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Abstract

The feasibility of particle image velocimetry (PIV) in a thermally convective supercritical fluid was investigated. Hereto
a Rayleigh—Bénard convection flow was studied at pressure and temperature above their critical values. The working fluid
chosen was trifluoromethane because of its experimentally accessible critical point. The experiments were characterized by
strong differences in the fluid density from the bottom to the top of the cell, where the maximum relative density difference
was between 17 and 42%. These strong density changes required a careful selection of tracer particles and introduced opti-
cal distortions associated with strong refractive index changes. A preliminary background oriented schlieren (BOS) study
confirmed that the tracer particles remained visible despite significant local blurring. BOS also allowed estimating the veloc-
ity error associated with optical distortions in the PIV measurements. Then, the instantaneous velocity and time-averaged
velocity distributions were measured in the mid plane of the cubical cell. Main difficulties were due to blurring and optical
distortions in the boundary layer and thermal plumes regions. An a posteriori estimation of the PIV measurement uncertainty
was done with the statistical correlation method proposed by Wieneke (Measure Sci Technol 26:074002, 2015). It allowed
to conclude that the velocity values were reliably measured in about 75% of the domain.
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1 Introduction

Supercritical (SC) fluids are very interesting for energy
production, where they are mainly used as cooling fluids
(see, e.g., Pioro and Kirillov 2013). The thermodynamic
efficiency of a power plant can be significantly increased
by extending its cooling cycle to temperatures in the SC
region (Pioro and Kirillov 2013; Pioro 2012; Schuster
et al. 2010; Karellas and Schuster 2008; Feher 1968).
Research is going on to design a new kind of nuclear
reactor cooled by supercritical water, i.e., the supercritical
water reactor (SCWR), for the fourth generation of nuclear
reactors (International Forum 2017; Pioro and Romney
2016; Buongiorno and MacDonald 2003; Oka and Koshi-
zuka 1993). One of the main current open challenges for
the development of this kind of reactor is related to the
validation of heat transfer models at SC conditions. At
SC conditions, fluids experience a sharp change of mate-
rial properties, and as a result, their heat transfer behavior
is very different with respect to sub-critical conditions
(Yoo 2013). Experimental studies were performed in SC
fluids with wall and bulk temperatures, heat fluxes, and
mass flow rates as measured quantities (Huang et al. 2016;
Jackson 2006, 2013; Jiang et al. 2006; Pioro et al. 2004).
Local velocity measurements at SC conditions were done
by Kurganov and Kaptil’ny (1992). This study showed
velocity profiles in a pipe measured by Pitot tubes inserted
in the flow. Vukoslavcevi¢ et al. (2005) performed local
simultaneous velocity and temperature measurements,
using hot and cold-wire probes, in supercritical CO,. Fur-
thermore, two previous velocity studies using single-point
optical measurement techniques (i.e., laser Doppler veloci-
metry) near or above the critical point do exist, but for
very particular conditions. In the study by Ashkenazi and
Steinberg (1999), the temperature difference between the
two horizontal plates of their thermal convection system
was kept within a few mK, to maintain Boussinesq condi-
tions for the working fluid (Boussinesq 1903). In another
study, performed by Licht et al. (2009), the measurements
were done in a square annulus, and forced and mixed con-
vection conditions were studied, with water as working
fluid, with bulk temperatures of 175-400 °C with upward
mass fluxes of 300 kg/(m?s) and 1000 kg/(m? s) and heat
fluxes of 0, 200, and 440 kW/m?, at a pressure of 25 MPa.

To the knowledge of the authors, velocity field meas-
urements by PIV at SC conditions have never been done
previously. In this paper, the applicability of the PIV tech-
nique to supercritical fluids is studied. The very strong
changes in fluid properties occurring at these conditions
make it challenging to perform PIV measurements for sev-
eral reasons. One is that due to the strong density varia-
tions within the flow domain, the tracer particles may not
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be able to follow the flow or may not remain suspended
in the flow at all. Because of density changes, also the
number of the particles within the measurement domain
may not be sufficiently high or uniform as desired for PIV
measurements. Other reasons are related to the gradients
in refractive index, which can cause particle image blur
and introduce errors in the measured position of the parti-
cles and their velocity, as shown by Elsinga et al. (2005).
In their study, a method was developed to quantify and
correct for such errors in 2D compressible flows with a
stationary and smoothly varying density distribution. They
further showed that the second derivative of the refractive
index in the direction of the velocity is the major source
of velocity errors. PIV studies in fluids with strong local-
ized changes in the refractive index were performed in
compressible flows by Murphy and Adrian (2010) and by
Elsinga and Orlicz (2015). Murphy and Adrian (2010)
developed a high speed PIV system to study blast waves.
Elsinga and Orlicz (2015) performed particle tracking
velocimetry (PTV) and PIV measurements together with
light-ray tracing predictions and found that optical errors
in the velocity measurements of shock waves strongly
depend on the angle between the viewing direction and
the plane of the shock. These insights and methods were
originally developed for compressible flows, but apply
equally to thermal convective flows at supercritical con-
ditions. However, the changes in refractive index are much
stronger and more three-dimensional in the latter case,
which warrants a further assessment of the optical distor-
tions as proposed here.

