PIV-S method are analyzed in Sect. 4.
Section 5 contains the conclusions.

2
Experiment

2.1
Preliminaries
Figure 1 is a schematic of the experimental apparatus. The
experiment comprises a water channel with a splitter plate
to separate streams of hot and cold water. Off the end of
the splitter plate, the cold water exits above the hot, and
the resulting unstable stratification drives the R-T insta-
bility. No shear was employed in the present work. Thus,
the experiment provides a statistically steady R-T mixing
arrangement that, unlike transient experiments such as the
rocket rig experiments of Read (1984) and the sliding plate
experiments of Dalziel et al. (1999), permits long data
collection times, albeit at small Atwood numbers,
0<At<10–3 (At � qc�qh

qcþqh
, where qh and qc are the hot and

cold water densities respectively). The experimental setup
has been described in detail previously by Snider and

Andrews (1994), but a few key details are reviewed here.
The inlet plenum is divided into an upper and lower
compartment; cold water is fed through the upper com-
partment, while hot water enters through the lower com-
partment. The flow channel is 241 cm long, 31 cm high,
and 15 cm wide. Snider and Andrews (1994) show that, at
this width, the front and back walls do not affect the de-
velopment of the mix in the central region. A splitter plate
(0.32 cm thick, with a 2.5� knife-edge) separates the hot
and cold water streams before they enter the test section.
Calibrated rotameters are used to regulate the flow rate.
Screens and flow straighteners in each of the plenums
serve to minimize free-stream turbulence (Snider and
Andrews 1994) and to suppress the growth of boundary
layers on the walls.

2.2
PIV system
The flow is seeded with neutrally buoyant, hollow silvered
spheres (of size 10 lm) illuminated by a thin (<1 mm)
laser sheet. The beam from a pulsed Nd-YAG laser
(GEMINI PIV system, New Wave Research, Fremont, CA)
is passed through an array of cylindrical lenses to produce
a light sheet of thickness less than a millimeter. A digital
camera, synchronous with the laser, is used to record the
instantaneous positions of the seed particles. Typically,
1,200 consecutive snapshots at a frequency of 30 Hz are
taken to obtain convergent statistics of velocity. The
translation of a particle in two successive images then
gives the velocity vector at that point.

MATPIV, a cross-correlation based PIV software
(J.K. Sveen, University of Oslo, Norway) (Grue et al. 2000)
is used to compute the sequence of velocity fields. The
cross-correlation function R(x,y) is computed from two
image fields, I1 and I2 as,

Rðx; yÞ ¼
XM=2

i¼�M=2

XN=2

j¼�N=2

I1ði; jÞI2ðiþ x; jþ yÞ ð2Þ

where M=N=2n–1; n=3, 4, 5 . . . The component of R(x,y)
containing the mean intensities is subtracted, and the
resulting function is normalized by the correlation

Fig. 1. Schematic of experimental setup
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coefficient. The location of the peak of this correlation
function relative to the center of the interrogation window
of the first image gives the displacement vector. A signal-
to-noise ratio filter is used in conjunction with a histo-
gram-based global filter to smooth the data. Thus, the PIV
software yields 1,199 vector fields from the 1,200 images,
from which first- and second-order statistics may be
computed. A particle concentration ratio of 2:1 between
the cold and hot fluids was typically used (6 ml of particles
per 1,890 liters of cold fluid). A ratio of 3:1 was also tried,
but it was found that the use of different concentration of
particles in the hot and cold streams did not have any
effect on the PIV analysis, and the velocity statistics were
reproduced accurately (Sect. 3.2).

