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An optical system combining phase-shifting interferometry (PSI) and particle image velocimetry (PIV)
is built and verified with simultaneous two-dimensional temperature- and velocity-field measurements of
a convective flow. The well-known Rayleigh-Bénard convection in laminar regime in a cubical cavity
filled with water is chosen as the experimental validation case. Three-, four-, and six-bucket temporal
phase-shifting equations using a rotating polarizer method are tuned under different light-source power
conditions, first without PIV, to produce high-resolution phase-shifted data. The results showed that the
three-bucket phase-shifting equation is the most robust method over a wide range of laser powers, while
the PIV tracers decreased the PSI precision from 1.5% in the case without tracers to 3.0% when seeded at
0.02 wt%. The temporal and spatial resolution of the PSI measurement is 0.1 s and 6.47 um, respectively.
Owing to the combined PSI and PIV technique, both temperature and velocity characteristics are obtained,
unveiling the existence of several flow bifurcations as the Rayleigh number is increased up to 1.06 x
10°. This optical setup is a potential paradigm shift in heat- and fluid-flow visualization, while having a
great potential in biosensor development for concurrent velocity-, concentration-, and temperature-field
measurements of aerosols and flows with multicomponent species.
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I. INTRODUCTION

Buoyant flows are ubiquitous in nature [1,2] and engi-
neered systems (e.g., [3—5]). The physics of thermal
plumes in buoyant flows has long been one of the central
research questions in the fluid mechanics and geophysics
communities, owing to its paramount role in convec-
tive heat and mass transport phenomena (e.g., [6-9]). A
major challenge that limits the exploration of buoyant
flows is the lack of experimental diagnostics for simulta-
neous, high-resolution, and noninvasive temperature- and
velocity-field measurements. To underpin experimental
explorations, we propose a hybrid optical system in which
phase-shifting interferometry (PSI) and particle image
velocimetry (PIV) are employed to perform concurrent
temperature- and velocity-field measurements.

PSI and PIV are well-established techniques to mea-
sure temperature [10] and velocity [11] fields, respectively,
but have never been used to determine both flow fields
instantaneously. Therefore, high-accuracy measurements
are generally limited to either velocity [12] or temper-
ature [13] fields. Another common approach is to com-
plement limited experimental data to validate numerical
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simulations that are used to have a better understanding
of the overall flow behavior [14,15]. Although some tech-
niques, which are summarized below, have been developed
to measure both temperature and velocity fields, draw-
backs in precision might have hindered their widespread
adoption. The optical arrangement presented in this study
is applied to natural convection in a cubical cavity [16], but
it can also be applied to other kinds of thermofluid flows,
including internal [17] and external [18] mixed convection
flows.

Hiller and Koch [19] conducted experiments on ther-
mal convection in a 38-mm cubical cavity, for a range
of Rayleigh and Prandtl numbers (10* < Ra <2 x 10’
and 5.8 < Pr < 6000), with two opposite vertical walls
kept at prescribed temperatures. The velocity and tem-
perature fields are measured using cholesteric liquid
crystals (CLCs) suspended as small tracer particles in
the medium, which is a technique called digital par-
ticle image thermometry/velocity (DPIT/V) [20]. The
same heating configuration has been the focus of sev-
eral theoretical studies [21-23]. Ciofalo et al. [24] used
DPIT/V to study Rayleigh-Bénard convection in a shal-
low rectangular enclosure (aspect ratio 1:2:4) at a mod-
erate Rayleigh number (Ra ~ 14 500). Ozawa et al. [25]
employed DPIT/V to measure temperature and flow fields
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of natural convection in a Hele-Shaw cell (HSC). DPIT/V
could be easily scalable because the field of view is not
limited by the size of a test beam, which is an advan-
tage over conventional interferometry. However, CLCs
have a limited range of temperatures that exhibit color
reflection [20], generally having an error larger than that
of phase-shifting interferometry for similar temperature
ranges, e.g., 0.32 K in DPIT/V [26] versus 0.1 K in PSI
[27]. Besides, DPIT/V does not have the high spatial res-
olution of recently developed interferometric techniques
[13,28-30] (e.g., 3.5 um in Ref. [31]). Pallares et al. [12]
conducted a systematic PIV study of Rayleigh-Bénard con-
vection in a 12.5-mm cubical cavity at moderate Rayleigh
numbers (Ra < 8 x 10*) using silicone oil (Pr ~ 130). The
topology and the velocity fields of all structures are in
good agreement with numerical results [22,32]. However,
local heat fluxes including heat loss from the sidewalls
could not be assessed with PIV. Lee and Kim [33] inves-
tigated variations of temperature and velocity fields in a
HSC using digital holographic interferometry and a two-
dimensional PIV system. Their method is a good example
of the implementation of both measurement techniques
to study convection in enclosures. However, they did not
conduct simultaneous measurements, which are useful to
better understand the instability properties of flows, such
as in the case of transition from laminar to turbulent flow
in natural convection [34].