The present assessment is based on PIV measurements
in a Rayleigh—-Bénard (RB) convection cell operated at
pressures and temperatures above the critical point. In
addition, separate BOS measurements are taken to inde-
pendently examine the optical distortion and estimate
the associated errors in the PIV measurements. The cell
and measurement setups are introduced in Sect. 2. As
explained above, the selection of tracer particles is critical
and will be deliberated in Sect. 2.2. Results from the BOS
optical distortions study (Sect. 3) allow us to determine
blur and estimate the position and velocity errors in PIV.
After that, the PIV results at supercritical fluid conditions
are presented (Sect. 4), and an estimation of the statistical
measurement uncertainty is made (Sect. 4.3). In addition,
we compare results at supercritical conditions with ear-
lier experimental studies under non-Boussinesq (but sub-
critical) conditions (Valori et al. 2017), and observe some
distinct differences. Finally, a general method to estimate
the uncertainty of the PIV cross-correlation algorithm
(Wieneke 2015) is applied to the unconventional condi-
tions of a supercritical fluid.
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2 Experimental setup and experimental
programme

The high-pressure RB cell is composed of a cube with two
horizontal copper plates and four glass lateral walls. This
cube is inserted inside a stainless-steel cylinder with three
sight-glass flanges made of borosilicate to allow optical
access to the flow. A drawing of the RB cell is shown in
Fig. 1. The dimension of the internal cube is 70 mm in each
direction. Two glass lateral walls of the RB cell (indicated in
Fig. 1) are made of a special borosilicate for high-pressure
applications (METAGLAS" Sight Glass Flange, Connection
to DIN 2501-Type 11). Inside each horizontal copper plate,
a duct for water was made. These two ducts are included
in two low-pressure water circuits and provide the heat
exchange to the RB cell. The flow rate of the water in the
cooling and heating circuit was chosen to keep the difference
in water temperature between entering and leaving the plate,
within 0.6 K, being of the order of the uncertainty range
of the thermocouples. For insulation purposes, the copper
plates are not in direct contact with the stainless steel, but
there is a gap between them, as shown in Fig. 1. This gap is
filled with an insulator material, which is polyetheretherk-
etone (DIN-abbreviation: PEEK).

The working fluid used is trifluoromethane (molecular
formula: CHF;, ASHRAE Number: R-23; American Soci-
ety of Heating and Engineers 2017). It was chosen because
of its experimentally accessible critical point (i.e., 48 bars
or 4.8 MPa, at about 26 °C or about 299 K, Lemmon et al.
2013).

Table 1 summarizes the operative range of the RB high-
pressure setup. More details about the facility can be found
in the Ph.D. thesis of Valori (2018).

2.1 Pressure and temperature measurements

The pressure in the cell is measured by a PTX 510 Industrial
Pressure Transmitter, with a range from 1.5 to 10,000 psi
(0.1 to 68.9 MPa) and with an accuracy of + 0.15% in the
full scale. At the pressure of the experiments, i.e., about 60
bar, the maximum uncertainty in the pressure value is 0.09
bar. The sensor is located in the feeding pipe of the cell
indicated in Fig. 1.

One thermocouple each is located in either copper plate
of the RB cell, as shown in Fig. 1. This is the reference
thermocouple used in the experiments to indicate the abso-
lute temperature of the plates. For each water circuit, there
are two additional thermocouples immersed in the cooling/
heating water circuit, i.e., at the inlet and at the outlet of
the copper plates of the RB cell, respectively. In addition,
there are thermocouples recording the temperature inside
the reservoir tanks from which the cooling/heating water is
pumped. The thermocouples used are LABFACILITY type

K, class 2, mineral insulated sensors. They were calibrated
against two temperatures (triple point, 0°C, and boiling
water, 100 °C at standard atmospheric pressure) and have a
maximum tolerance of + 0.3 K.

2.2 Instrumentation for PIV and BOS measurements

Figure 2 presents the layout of the PIV system. The different
components are discussed in more detail next.

Particles When selecting tracer particles for the experi-
ments at supercritical conditions, we first need to look
for appropriate mechanical particle properties allowing
them to follow the fluid motion accurately. The difference
between the fluid velocity, u, and the particle velocity, up,
is known as slip velocity, u;,. For very low particle Reyn-
olds numbers (< 1 based on the particle diameter and the
slip velocity), the slip velocity of a particle in a continu-
ously accelerating fluid can be calculated using the Stokes
drag law as (Raffel et al. 2007)

(pp—p)
iy = p =10 = dp ==, (1)

where d is the particle diameter, pp is the density of the par-
ticle, p and p are the density and the dynamic viscosity of
the fluid, respectively, and a is the acceleration of the fluid.

At higher flow velocities the velocity-slip equation is
more complex; see Adrian and Westerweel (2011), Raf-
fel et al. (2007), Melling (1997), Mei (1996, 1994), and

Top thermocouple ——p CHF3 feeding pipe

Water feeding pipes
of the bottom plate

Borosilicate glass
for camera view

Fig.1 Drawing of the Rayleigh-Bénard high-pressure convection
cell, with indications of: copper plates, thermocouples, laser port,
borosilicate glass wall, water feeding pipes, and CHF3 feeding pipe
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Table 1 Operational conditions of the Rayleigh-Bénard facility Top plate Cell
Pmax [bar] Pmin [bar] Tmax [OC] Tmin [OC] Camera
60 0.1 70 20 Laser sheet | @
Tax and T, are the maximum and minimum temperatures that can :

be reached in the copper plates of the cell, while P, and P, are the

maximum and minimum operational pressures of the facility

also other aspects, like added mass and unsteady history
(Mei 1996) should be taken into account in the choice
of appropriate tracers particles. Their effect was studied
by Mei (1996) with a frequency response analysis of the
particle to a sinusoidal oscillation of the free stream. In
this study, the frequency response of the particle was
expressed as a function of a Stokes number, defined as
the non-dimensional frequency of the fluid oscillation,
and the ratio of the particle and the fluid densities. For a
density ratio between particle and fluid between 0.56 and
1.62 a frequency response with a cutoff of 1/2 or 2, of the
tracer particles was found (Mei 1996). On the basis of the
particle-frequency response, a range of particle to fluid
density ratio between 0.56 and 1.62 is required for the PIV
tracer particles (Adrian and Westerweel 2011).