2.3
Thermocouple system
The thermocouple and associated data acquisition system
are described in Wilson and Andrews (1999). Some key
details are mentioned here. Type E thermocouples 40 lm
in diameter are used, with a time constant of approxi-

mately 12.5 ms. The thermocouple wires are welded at the
tip to form a junction. The maximum sampling rate of the
thermocouple (and the data acquisition system) is 85 Hz.
A Reynolds number, Re, may be computed by equating the
potential energy to the kinetic energy of the flow, which
gives (Gebhart et al. 1988)

Re ¼
ffiffiffiffiffiffiffi
gAt

6

r
ð2WÞ3=2

m
ð3Þ

where g is the acceleration due to gravity, m is the kine-
matic viscosity of water, At is the Atwood number, and W
is the mix-width that is taken to be the distance between
locations above and below the splitter plate where the
mean density is 5% and 95% of the cold (or hot) fluid. For
a downstream location of x=35 cm, Re may be estimated
from thermocouple mix-width data to be �1,190. Then,
the smallest time scale (Kolmogorov scale) may be esti-
mated as (Tennekes and Lumley 1994)

Fig. 3a, b. f1 profiles at x=2.5 cm (a) and x=35 cm (b) from PIV-S
and thermocouple experiments (dotted line represents centerline of
mix)

Fig. 2. a Circular object illuminated by laser sheet in an unstably
stratified mix. b rms velocity profiles along the dotted line showing
region of zero velocity
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s ¼ tRe�1=2 ¼ 0:042 s ð4Þ

where s is the turbulent Kolmogorov time scale, and
t the integral time scale (t=W/U). The corresponding
Nyquist limit Nf=2Nturb=47 Hz (where Nturb is the
turbulent Kolmogorov frequency, i.e., Nturb=1/s) is well
below the sampling rate employed here. The temperature
measurements are obtained over a period of 120 s
(enough to capture about 80 large-scale events, each of
turnover time W/U=1.45 s). It was further shown in
Wilson and Andrews (1999) that the size of the ther-
mocouple junction is smaller than the smallest turbulent
length scales.

During the course of the experiment, the following
recursive procedure ensured that the thermocouple was
located at the geometric centerline of the mixing layer.
Initially, the thermocouple was placed close to the mixing
layer centerline by visual inspection (the vertical position
of the thermocouple, mounted on a rake, can be adjusted
by a vernier screw arrangement), and the data logged. The

data acquisition software computes and prints out the
centerline temperature offset factor:

/ ¼ Tmean � Tcð Þ= Th � Tcð Þ ð5Þ

at the end of the data logging process. If / „ 0.5, the
position of the thermocouple is readjusted using a false
positioning method (i.e., linear interpolation), and the
data logging process is repeated. The process is repeated
until / approaches 0.5 to within an accuracy of 5%.

2.4
Refractive index effects
In stratified flows, the refractive index changes with the
density, particularly in the region of the turbulent mix. This
could have an effect on the results obtained from optical
diagnostic techniques such as PIV or LDV, and is usually
rectified through refractive index matching methods
(Alahyari and Longmire 1994). However, we have deter-
mined that for the low values of density differences em-
ployed here (� 0.1% of the mean density), and the short
beam traverse distances (� 8 cm), the refractive index fluc-
tuations do not affect our results. For such low values of Dq

Fig. 4a, b. B0 and B2 profiles at x=2.5 cm (a) and x=35 cm (b) from
PIV-S and thermocouple experiments

Fig. 5a, b. h across the mixing layer at x=2.5 cm (a) and x=35 cm (b)
from PIV-S and thermocouple experiments
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and beam traverse lengths, there is no observable blurring of
seed particles illuminated by the laser sheet. A comparison
of PIV images obtained from a stably stratified mixing layer
with and without a density difference confirmed this.

A quantitative test similar to the one suggested by
Adrian et al. (1986) in their LDV measurements of tur-
bulent thermal convection was also performed. In this test,
a stationary cylindrical object is placed in the unstable R-T
mix, thereby introducing a known, zero velocity in the
field (Fig. 2a). Comparison of the resulting rms velocity
profiles from the two cases (with and without density
difference) shows negligible difference between the two,
and reproduces the region of zero velocity (Fig. 2b).