Skarman et al. [35,36] proposed simultaneous PIV
and temperature measurements using a CCD-based holo-
graphic interferometer, and applied it to Rayleigh-Bénard
convection. They used the same camera for the PIV
and digital holographic interferometry measurements, and
adjusted the focus of a lens to set the measurement
region for PIV. Their optical measurement was based
on the phase-shift method and algorithms for computa-
tional focusing on individual particles. However, in our
experience, processing interferograms containing tracers
to produce high-quality PIV results is extremely challeng-
ing, because (1) the background fringe pattern changes
between phase-shifted interferograms, significantly vary-
ing the contrast of tracers that is needed for particle iden-
tification (see Video S1 within the Supplemental Material
[49], where the tracers traveling on black fringes are not
visible); (2) there is a larger uncertainty of measurement
region corresponding to the focus of the camera lens, in
contrast to PIV where the measurement region is deter-
mined by the laser-sheet position and thickness. These
drawbacks are a motivation for decoupling the images
used in the simultaneous velocity and temperature mea-
surements.

With regard to accurate means of measuring temper-
ature fields in a transparent fluid, a PSI technique that
uses a rotating polarizer and a three-bucket phase-shifting
equation [37] was previously developed, initially to mea-
sure Fickian diffusion [38—40] and thermodiffusion [41]

phenomena. The optical technique is applied to accurately
measure temperature fields in natural convection boundary
layers from a vertical hot plate [13], as well as in a cubi-
cal cavity filled with a participating and nonparticipating
media to evaluate the effects of thermal radiation on natu-
ral convection [42]. The same three-bucket phase-shifting
equation has been applied to measure thermal boundary
layers in forced convection [30], to measure density fields
in a transient supersonic heat-transfer flow in a microchan-
nel [43], and to measure methane hydrate decomposition
near solid-gas interface [44]. Although the three-bucket
phase-shifting equation has been widely used, its preci-
sion has never been examined in the context of heat- and
mass-transfer measurements.

The significant advantage of digital interferometry
(including techniques based on PSI or fast Fourier trans-
form [45]) over other methods lies in its high precision,
both in terms of physical quantity measurement (e.g., tem-
perature or concentration) and spatial resolution, which
solely depends on the pixel resolution of the camera sen-
sor. For PSI techniques using a micropolarizer array [46]
or a prism [31] instead of a rotating polarizer, the tempo-
ral resolution depends on the shutter speed of the camera.
Although most of the previous works that use PSI also
have conjugate heat and fluid flow, PSI cannot provide
an accurate measurement of the velocity field. Hence,
there is the need to develop an optical technique that pro-
vides reliable simultaneous measurements of velocity and
temperature fields. Such a technique would deepen our
understanding of heat- and mass-transfer phenomena in a
variety of scenarios (see Sec. III E for an outlook of the
proposed technique).

The objective of this study is to develop an optical tech-
nique capable of conducting simultaneous measurements
of high-resolution two-dimensional temperature and veloc-
ity fields. A conventional PIV and a previously developed
PSI technique [39] are used to measure velocity and tem-
perature fields, respectively. The method is demonstrated
with natural convection in a cubical cavity, but it can be
applied to other phenomena such as mixed convection
[47] and double-diffusive convection [48], both of which
motivated this study.

II. METHODS
A. Combined PSI and PIV optical apparatus

The optical apparatus is shown in Fig. 1. The combined
PSI and PIV optical layout is shown in Fig. 1(a), while
Fig. 1(b) shows the rotating polarizer angles correspond-
ing to interferograms that are used in different N-bucket
equations.