The present experiments were characterized by a sub-
stantial variation of the fluid density and viscosity within
the cell (see Table 3). For each experimental condition,
tracer particles were selected taking into account the den-
sity of the fluid at the average temperature in the cell,
T,,, given by the arithmetic average between bottom plate
temperature, 7,, and top plate temperature, 7, as well as
the fluid densities at the top and bottom plate tempera-
tures. The former was considered to minimize the veloc-
ity slip due to gravity, and the latter to make sure that the
largest and smallest density ratio of the experiments was
within the limits of good particle-frequency response as
reported by Mei (1996). Table 2 reports the density and the
diameter of the particles used in the present experiments,
the ratio between a characteristic time due to Stokes drag
and the integral time scale of the flow, the ratio between
the slip velocity due to gravity only, and the large-scale
circulation velocity of the flow, and the ratio between the
particle density and the fluid density. The density ratios
are between 0.89 and 1.61, complying with the criteria
proposed by Mei (1996) for good tracer properties, which
is particle to fluid density ratio between 0.56 and 1.62. The
particles used are hollow glass microspheres, produced
by Cospheric LLC. They are made of sodium silicate
(77-88 % in weight), sodium borate (7-18 % in weight),
and amorphous silicon dioxide (< 5% in weight). Particles
of these materials were selected, because they are chemi-
cally compatible with the supercritical trifluoromethane
(R-23) used in the experiments. Since the particles showed
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d =30cm

3|

Fig.2 Sketch of the relative position of camera, cell, and laser sheet
for planar PIV measurements, with indication of X, Y, and Z coordi-
nates. The experimental parameters of the measurements are reported
in Table 2

the tendency to agglomerate in static clusters, of about 1
cm of length, it was necessary to prevent cluster forma-
tion before starting the operation of the facility. A solution
was found by cleaning the particles with ethanol before
introducing them into the setup. Ethanol dissolves and
removes chemicals that may be attached to the particles.
In addition, the internal walls of the setup were cleaned
with ethanol to avoid adhesion of the glass particles to the
surfaces. Figure 3 presents a close-up of a camera record-
ing showing the particle images acquired in the present RB
flow at supercritical conditions.

Laser The light source used in the measurements is a diode
pumped solid-state laser. It is a continuous wave laser with a
power of 5 W at a wavelength of 532 nm. A spherical and a
cylindrical lens were used to generate a laser sheet. The cylin-
drical lens had a focal length of —3.9 mm. This small focal
length was necessary to create a laser sheet that spanned the
full height of the cell (H=70 mm) through the small lateral
window of the cell (see Fig. 1). The laser sheet was located in
the mid plane of the cell, and was about 1 mm thick (measured
value).

Camera The camera used for the PIV measurements was a
LaVision Imager MX, with a digital resolution of 2048 x 2048
pixels and a pixel pitch of 5.5 pm. The image sensor was a
CMOSIS CMV4000 with dimensions of 11.26 X 11.26 mm.
The images were acquired at a frame rate of 3 Hz with an
interframe time of 20 ps, which corresponded to a maxi-
mum particle image displacement of 10—12 pixels. The cam-
era was equipped with a lens with a focal length of 50 mm
(Nikon model Nikkor AF /1.4D) and the aperture stop used
for the measurements was either 8 or 5.6, depending on the
experiment (see Table 2). The field of view of the record-
ings was 7 x 7 cm? resulting in an image magnification fac-
tor M, = 0.13. The depth of field (6,) of the measurements
computed from Eq. (2):

2
1
5z%4<1+ﬁ70> f7a )
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Fig.3 Camera image of particles at supercritical conditions in a
thermally convective flow (pressure: 5.52 MPa, temperature bottom
plate: 309.5 K, temperature top plate: 307 K, fluid: F;CH). The par-
ticles that are illuminated by the laser are visible as bright spots. The
dimensions of the image are: 1.6 mm X 2.7 mm

Table 2 Experimental parameters for the PIV measurements: Aper-
ture stop, fy, values of the experiments PIV SCg,q, PIV SC
and PIV SC,,q

max 4p>

PIV SCjiguia PIV SCpy 4, PIV SC,,
fi 8 5.6 5.6
Pp [g/cm3] 0.68 0.55 0.55
dp [um] 5-20 5-27 5-27
ugip/(@ty) 0.3x 107 1.5x 107 3.5%x1074
Ugip.g/ Upsc X 100 0.8 4 0.9
[pp/p] min 0.89 0.93 1.35
[pp/p] max 1.05 1.32 1.61

pp is the density of the particles, and dp the particle diameter.
ugi,/(at;) is the ratio between the particle response time as computed
by Eq. (1) (with density, p, and dynamic viscosity, u, taken from
CoolProp by Bell et al. (2014) at the average top—bottom tempera-
ture, T,,, of the cell) and an integral time scale of the flow estimated
from experiments, 7;. Uy, ,/Ursc represents ug;, computed as in
Eq. 1 when the acceleration of the fluid is equal to the gravity accel-
eration, normalized by the large scale circulation velocity of the flow
estimated from experiments, U; 4c. The last two rows show, respec-
tively, the minimum and the maximum values of the ratio between the
particle density, pp, and the fluid density, p, for each PIV experiment
(values of p at the top and the bottom temperatures of the cell at the
pressures of the experiments were taken from the CoolProp database
by Bell et al. (2014)

was about 5-10 mm depending on the f,. Hence, the laser-
sheet thickness was smaller than the focal depth thickness
ensuring good focusing conditions of the particles. The use
of an f, larger than necessary aids in maintaining a good
focusing of the particles due to variations in refractive index
that tend to blur the images when a smaller f} is used.