It has to be emphasized, however, that when this
method is applied to flows with higher density differences
(or with much larger beam traverse distances), matching
of the refractive indices may be necessary.

3
Results

3.1
Density measurements
The first- and second-order moments (mean and fluctu-
ation) of density at two downstream locations, viz.

x�2.5 cm and x�35 cm from the splitter plate, are pre-
sented here. A 24 · 24 pixel (1 mm · 1 mm) window was
used in the averaging process, and the reason for
choosing this window size is explained in Sect. 4. After
trying a variety of averaging procedures, such as the use
of intensity thresholds and pointwise averages, it was
found that simply averaging the intensity within a win-
dow yielded the best results (lowest rms error of density
fluctuations). All experiments were run at a temperature
difference of 5�C between the hot and cold streams
(At�5·10–4), and with no shear (pure buoyancy case).
The density data are compared with results from ther-
mocouple measurements at the same locations [the
temperature data recorded by the thermocouple are
converted to density data through an equation of state,
Kukulka (1981)].

Figure 3a and b shows the volume fraction f1 of the cold
fluid (defined as q�qh

qc�qh
, where �qq is the time-averaged den-

sity) across the mixing layer at x�2.5 cm and x�35 cm
downstream (since the mix is much wider at x�35 cm, due
to turbulent diffusion, only half the mixing layer could be
captured on the photographs in a single experiment). To
investigate the agreement between the thermocouple data
and the PIV-S measurements, we define the following
quantities commonly used (Steinkamp et al. 1999; Linden

Fig. 6. Contour map of B0 at
x=2.5 cm from the splitter plate

Fig. 7. Two consecutive particle
images (separated by 0.04 s),
showing mushroom-shaped
structures made visible by dif-
ferences in particle concentra-
tions
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et al. 1994; Wilson and Andrews 2002) to characterize a
R-T mix:

B0 ¼ q02

Dq2

B2 ¼ f1f2 ¼ f1ð1� f1Þ
h ¼ 1� B0

B2

ð6Þ

where B0 is the turbulent intensity of density variations
across the mix, B2 represents the fluid segregation when no
molecular mixing is present, and Dq is the overall density
difference between the two fluids. Then, h is a molecular
mix parameter and is a measure of the extent of mixing
due to molecular diffusion [first introduced by Dankwerts
(1952)]. h=1 implies perfect molecular mixing and h=0
implies no molecular mixing, i.e., pure two-fluids. In this
experiment, the molecular mix is due to heat conduction.

B0 and B2 are plotted for the two downstream locations
in Fig. 4a and b. As expected, B0 and B2 reach their
maximum values at the center of the mix where most of
the mixing takes place. Furthermore, at the center of the
mix, f1=f2=0.5, so from Eq. (6), B2=0.25. Our measured
values from PIV-S and the thermocouple in Fig. 4 show
excellent agreement with the expected value of 0.25. In
addition, B0 and B2 obtained from the PIV-S and the
thermocouple data compare well, particularly near the
center of the mix. It is noticeable in Fig. 4b that, while the
thermocouple values approach zero near the edge, the
PIV-S measurements of B0 seem to have a residual value.
However, the measured two-fluid density fluctuation, B2,

agrees well between the thermocouple and PIV-S. This
discrepancy may be due to a diffuse thermal edge, or
perhaps due to intermittency at the edge associated with
large scales not sufficiently resolved with a spatial-aver-
aging technique such as PIV-S (the much smaller ‘‘probe-
volume’’ of the thermocouple is better suited to resolve
such sharp interfaces). The disagreement near the edge is
also evident in the plots of h (Fig. 5a and b), which is
particularly sensitive to measurement errors. For a fully
developed R-T mix, B0/B2�0.25, and h�0.75 across the
mix, which is observed here. Since particles have a lower
rate of diffusion than heat (higher Schmidt number com-
pared with Prandtl number), a lower value of h might be
expected. However, this effect is diminished or eliminated