1. Phase-shifting interferometry

A detailed explanation of the PSI setup, including
layout and optical elements, is found in Ref. [39].
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Schematic of the optical setup. (a) PSI [39] and PIV systems for simultaneous high-resolution measurement of temperature

and velocity fields. The PIV system consists of a laser sheet and a camera to register the particle tracers. (1) He-Ne lasers for PSI
(1a) and PIV (1b), Apeam = 633 nm and 10 mW, (2) variable ND filter, (3) linear polarizer, (4) mirror, (5) objective lens, (6) pinhole,
(7) spherical lens collimator, (8) polarizing beam splitter, (9) test section: Rayleigh-Bénard cell, (10) focus lens, (11) quarter-wave
plate, (12) rotating polarizer, (13) PSI and PIV cameras, (14) stepper motor, (15) ND filter, (16) concave cylindrical lens for beam
expansion, (17) convex cylindrical lens for collimating the beam, (18) power meter for tuning the interferometer. Representative
measurements for the case-study flow are shown. (b) Phase-shifted data-acquisition method with rotating polarizer for the three-,
four-, and six-bucket phase-shifting equations, with polarizer rotation angles of 6;.

A neutral-density (ND) filter is set between the laser and
linear polarizer to control the beam intensity going into the
optical system (Fig. S1 within the Supplemental Material
[49]). The beam intensity is measured as a function of the
ND filter angle; note that this is not the intensity incident
on the camera because there are optical losses as the beam
passes through the system, i.e., reflection, absorption, and
spillage. The maximum field of view is ca. 25 mm, but this
can be expanded further [42]. The test beam passes through
a convective flow that has a refractive-index field, e.g., due
to a nonisothermal fluid (Sec. IT D). The PSI setup then
measures the average temperature along the optical path
(OP) within the cell.

After the quarter-wave plate [part 11 in Fig. 1(a)], the
orthogonal polarization becomes clockwise and counter-
clockwise for the test and reference beam, respectively.
The phase between reference and test beams in each
interferogram, which is recorded with a CCD camera
(Hamamatsu, C3077-70) or CMOS camera (Allied Vision,
Manta G-235C), can be shifted by using a rotating polar-
izer. In this study, three N-bucket phase-shifting equations
[37]—the three-, four-, and six-bucket algorithms listed

in Table [—are evaluated in terms of their waviness that
represents the precision of the measurement (due to the
departure from the planar wavefront), as the laser power is
varied. The phase shift ¢ at each location (x, y) is evaluated
from N number of interferograms using the brightness at
the corresponding pixel location (x, ). Any given interfer-
ogram i is recorded as the brightness distribution /;(x,y),
which is taken at the rotating polarizer angle 6; indicated
in Fig. 1(b) and Table 1. Consecutive images are acquired
with equivalent time intervals. All components are placed
on an optical table with an antivibration control system
(photograph shown in Fig. S2 within the Supplemental
Material [49]).

2. Particle image velocimetry

The PIV system consists of a light source, two cylindri-
cal Ienses to expand and collimate the laser beam and form
the laser sheet, and a camera (Allied Vision, Manta G-319
with a CMOS sensor resolution of 2064 x 1536 pixels, fit-
ted with a Computar MLH-10X lens) to record the motion
of tracers in the Rayleigh-Bénard flow. The laser used in
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TABLE 1. N-bucket family of phase-shifting equations [37]
to obtain the phase-shifted data ¢ (x,y) from interferograms of
intensity /;(x,y) obtained at corresponding rotating polarizer
angles of 6;, also indicated in Fig. 1(b). Here, i=1,2...,N
where N is the total number of frames.

No. of

frames Phase-shifting equation Polarizer angle
3 ¢ = arctan (ﬁﬁ) =(-1)%
4 ¢ = arctan (27 h=G-1)T
6 ¢ = arctan (ﬁ%) =>G0-1D%

the PIV has the same wavelength as that of the PSI (i.e.,
633 nm). The PIV measurement region is designated by
the location of the laser sheet (ca. 1 mm thick), in con-
trast to the PSI temperature measurement that is averaged
along the OP. Seeding tracers of ca. 75 um in diameter
are introduced in distilled water with two seeding concen-
trations, 0.02 wt% and 0.14 wt%, to assess the possible
effect of particle density on PSI measurement quality. The
material of the seeding particles is styrene acrylate copoly-
mer (1030kgm™, ELIOKEM, Inc.), which is graded
from a bulk supply into various particle sizes. The two-
dimensional velocity field is obtained with PIVLab [50], an
open-source PIV software in MATLAB, using an FFT win-
dow deformation algorithm (a discrete Fourier transform
correlation with multiple passes and deforming windows).
The data is analyzed in three passes, or interrogation win-
dows, with sizes of 200 x 200 pixels (pass 1), 140 x 140
pixels (pass 2), and 60 x 60 pixels (pass 3). The smallest
pass had a particle density of ca. five particles/window for
the low seeding concentration.