The setup used for the BOS measurements (Richard
and Raffel 2001) is similar to the one for the PIV meas-
urements, with one main difference: The camera records
images of a computer generated background dot pattern
placed behind the cell, instead of the particles in the mid
plane of the cell. The refractive index variation within the
cell distorts the images of the background pattern (Richard

and Raffel 2001), which is measured using a cross-corre-
lation algorithm similar to PIV.

2.3 Experimental programme

BOS measurements were performed at supercritical condi-
tions to check the applicability of PIV in a region with strong
optical distortions. Three experiments were done by varying
the density difference between the top and the bottom of the
cell. Afterwards, PIV measurements were done at the same
experimental conditions. Table 3 shows the experimental
conditions of all BOS and PIV experiments.

In this table, in the first six lines, the pressure, p, and the
temperatures of the top, 7}, and of the bottom plates of the cell,
T,, are reported, together with the standard deviations (std) of
the electric signal from the thermistors. The seventh line reports
the mean value between the top and the bottom wall tempera-
tures. The three experimental conditions chosen for the PIV
and the preliminary BOS study are called SCj;qigs SCppa 4, and
SCyys- The experiment SC,,,, 4, is the one with the largest dif-
ference in density and refractive index between the top and the
bottom of the cell. The experiment SCj;,iq is characterized by
larger values of the density, closer to the liquid phase, while
the experiment SC,, by lower values, closer to the gas phase.

The calculated densities, p, refractive indices, n, thermal
expansion coefficients, @, dynamic viscosities, u, kinematic
viscosity, v, and Prandtl number, Pr, at the top and bottom
plate temperatures of the cell are reported in the bottom part
of Table 3, together with their relative top—bottom variations
(4). All the fluid property values of CHF; were taken from
the CoolProp database (Bell et al. 2014), except the refractive
index values as a function of p, n(p), which were taken from
Avdeev et al. (2004), where a relative error in An/n of ~ 0.01%
is indicated. n(p) is defined using the Lorentz-Lorenz Eq. (3),
which relates density and refractive index of a substance as

-1 _
n?+2

Ap, 3

where A is a material constant related to polarizability,
which does not depend on temperature. The values of
(p. — pv)/ p(Ty,) and (n(p,) — n(py))/n(p(T})) show the impor-
tance of the difference in density or refractive index between
the top and the bottom of the cell with respect to its value at
the bottom plate temperature (73,).

2.4 Data acquisition and processing

The PIV and BOS images were processed with the DaVis
8 software from LaVision GmbH. A two passes cross-cor-
relation algorithm with decreasing interrogation window
size was used. The size of the final pass was 32 x 32 pixels
for all BOS measurements and 48 X 48 pixels for the PIV

@ Springer



143 Page 6 of 14

Experiments in Fluids (2019) 60:143

experiments, except for one case, that is PIV SC,, 4, (see
Table 3), where it was 64 X 64 pixels, to get a larger number
of valid vectors. The overlap of the interrogation windows
was 50%. The spatial resolution for the BOS measurements
was 1.35 mm (based on window size), while for the PIV
measurements, it was 2 mm, except for the SC case,
where it was 2.7 mm.

max Ap

3 Assessment of imaging conditions using
BOS

The BOS technique (Richard and Raffel 2001) was used to
quantify optical distortions due to refractive index changes
in supercritical fluids. These distortions result in (particle)

image blur (Sect. 3.1) and apparent image displacement
(Sects. 3.2 and 3.3).

3.1 Evaluation of particle image blur

Instantaneous BOS recordings, at the experimental condi-
tions of SC,,, 4,» With and without temperature difference
across the cell, are shown in Fig. 4a, b. The optical distor-
tions due to temperature gradients are visible in panel (a) as
a blurring in the background image that is not visible in the
corresponding (b) panel.

In Fig. 4a, three red dots are indicated. Two of the dots
(B) and (C) are located in blurred regions: one close to the
bottom boundary layer and another one in a plume at the
center of the cell. The third dot (labeled A) is in a region
without optical distortions. From this figure, it can be
seen that the white dots on the background are difficult to