Fig. 8a, b. Velocity vector field
(a), and vorticity field (b) ob-
tained by cross-correlating the
image files of Fig. 1a and b

Fig. 9a, b. Root mean square profiles of u and v velocity components
at x=2.5 cm (a) and x=35 cm (b) from PIV-S and PIV
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in a well-mixed region such as the center of the mixing
layer in these experiments. As a result, we see good
agreement on the values of h in this region between PIVS
and thermocouple data. Indeed, experiments where salt
was used instead of heat to create the density difference
(Dalziel et al. 1999) also give similar values of h near the
center of the mix, in spite of the much lower value of mass
diffusivity associated with salt compared with heat. How-
ever, the Schmidt number does play a role away from the
mixing layer where PIV-S gives a lower value of h. But, the
h value does not become vanishingly small in this region.
We attribute this to the advection of fragments of well-
mixed fluid from the center of the mix, resulting in a flow
history effect. A contour map of B0 at x=2.5 cm given in
Fig. 6 shows the divergence of the mixing layer (the area
shown has physical dimensions of 3.6 cm · 2.0 cm).

3.2
Velocity measurements
Figure 7a and b shows two consecutive particle images,
with the higher particle density in the upper cold water
stream, rendering visible the mushroom-shaped struc-
tures characteristic of R-T instability. The velocity vector
field obtained by cross-correlating Fig. 7a and b, is
shown in Fig. 8a, while Fig. 8b is a contour map of the z
component of instantaneous vorticity (note the positive
and negative vorticity regions that coincide with the
recirculation zone). The mushroom-shaped structure is
reproduced accurately as the large recirculating zone in
the vector field. The velocity field, with few bad vectors in
this region (most occur at the edges), suggests the
MATPIV software seems to be insensitive to the local
differences in particle density, and captures the structural
features of the flowfield. This is also borne out in the
statistics (obtained by averaging over 1,200 images).
Figure 9a and b are plots of the horizontal and vertical
components of turbulent velocity fluctuations across the

mix at x=2.5 cm and x=35 cm respectively, non-dimen-
sionalized by a saturation velocity,

u1 ¼ 0:7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AtgH=4

p
ð7Þ

(Andrews and Spalding 1990), where H is the depth of
the channel. Thus, u¥ represents the velocity associated
with the largest wavelengths (�H). Since this is a no-
shear experiment, vrms dominates over urms as the pri-
mary transport mechanism. This dominance is tempered
downstream, as the coherent structures become more
fully developed and three-dimensional. The uniform-
concentration PIV experiment also shows this trend, with
the ratio vrms/urmsfi1.5 at x�35 cm. observed in Fig. 9b.
Figure 10 is a contour map of vrms/u¥ at x=2.5 cm
showing the spread of the mixing layer, this time in
terms of the velocity fluctuations.

3.3
Velocity–density correlations
From the time series of q, u, and v, it is possible to
compute velocity–density correlations (non-dimensional-
ized by Dq u¥) such as those shown in Fig. 11a. A packet
of fluid lighter than the fluid immediately around it
(q0 ¼ q� q < 0) will rise (v¢>0), thus giving the negative
peak of <q¢v¢>at the centerline. Close to the splitter plate
(x�2.5 cm), density and vertical velocity fluctuations are
strongly correlated. As seen in Fig. 11a, density fluctua-
tions and horizontal velocity fluctuations <q¢u¢>are
weakly related close to the splitter plate. These trends are
seen further downstream as well, where the mix-width is
much wider due to diffusion (Fig. 11b).

4
Error analysis
The primary source of error in measuring reflected light
intensity as an indicator of density stems from the non-
uniformity of distribution of particles, even in a region of

Fig. 10. Contour map of vrms/u¥
at x=2.5 cm
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constant density; particles seemingly tend to clump to-
gether or pass through regions of varying light-sheet in-
tensity. While computing statistical moments of even
order, these and other uncertainties accumulate, resulting
in residual errors, as can be seen near the edge of the
mixing layer in Fig. 4. (Note that far away from the mix
zone, qrms should fi0, as yfi¥, since there is no variation
in density – turbulent or otherwise). To verify that these
errors are inherent measurement errors, and not a result of
lack of statistical convergence, a detailed convergence test
was performed.