In addition to the velocity field, pathlines are obtained
in real time with an in-house code written in Processing
[51], the same Java library used to obtain the phase-shifted
data. The pathlines are produced by filtering the brightness
of the image and overlapping the high-brightness pixels
of consecutive images for the desired time interval. The
pathlines, together with the phase-shifted data, allow a
real-time inspection of the flow.

B. Unwrapping and quality assessment of
phase-shifted data

One-dimensional and two-dimensional unwrapping
image processing algorithms are developed, first to pro-
duce a one-dimensional phase map that can be used to
assess the quality of the phase-shifted data, and then to pro-
duce two-dimensional phase maps that can be related to the
temperature field. A tuning process is first conducted for
the one-dimensional phase-shifted data before proceeding
with the two-dimensional unwrapping.

1. One-dimensional unwrapping

The one-dimensional algorithm follows the procedures
described in Refs. [39,41] (Fig. S3 within the Supplemen-
tal Material [49]). Wrapped phase-shifted data between
0 and 27 is first obtained, but for beams with exces-
sively high or low beam intensities the algorithm does not
perform well due to poor-quality interferograms that are
saturated or with a large noise-to-signal ratio.

2. Tuning of phase-shifting interferometer

The quality of the phase-shifted data is evaluated as a
function of the beam intensity, keeping a constant shut-
ter speed. Parasitic losses due to reflection, spillage, and
absorption in the system are not quantified. First, the same
arbitrary number of horizontal fringes are intentionally set
in the interferogram by tilting the test beam mirror. Then,
the beam intensity between the variable ND filter and lin-
ear polarizer is measured by using a power meter (location
shown in Fig. 1) and obtained as a function of the ND filter
angle (calibration data shown in Fig. S1 within the Supple-
mental Material [49]). Next, N number of interferograms
I, ... Iy are recorded following the process in Fig. 1(b)
for a known beam intensity. The interferograms are then
processed to obtain the phase-shifted data, whose quality
is first evaluated by obtaining the coefficient of determina-
tion R? of the unwrapped phase map, as a function of the
laser intensity.

3. Precision assessment

The precision is further assessed by determining the
waviness, which is taken as the deviation of the unwrapped
phase map from a linear least-squares fit. Here, a planar
wavefront for both reference and test beams is assumed,
so that an ideal phase map would be a flat intensity pro-
file. After obtaining the phase map, its quality is evaluated
using ten vertical lines at randomly selected horizontal
locations to compute the average and standard deviation
of R?, as well as the waviness with standard deviation.
The high-frequency waviness corresponds to the precision
of the temperature-field measurement when the relation-
ship of refractive index and temperature is known to a
high degree of accuracy. The accuracy of the measurement
also depends on the uncertainty of the boundary values for
temperature and/or concentration.

4. Two-dimensional unwrapping

The two-dimensional algorithm is based on a parti-
tioning technique [52,53] (Fig. S4 within the Supplemen-
tal Material [49]). In an isothermal condition, the two-
dimensional phase maps are related to the nonflat quartz
walls of the cell that distort the optical path, producing
a curved wavefront. The two-dimensional unwrapping
of the phase-shifted data is conducted with an in-house
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program written in Processing [51]. Although several
algorithms have been proposed in the literature for an auto-
matic unwrapping of two-dimensional profiles [53—55], in
this study we opt for a semiautomatic approach whereby
the different layers of a phase-shifted data are manually
selected, and then are unwrapped by adding or subtract-
ing 27 if the phase gradient at the boundary increases
or decreases, respectively. We find that the fully auto-
matic unwrapping algorithm did not perform well when
the phase gradient is small in regions of discontinuity
(27 — 0) due to noise.