Table 3 Overview of the experimental conditions for the BOS and PIV experiments

BOS BOSAT =0  BOS BOSAT =0  BOS BOSAT =0  PIV PIV PIV

SCiquia SCiiquia SChaxsp  SCinaxap SCys SCus SCiquia SChmaxap  SCp
p [kPa] 5519 5390 5516.1 4318 5511.8 4585 55162 5499.5 5518.9
std(p) [kPa] 6.10 235 425 27 4.94 2.94 6.93 3.18 6.37
T, [K] 301.0 3002 304.1 297.1 307.1 2977 301.0 304.1 307.0
std(T)) [K] 0.07 0.07 0.08 0.07 0.08 0.08 0.08 0.08 0.08
T, [K] 303.6 300 306.5 297.1 3096 2976 303.5 306.5 309.5
std(Ty) [K] 0.07 0.07 0.08 0.07 0.08 0.07 0.07 0.08 0.08
T, [K] 3023 300.1 305.3 297.1 3084 2977 302.3 305.3 308.3
o(T,) [kg/m’] 759.57 - 608.91 - 40148 - 760.38  592.65 407.01
o(T,) [kg/m’] 64565 - 42672 - 33854 - 649.03  416.97 341.97
Ap/p(T,)) X 100 17.64 - 42.69 - 1859 - 17.16 42.13 19.02
n(p(T,) L1134 - 10926 - 10589 - 11135  1.0901 1.0597
n(p(Ty)) 1.0978 - 10633 - 1.0501 - 1.0963  1.0615 1.0506
An/n(T,) X 100 142 - 276 - 0.84 - 1.57 2.69 0.87
a(T,) K] 00395 - 01332 - 0.0916 - 00393  0.1470  0.0952
a(Ty) [K™'] 01053 - 01117 - 0.0489 - 0.1030  0.1058  0.0504
Aa/a(T;)x 100 -625 - 19.3 - 87.3 - -618 389 88.9
u(T,) [uPas] 52.01 - 38.26 - 2571 - 52.09 37.04 25.97
u(T,) [uPas] 41.19 - 26.91 - 23.1 - 4147 26.43 23.23
Ap/ u(T,)x 100 26.3 - 422 - 113 - 25.6 40.1 11.8
W(T,) [m?/s] 00395 - 00233 - 00103 - 0.0396  0.0220  0.0106
W(Ty) [m?/s] 00266 - 00115 - 00078 - 00269 00110  0.0079
Av/v(T,)x 100 485 - 103 - 32.1 - 472 100 342
PH(T,) 3.82 - 8.75 - 5.55 - 3.81 9.40 5.76
Pr(T,) 739 - 6.68 - 3.20 - 7.27 6.35 3.28
APr/PKT,) x 100  —483 - 31 - 734 - —476  48.03 75.6

The working fluid is F;CH. p is the pressure of the cell and std(p) its standard deviation. 7 is the top plate temperature and std(7}) its standard
deviation, 7} is the bottom plate temperature and std(7}) its standard deviation. T}, is the average top—bottom temperature, T, = (T, + 7})/2.
p(T) [n(p(T), a(Ty), u(Ty), v(T,), Pr(T)] and p(Ty) [n(p(Ty)), a(Ty,), u(Ty), v(Ty), Pr(Ty)] are the fluid density [refractive index, isobaric thermal
expansion coefficient, dynamic viscosity, kinematik viscosity, and Prandtl number] values at 7, and 7,, respectively, 4p [An, Aa, Au, Av, APr]
is the difference between p(T)) [n(p(T))), a(T), u(T,), v(T), Pr(T))] and p(T,) [n(p(T})), a(T}), u(Ty), v(T},), Pr(T,)]. p, a, u, v, and Pr values of
F;CH taken from the CoolProp database (Bell et al. 2014), and n(p) values of F;CH taken from Avdeev et al. (2004)
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distinguish in the blurred regions. This can also happen with
the images of tracer particles in the PIV measurements (even
when the illuminated PIV particles are located at the cell
half depth). Note that the thickness of the layer of fluid with
refractive index changes in the PIV measurements is half the
thickness for BOS measurements.

To quantify the blurring, the spatial autocorrelation func-
tion of the intensity was computed for each of the three loca-
tions marked by red dots in Fig. 4a, and compared to the case
without temperature gradient. The intensity autocorrelation
function (/,) is based on the fluctuating intensity within a
correlation window around the points. The size of the cor-
relation window was chosen at 128 x 128 pixels, and it is
the same size as the first-pass interrogation window used for
the PIV measurements made at the same experimental con-
ditions. Figure 5 shows the resulting normalized intensity
autocorrelation peaks, I, for the case SC,,, 4, (the condi-
tion with the largest refractive index changes). In absence
of visible thermal plumes [panel (a)] no important decrease
or broadening of the autocorrelation function peak is vis-
ible. A clear broadening of the peak is visible in the case
with temperature difference across the cell, for the part in
the bottom boundary layer [panel (c)], and for the plume
[panel (b)]. This increase in peak width compared to the case
at uniform temperature is a measure for image blur associ-
ated with temperature variations in the cell. Image blur also
reduces contrast in the images resulting in an attenuation
of the correlation peak magnitude, which is not apparent
from Fig. 5 due to the chosen normalization. However, the
reduced signal strength causes image noise to gain relative
importance, which leads to a ’noise’ spike at the origin,
Ax = 0, in the intensity autocorrelation, most notably for
the bottom boundary layer [panel (c) red line].

Based on the observed autocorrelation peak broadening,
and assuming Gaussian blur, the blur diameter is estimated
at 30 and 15 pixels for the bottom boundary layer and the
plume, respectively. In PIV, since the laser sheet is at the cell
half depth, the optical path through the refractive index field
is reduced by half compared to BOS. According to Elsinga
et al. (2005) the blur length scales with the cube of the opti-
cal path, which means that the expected blur diameter in the
PIV imaging is less than 4 pixels for the present flow condi-
tions. This implies that the PIV cross-correlation algorithm
yields detectable peaks in most of the cell cross section even
at this level of blur. The PIV measurement uncertainty asso-
ciated with a 4-5 pixel particle image diameter is around
0.1 pixel for the cross-correlation window sizes used (Raf-
fel et al. 2007; Adrian and Westerweel 2011). Therefore,
particle image blur is not expected to significantly affect the
overall accuracy of the PIV measurement.

(b)

Fig.4 a Instantaneous camera image of the BOS background with
temperature difference AT = 2.4K, at the experimental conditions
of the case BOS SC,,, 4,- The three red dots with letters indicate
the points, where the autocorrelation functions of Fig. 5 were cal-
culated. b Camera image of the BOS background without tempera-
ture gradient, used as reference (BOS AT = 0SC of Table 3).
AT =0K,T,, =297.1K,p = 4318kPa

max 4p

3.2 BOS time-average distortion

The average BOS displacement is due to the temperature
dependency of the isobaric thermal expansion coefficient
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of the fluid (see Table 3), and it contains two main effects.
One is that the mean temperature of the reference record-
ing without temperature gradient is different from the one
with temperature gradient, and this leads to a different global
magnification factor (M,)). The second effect is that in the
cases with an imposed temperature gradient, the temperature
field is not uniform throughout the measurement section,
even when the time-averaged field is considered, and this
leads to deflections of the light towards the lens.