Assuming that the errors in the density measurements
are purely random, it can be shown (Mandel 1964) that the
standard deviation of density (at the edge of the mix) falls

on a v2 distribution, i.e., if from a series of samples, each of
size N, we obtain the variances of density to be r1

2, r2
2,

r3
2, . . . , then the ri

2 will fall on a v2 distribution (it can
also be shown that the true variance – obtained from an
infinite sample – is the mean of the ri

2). If n is the number
of degrees of freedom in each sample, i.e., n=N–1, then,

n
r2

r2
¼ v2

n ð8Þ

where vn
2 is the v2 function based on n degrees of freedom.

Thus, for a given n, we may determine the ratio �rr2

r2 from the
v2 distribution, and hence the error in determining q.
Figure 12 shows the percentage error in determining q as a
function of the sample size (for a confidence level of 95%).
The turnaround at N�1,000 is also confirmed by the
experimental data, and it can be concluded that the errors
observed here are purely a result of the inherent ran-
domness of the measurement process. Note that the re-
quirements for convergence may be more severe along the
center line, particularly further downstream, as the co-
herent structures grow in size, increasing their turnover
time, thus necessitating longer time averages.

The size of the interrogation window used also affects
the rms value. The argument used here in picking the
window size of 24 · 24 pixels is similar to the argument
that the ‘‘continuum hypothesis’’ is based on. If the win-
dow is too small, the local spatial average is unreliable,
since it is based on too few realizations. If the window is
too large, then we may be averaging over real changes in
the field variable. Thus, the window size was chosen in the
region of the plateau in Fig. 13, so that the computed av-
erages are not dependent on the size of the interrogation
window.

5
Conclusions
By seeding the hot and cold water streams with different
concentrations of particles, a measure of the local density

Fig. 11. Profiles of <q0u0>
Dq u1

(continuous line), and <q0v0>
Dq u1

(broken line) at:
a x�2.5 cm downstream; b x�35 cm Fig. 12. Percentage rms error as a function of number of samples
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was obtained. This technique requires no modifications to
a standard PIV system and does not require additional
cameras or optical filters. Since the measurements are of a
density indicator (i.e., concentration of particles), and not
the actual density or temperature at a point, no calibration
is necessary. For this same reason, PIV-S is not limited to a
particular range of temperatures or densities. In this pa-
per, we have tried to show the proof-of-principle of this
technique for such measurements.

The primary limitation of the PIV-S technique is its
poor spatial resolution of density measurements. A
24·24-pixel averaging window, such as the one used here,
limits the spatial resolution of the technique to
1 mm·1 mm. Thus, wave number spectra of density
fluctuations smaller than this cannot be reliably com-
puted, unless much smaller window sizes are used. The
accuracy of this method is of the order of 90% for rms
values of the density. We point out that this method is
limited to flows that are not continuously stratified. In
such cases, it is not immediately apparent how to ‘‘as-
sign’’ a particular value of particle concentration to a
local density value. Also, while the effect of refractive
index fluctuations on the PIV results were found to be
insignificant here, such effects may have to be taken into
consideration when applying this technique to higher
density-difference applications.

It is expected that computing third-order moments,
<q¢2v¢>, <q¢2u¢>, <q¢u¢v¢> etc., will be a straightforward
extension of the methods used here. Also, these higher-
order moments will not introduce additional errors and
will have the same accuracy as the rms measurements
reported here. This is not true for fourth-order moments

where, once again, random errors do not vanish. Finally,
using holographic techniques, such as holographic particle
velocimetry, which record the positions of seed particles in
3D space, it is conceivable that 3D measurements of the
density field and its correlation with the velocity field may
be measured.
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