C. Temperature-field measurement

Two phase maps are needed in order to obtain the two-
dimensional temperature field (averaged along the opti-
cal path), so that only the wavefront deformation due to
refractive-index variations is taken into account by the
measurement. First, a “background” phase-shifted data is
obtained for an isothermal fluid condition. This phase
difference accounts for the wavefront deformation due
to optical aberrations (imperfections) in the quartz cell.
Second, phase-shifted data is obtained in a nonisother-
mal experiment, which usually has convection. This phase
difference represents a wavefront deformed due to both
optical aberrations and refractive-index field caused by
temperature gradients. After each phase-shifted data is pro-
cessed with the two-dimensional unwrapping code, the
background phase map is subtracted from the convective
phase map to obtain a wavefront produced solely by the
temperature field (processed explained below in Fig. 4 in
relation to the results).

(a) (b)

adjustable
COLD 7
‘/‘ 10 mm

laser \ ; cubic cell

sheet

camera\

In order to obtain the temperature field, the relationship
between refractive index and temperature (or concentra-
tion) needs to be known a priori [30,56]. The refractive
index of water is quasilinear for the temperature ranges
and wavelength in this study [57] (i.e., between 22°C and
29°C for A = 632 nm), so a linearly proportional relation-
ship between temperature and phase difference is a good
approximation. In contrast, when having large tempera-
ture ranges with values below 10°C, then nonlinearities
in the contrast factors need to be included [57,58]. Based
on the aforementioned linear approximation in this mea-
surement, the phase map is normalized and the boundary
conditions of temperature are applied to the normalized
phase map to obtain the two-dimensional temperature
field.

D. Flow-field generator: Rayleigh-Bénard cell

The Rayleigh-Bénard cell designed for this study is
shown in Fig. 2 (photograph shown in Fig. S5 within
the Supplemental Material [49]). This cell and its PID
temperature-control system follow the same conceptual
design as the Soret cell reported by Torres et al. [41], i.e.,
a parallelepiped cavity confined by quartz sidewalls and
upper and lower copper boundaries kept at a constant tem-
perature. The lateral sidewalls allow the passage of light
with a low distortion of the wavefront, while the copper
allows a fast temperature control due to its high thermal
conductivity. The adjustable height of the cavity can be
used to study natural convection in parallelepiped cavities
with different aspect ratios [59—61].
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FIG. 2. Rayleigh-Bénard cell, test section used for the proof of concept of the combined PSI and PIV system (Fig. 1). (a) Schematic
of the cell, i.e., a cubic volume with a side of 10 mm filled with water and heated from the bottom wall; a laser sheet is passed through
the cell to measure the velocity field at a location Z, while the test beam passing along —z is that of the phase-shifting interferometer.
(b) CAD model of the cell with upper and lower copper boundaries, and transparent quartz sidewalls. (¢) Top and side views of the cell;
the quartz sidewalls allow simultaneous measurements of temperature and velocity fields with PST and PIV, respectively. The temper-
ature at the copper-liquid boundaries is measured by thermocouples and controlled with Peltier modules. A photograph of the cell is

shown in Fig. S5 within the Supplemental Material [49].
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The Rayleigh number Ra—the ratio of buoyancy forces
to dissipative factors—in the convection cell is defined as

_ gBHPAT
owe

Ra (1)

where g is the acceleration of gravity, 8, v, and « are
thermophysical properties of thermal expansion coeffi-
cient, kinematic viscosity, and thermal diffusivity; H is the
cell height and AT is the temperature difference between
the lower and upper boundaries: AT = Tyt — Teold, the
lower boundary having a higher temperature than the upper
boundary to produce a destabilizing condition. Ra is con-
trolled by adjusting Ty and T.og for a fixed height of
H = 10 mm. The temperature difference AT is controlled
with a maximum uncertainty of 0.05 K. The room temper-
ature is also set to Tiean to reduce convective heat losses
from the sidewalls. A small inclination of ca. 1.5° about
the —z horizontal axis is introduced to favor a clockwise
flow solution on the plane visualized by the laser sheet, as
in previous theoretical work [16,23].