To quantify these effects, the time-averaged BOS dis-
placement was determined from 1-h long measurements
with 10800 samples, which are the same measurement
length and number of samples used in the PIV measurements
for statistical reasons (see Sect. 4.2). The measured image
displacements at the three experimental conditions are of the
order of 10um. Considering the largest time-averaged BOS
displacement, which was measured at the experimental con-
ditions SC,,, the global magnification M, does not change.
This can be seen when comparing the maximum average dis-
placement, being 7.3 pixels within the linear field of view of
~ 2000 pixels (because 7 <« 2000). For PIV measurements
this global magnification factor effect is even smaller and
can be neglected, because the optical path through the fluid
is only half as long with respect to the BOS measurements.
Therefore, the mean optical displacement in the PIV images
is estimated to be 1/4 of the displacement in the BOS images
(Elsinga et al. 2005). However, the inhomogeneity of the
instantaneous temperature field may lead to local deflections
that are responsible for appreciable PIV velocity uncertain-
ties, as shown next.

3.3 BOS instantaneous measurements

The instantaneous BOS displacement fluctuations highlights
the instantaneous thermal structures of the flow. In all three
cases these structures appear statistically uniformly distrib-
uted throughout the cell.

Local changes in the magnification factor due to the
refractive index field are responsible for velocity errors
in PIV measurements. In particular, it was shown that the
relative velocity error is equal to the optical displacement
gradient, Vd, in the direction of the velocity vector, with a
minor correction due to d itself (Elsinga et al. 2005). Exam-
ples of the displacement gradient, Vd, measured by BOS are
shown in Fig. 6, for the three experimental conditions. The
maximum values of Vd are of the order of 10%. Since Vd, as
computed from these measurements, corresponds to optical
distortions that are integrated over the depth of the domain,
and the flow is not two dimensional, it is not possible to
directly correct the PIV measurements based on the present
BOS measurements. However, the BOS results can be used
to estimate an upper bound for the velocity error due to opti-
cal distortions. Consider a thermal structure located near the
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Fig.5 Instantaneous autocorrelation functions in three points of the
experiment BOS SC,,,, 4,, with and without temperature difference
(AT = 24K, squares and red line and AT = 0K, circles and blue
line). The three points with A B C are indicated in Fig. 4a with red
dots. a Point at the center of the cell, where no plumes are visually
detectable, b point at the center of the cell, where a plume is visible,
and ¢ autocorrelation function in the point close to the bottom bound-
ary layer
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front window of the cell, which causes light to deflect with
a certain angle. The corresponding distortion in the BOS or
PIV image then is proportional to this angle multiplied with
the distance between the thermal structure, i.e., front win-
dow, and the dot pattern (BOS), or the particles in the laser
sheet (PIV). Because the distance is half for PIV, we expect
the distortion d and Vd to be halved for this thermal struc-
ture, which results in an upper bound of approximately 5%
for the direct velocity error in the PIV measurements (Els-
inga et al. 2005). Note that in thermal plumes and boundary
layers the largest Ad is expected to misalign with the veloc-
ity, which would considerably reduce the errors.

4 PIV measurements

This section presents time-averaged velocity fields of all
experiments as well as an instantaneous snapshot (Sect. 4.1),
an assessment of the statistical uncertainty (Sect. 4.2), and
an a posteriori estimation of the uncertainty with correlation
statistics (Sect. 4.3).

4.1 Time-averaged and instantaneous velocity
fields

Time-averaged velocity fields at the experimental conditions
SCiquia> SCrax 4,» and SC,y, are shown in Figs. 7, 8, and 9,
respectively. No preprocessing of the raw images was per-
formed, except for the experiment SCgas, where a local time-
averaged minimum image was subtracted from the camera
recordings to reduce the noise. This was necessary to better
distinguish the particles from the background. The presence
of a large scale circulation flow, typical of RB convection
(Ahlers et al. 2009), was observed in all experiments. The
shape of the large scale circulation roll is very asymmetric
in all the three cases. The experiment SCy;,iq (Fig. 7) is the
case with the largest magnitude of the integral velocity scale.

Since the flow direction was clockwise for the experi-
ment SC,;,iq and anti-clockwise for the other two cases, the
SCiquia flow fields (Figs. 7, 10, and 14) were mirrored with
respect to the vertical axis to facilitate an easier comparison.
The shape of the velocity field is very similar for the SCyjqiq
and SC,, 4, cases (compare Figs. 7, 8). In particular, it is
interesting to look at the asymmetry in the horizontal bot-
tom jet of Figs. 7 and 8. In both cases at X/H = 0.5 the jet
diverges going upwards with an inclination of about 45° in
the large scale circulation direction. While the actual flow
direction of the experiment of Fig. 7 is clockwise, and the
figure was mirrored, the actual circulation direction of Fig. 8
is anti-clockwise. Hence, the observed circulation direction
and the associated asymmetry cannot be explained by an
asymmetry of the experimental setup.