ITI. RESULTS AND DISCUSSION

A. PSI measurement: quality assessment

The tuning process of the PSI setup using the
three-bucket phase-shifting equation showed that there is a

rather large range of laser intensity that yields good-quality
phase maps (see Fig. S6 within the Supplemental Mate-
rial [49]). The reported laser intensity depends on various
factors including the properties of the optical elements,
magnification, shutter speed of the camera, and attenuation
in the working fluid, so its magnitude is only meaningful
for the same experimental arrangement. Although outliers
of R?> sometimes occurred, these are probably due to a
beam misalignment caused by a double reflection in the
ND filter. Other factors that might have affected the qual-
ity of the phase-shifted data include beam alignment, linear
polarization angles (initial beam should be set to /4 as
indicated in Fig. 1), principal axis of the quarter-wave plate
(should be set to /4 to change linear to circular polariza-
tion), parasitic reflections that introduce noise or amply the
intensity, nonperpendicular incidence of beam on the rotat-
ing polarizer (depicted in Fig. S7 within the Supplemental
Material [49]) and soiling condition on the optical surfaces.
Following the interferometer tuning process, the precision
of the three-, four-, and six-bucket phase-shifting equations
(Table 1) is evaluated based on the R?, its standard devia-
tion, and waviness of the phase map. The evaluation is first
conducted without the test cell (shown in Fig. 2), and then
in the presence of an isothermal test cell with and without
tracers.

The phase-shifted data acquired using the three-, four-,
and six-bucket algorithms are shown in Fig. 3(a) in the case

(a) unwrapped (C) increased noise
Three bucket Pphase map Four bucket Six bucket 0.02wt%  due to tracers 0.14 wt%
o m— ! (c.1) b ( (C.2) o
] 4 ‘ %
8 e =
by g
= E=
2 £
K~ —
b= ; .
i L\
curved friﬁges due
to quartz cell
(b) 20, — 3B(166.5 yW) --- 4B (1665 yW) —-— 6B (155.1 yW) (d) 4. —— W/ tracers (optimized)

Waviness w/o tracers (%)

but not the mean value

3 U The tracers reduced the precision

Waviness w/ tracers (%)
o
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FIG. 3.

800 900 100 200 300 400 500 600
Pixel number

Evaluation of the phase-shifted data. (a) Data with relatively good quality obtained from the three N-bucket phase-shifting

equations after tuning; the laser power for each equation is indicated in the legend. The insets indicate the wrapped phase shift
(blue), unwrapped phase map (red), and discontinuity location (dashed green) along a selected vertical line on the phase-shifted data.
(b) Waviness corresponding to each N-bucket equation without test cell; shaded region shows the standard deviation. (c) Phase-shifted
data of solution with tracers containing two concentrations. (d) Corresponding waviness of the dilute seeded water (isothermal).
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without the presence of the test cell. The precision assess-
ment shown in Fig. 3(b) indicates that the waviness of the
measurements using any phase-shifting equation yields a
fluctuation of within +1.5% of the total phase-map dif-
ference. The data showed that the three-bucket algorithm
produced measurement quality of R?> > 0.9996 and o <
1.5 x 10~* for the laser power range between 155.1 and
204.7 uW (Fig. S6 and Table S1 within the Supplemen-
tal Material [49]). Although some measurements failed
possibly due to multiple reflections, the data produced by
the four-bucket algorithm is generally of good quality as
well, but with a larger standard deviation. The six-bucket
algorithm also produces high-quality measurements for the
low and high laser-power ranges, but not so good-quality
data for the midpower range. This suggests that using more
images helps compensate the loss of quality when using
interferograms with a rather high noise-to-signal ratio, but
at the same time using more images increases the chance
of introducing errors by optical misalignment (e.g., see
Figs. S7 and S8 within the Supplemental Material [49]).
In addition to its robust high precision for a wide range
of laser intensity, the three-bucket phase-shifting equation
eases the computational effort, allowing a real-time image
processing with a better time resolution. Therefore, the
three-bucket phase-shifting equation is chosen in this study
to measure temperature fields.

The phase-shifted data using the three-bucket phase-
shifting equation for a test cell filled with isothermal water
containing tracers is shown in Fig. 3(c). Two concentra-
tions are reported under the same laser-power value: 0.02
wt% (c.1) and 0.14 wt% (c.2). The concentration of 0.02
wt% (c.1) is found to be suitable for both PIV and PSI,
which had a spatially averaged waviness close to the case
without tracers (£1%) and a standard deviation of about
+3% (ca. twice that of the case without tracers), as shown
in Fig. 3(d). In contrast, the water seeded at a high tracer
concentration severely affected the PSI measurement [the
noise is obvious despite Fig. 3(d) not being laser tuned].
Therefore, we demonstrate that PSI can be used con-
currently with PIV, without a significant compromise of
precision if the seeding particle concentration is properly
chosen. Although the PSI measurement quality is not eval-
uated quantitatively as a function of tracer concentration
per OP unit length, the low seeding particle concentration
is sufficient for the PIV measurements reported here.