In all three cases there are two distinctive low velocity
regions. In the SCy;y,;q and SC,,,, 4, cases (Figs. 7, 8) the
two regions with low velocity values are approximately at
X/H~03andY/H ~0.5,and X/H ~0.5and Y/H ~ 0.7,
while in the SC,,, case (Fig. 9), they are approximately
at X/H ~0.35 and Y/H ~0.75, and X/H ~0.75 and
Y/H ~ 0.75. The presence of two low velocity regions in the
time-averaged velocity fields suggests that the instantaneous
large-scale-flow structure is probably more complex than
just one big roll, as one can find under Boussinesq condi-
tions. Moreover, strong asymmetries in the large-scale-flow
are visible in all experiments, which can be explained by
looking at the strong fluid property variations between top
and bottom of the cell, as quantified in Table 3. In particu-
lar, the relative changes between the top and the bottom of
the cell can be up to 100% for the kinematic viscosity in the
experiment SC,, 4, or +48% for the values of the Prandtl
number in the experiments SCiy;q and SC,yy 4, Asym-
metries in the value of the large-scale circulation velocity
between the top and at the bottom of the cell were observed
in previous numerical and experimental studies under non-
Boussinesq (but sub-critical) conditions in liquids (Horn
et al. 2013; Horn and Shishkina 2014; Valori et al. 2017).
In these studies it was found that the top—bottom velocity
asymmetry was due to the top—bottom variation of the tem-
perature dependent kinematic viscosity of the fluid. At the
present experimental conditions, the flow physics is more
complex, because not only the kinematic viscosity, but all
the fluid properties are strongly temperature dependent (see
Table 3) and it is not possible to isolate the effect of one of
them from the others. All of them can interplay a role in the
observed asymmetries of the mean velocity field.

Figure 10 shows an example of the instantaneous veloc-
ity field of the SCy;yq experiment. From this snapshot, sev-
eral details of the flow can be observed: A thermal plume
detaches from the bottom boundary layer, at X/H ~ 0.6,
and goes towards the top-right direction, carried by the
large scale flow. Close to the right side wall, there are
groups of ascending plumes, while at the left side wall,
there is a group of descending plumes (Y/H ~ 0.5 and
about 0.01 < X/H < 0.15). Plumes are visible also at the
center of the cell. This picture is consistent with, and pro-
vides details about, its corresponding time-average veloc-
ity field shown in Fig. 7.

4.2 Statistical uncertainty

The statistical convergence of the measured average flow
incorporates effects of both measurement noise and flow
unsteadiness. RB flows are indeed characterized by a peri-
odic large-scale circulation of the flow with large associated
time scales. A sufficient number of statistically independent
samples is necessary for an accurate measurement of the
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Fig.6 Magnitude of the adimensional spatial gradient (Vd) of an» Ll e e A e 2 0.08
instantaneous BOS image displacement, after subtraction of its time- | p ‘{ ’ ¥ et “ "4
average image displacement, for the case BOS SCjq,q (@), BOS 09§ = S SALR® . 0.06
SCax 4, (b), and BOS SCy (€) osl {1 i
, N 0.04
07} . .
time-mean velocity (), from instantaneous velocity fields 0.6; I \ P "J 0.02
(u;). The local statistical relative uncertainty on the mean . A J
velocity (6u) was estimated as 509 \| AP | 0
o, 044 " D) P
Su=—%, @ y Z J 1-0.02
uy/n 03 Y X
o ' " -0.04
where ¢, is the standard deviation, and » is the number of 02 RS y |
uncorrelated samples, which is estimated by 01l e J -0:06
N o R e N R ‘ B0
n= W, (3) 0 01 02 03 04 X0)5H 06 07 08 09 1
with the number of samples N = 10800 acquired at the fre-
quency of f = 3 Hz. Furthermore, 7 represents the turnover 0.08
time of the flow, based on the large scale circulation veloc-
ity U, ¢ The development of a large-scale-circulation roll 0:06
is typical of RB convection, for a wide range of the non- 00
dimensional controlling parameters, Rayleigh and Prandtl '
numbers, under Boussinesq conditions, and aspect ratio 0,02
one geometries (Ahlers et al. 2009). The mean velocity of
this roll can be used to characterize the extent of turbulence 0
within the flow (Ahlers et al. 2009).

To obtain an estimate for U, ¢, we consider the spatially g0
filtered velocity magnitude lul in the plume along the right .
side wall, i.e., at X/H ~ 0.9 and Y /H =~ 0.5. Spatial filtering
is performed by averaging over 10 X 15 data points around , -0.08
the point of interest. Time correlations of the U, ¢ fluctua- NG \S 4 p
tions are shown for the cases SCiiqyig» SCrnax 4> a0d SC,yq in g e J0..0,05
Figs. 11, 12, and 13, respectively. Periodicity is found for the X/H
cases SCjquiq and SC,,,, 4, but not for the case SC,,. This (b)
is probably due to two factors: longer characteristic times | 7N W“??.: . 0:08
because of different values of the fluid properties, and to a 09l b 4
complex 3D structure of the flow, which could not be cap- i . : G
tured at the position of the measurement section. The period o8 2 4 : . AF 4 -~
7 thus obtained is 5.3, 6 and 10 seconds for the cases SCijqiq, 0-7i " i {

SCrnax 4> and SC,,, respectively. Table 4 summarizes the osp " L 10.02
values of the large-scale circulation velocity, U 4., in the - \ '\ -

three PIV experiments, its statistical uncertainty, éu(z), its = 05K 48 g J 10
standard deviation, o, and characteristic time, =, which were * -~
used for the calculation of du(r).

It is important to point out that the observed asymmetries -0.04
in the flow are not due to measurements errors. This can be
seen by comparing the magnitude of the measured asym- -0.06
metry to the statistical uncertainty. For example, for the e

experiment SCy;q 4, the asymmetry in the velocity of the
upward and the downward jet is of the order of 5 mm/s,
which is 25 times larger than the corresponding statistical
uncertainty (0.2 mm/s). Furthermore, optical distortions do
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Fig.7 Time-averaged velocity field of the PIV experiment SCyqig-
The color scale indicates the magnitude of the mean velocity u, while

the arrows show its direction. Only one arrow every four data points
is plotted
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Fig.8 Time-averaged velocity field of the PIV experiment SC,,,; 4,-
The color scale indicates the magnitude of the mean velocity u, while
the arrows show its direction. Only one arrow every four data points
is plotted

not introduce a bias error in the mean flow field, as explained
in Sect. 3.2.

4.3 PIV uncertainty from correlation statistics

The uncertainty on the instantaneous velocity was esti-
mated a posteriori, using the method developed by Wieneke
(2015). This instantaneous uncertainty estimate includes
contributions from optical distortions, e.g., blurring, low
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Fig. 9 Time-averaged velocity field of the PIV experiment SC,,,. The
color scale indicates the magnitude of the mean velocity u, while the
arrows show its direction. Only one arrow every four data points is
plotted
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Fig. 10 Instantaneous velocity field of the PIV experiment SCigyq-
The color scale indicates the magnitude of the instantaneous veloc-
ity u;, while the arrows show its direction. Only one arrow every four
data points is plotted

image seeding density and strong spatial gradients in par-
ticle displacement. The estimation method needs as inputs
instantaneous velocity vector fields and their two corre-
sponding camera images. Based on the measured veloc-
ity field, the two camera images are dewarped to the same
time instant halfway in between the interval between the
recordings. If there was no uncertainty in the measure-
ments, the two dewarped frames should overlap perfectly.
This part of the method is similar to the image matching
method proposed by Sciacchitano et al. (2013). Wieneke’s
method then focuses on the asymmetry in the peak of the
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Fig. 11 Time correlation of the velocity in a rectangular region of
10 x 15 data points centered at X/H ~ 0.9 and Y/H ~ 0.5, for the
experiment SCiigiq

cross-correlation function between the two dewarped
images, and considers the individual pixels contributions
to the cross-correlation peaks. It is appropriate in the pre-
sent case, especially because it allows to take into account
the effect of optical distortions as deformed particle image
shapes in one or both frames. This may lead to asymmet-
ric cross-correlation peaks. Figure 14 shows the velocity
uncertainty for the instantaneous velocity field of Fig. 10,
computed as in Wieneke (2015). Only the points where the
estimated uncertainty value is smaller than one pixel were
considered reliable. This corresponds to about 75% of the
measurement section. In the reliable region the average
uncertainty was =~ 0.53 pixels displacement. This value cor-
responds to ~ 5, 7%, ~ 5.7%, and ~ 10% of the average large
scale circulation velocity, as determined in Sect. 4.2, for the
experiments SCiigyigs SCppayx 4,» and SCyy, respectively. Com-
paring the instantaneous velocity field of Fig. 10 and its sta-
tistical uncertainty shown in Fig. 14, it can be observed that
in the bottom part of Fig. 14, at X/H =~ 0.6, there is a large
region extending vertically and bending towards the right,
with large uncertainties, which corresponds to strong upward
plume in Fig. 10. Visual inspection revealed a locally strong
non-uniform particle displacement suggesting fine scale flow
structures that could not be resolved. This implies that the
values of the integral velocity scale of the flow could be
measured reliably, but smaller scales could not.

5 Summary
PIV measurements of a supercritical fluid in RB convection

were presented to investigate the feasibility of PIV in fluids
with severe optical distortions. The experimental conditions
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Fig. 12 Time correlation of the velocity in a rectangular region of
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Fig. 13 Time correlation of the velocity in a rectangular region of
5x 15 data points centered at X/H ~ 0.9 and Y/H ~ 0.5, for the
experiment SC,,

Table 4 Large-scale circulation velocity, U, ., statistical relative
uncertainty, éu(r), standard deviation (o,), and characteristic time 7,
in the PIV experiments SCigyiq, SCpax 4, and SCyy, computed in a

region of 10 X 15 data points centered in X/H ~ 0.9 and Y/H ~ 0.5

PIV SCjiquig PIV SCpux 4 PIV SC,,
Uy s [mmis] 20.6 19.4 11.8
Su(z) 1% 1% 1.1%
o, [mm/s] 5.11 4.08 32
7 [s] 53 6 10

were chosen to study different parts of the p versus T curve at
constant pressure. Three cases were studied with a maximum
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Fig. 14 Estimation of the velocity uncertainty, for the SCqq PIV
instantaneous measurement of Fig. 10

relative density difference within the cell, between 17% and
42%.

A preliminary BOS study was performed to quantify the
effects of strong density changes within the flow, which lead
to strong optical distortions. It was found that for the present
experimental conditions, blurring due to optical distortions
did not obstructed the visualization of the particles, except
in the boundary layer regions. From the spatial gradient of
instantaneous BOS displacements, an upper bound for the
PIV velocity error due to optical distortions was estimated
at approximately 5%.

Appropriate tracers particles were selected to accurately
follow the flow according to criteria proposed by Mei
(1996). The uncertainty in the measured velocity related to
errors in the PIV cross-correlation associated with image
blurring and particle deformation, was estimated with Wie-
neke’s method (Wieneke 2015). The velocity was accurately
measured, with uncertainty within 10%, in approximately
75% of the measurement section. This allowed us to con-
clude that with strong density changes, it was possible to
reliably measure the integral velocity of the flow, while
smaller scales could not be resolved. The time-averaged
velocity fields showed the presence of a large-scale circula-
tion roll for all three cases. This large-scale flow structure
is typical of RB convection (Ahlers et al. 2009). The results
showed strong asymmetries that can be explained by the
strong temperature dependency of the fluid properties.
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