B. Simultaneous phase-shifted data and pathlines:
transient flow

In an experiment to visualize the transition from tran-
sient to steady convection, the upper copper wall is kept at
a lower constant temperature of 25°C (the same as the ini-
tial temperature of the fluid), while the lower wall is heated
to 29°C within ca. 80 s but with a small overshoot [Fig.
S9(c) within the Supplemental Material [49] ]. Images for

VIDEO 1. Pathlines at Z = 5 mm overlapped with the phase-
shifted data in an experiment of transient Rayleigh-Bénard con-
vection. The cold (top) wall is kept at Teoq = 25°C while the
hot (bottom) wall is set to Ty = 29°C; the initial temperature of
water is Tcolq- Clip (a): transient condition showing how the heat
is transported by the fluid motion, which is caused by a desta-
bilizing temperature gradient near the lower boundary. Clip (b):
quasisteady state for fluid and heat flow in a clockwise direc-
tion within the cell. Snapshots and time series of PID control are
found in Fig. S9 within the Supplemental Material.

both disperse tracers and interferograms are simultane-
ously acquired and further postprocessed. Video 1 shows
the interesting relationship between fluid and heat flow,
by overlapping both pathlines (Z = 5 mm; 3-s trajectory)
and phase-shifted data. Large temperature gradients near
the bottom wall destabilized the fluid, which subsequently
carried heat within the cavity (clip a), reaching steady state
for both fluid and heat flow (clip b). Progressive phase-
shifted data and pathlines in the transient and steady-state
cases are further analyzed (see Fig. S9(a) and (b) within
the Supplemental Material [49]).

At t =0 s (heating time), there is no flow due to an
isothermal condition, but vertical fringes are observed in
the phase-shifted data, indicating that the quartz sidewalls
are not perfectly flat. As the temperature of the bottom wall
increased, horizontal fringes close to the heated boundary
gradually appeared; despite the destabilizing temperature
gradient, flow motion had barely commenced due to vis-
cous effects, as evidenced by a weak flow motion that
exhibited short pathlines. At 17.7 s, the fluid flow is evi-
dent with the appearance of two rolls in the lower part of
the cavity, where the destabilizing temperature gradients
are largest. The flow field seemed to have entered a qua-
sisteady state after ca. 95 s, forming the single clockwise
roll. The phase-shifted data in steady state (Video 1, clip b)
indicates where the temperature gradients are largest, i.e.,
near the upper and lower walls; likewise, the lack of new
fringes appearing in the center of the phase-shifted data
indicates a temperature field that is locally homogeneous.

C. Concurrent temperature and velocity fields:
steady flow

The process of acquiring the temperature field
(averaged along the beam path) is shown in Fig. 4 for the
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FIG. 4. Processing of phase-shifted data to obtain the tem-
perature field averaged along z. (a) Wrapped phase-shifted data
for an isothermal (25°C; background image) and nonisothermal
condition; vertical fringes appeared in the former due to opti-
cal aberrations caused by nonflat sidewalls. (b) Layers identified
by the two-dimensional semiautomatic unwrapping algorithm.
(c) Unwrapped phase-shifted data (or phase map) for both the
isothermal background and natural convection cases. (d) Phase
map due to temperature gradients only, obtained after subtract-
ing the background phase map. (e¢) Unfiltered two-dimensional
temperature field.

quasisteady Rayleigh-Bénard flow of Video 1. The semi-
automatic unwrapping algorithm successfully detected the
layers in the phase-shifted data for both isothermal and
nonisothermal conditions, as shown in Figs. 4(a) and 4(b).
These data are unwrapped and subsequently subtracted
to obtain the corresponding temperature field, as shown
in Figs. 4(c)>4(e). The precision of this measurement is
0.17 K, which corresponded to 3.0% of the maximum tem-
perature difference of 4 K in the Rayleigh-Bénard cell with
tracers (Sec. Il A) and the uncertainty related to the PID
temperature control (Sec. II D). A marginal noise can be
seen in the low gradient region where the 28.5°C isotherm
in Fig. 4(e) passes through, which is a noise consistent with
the measurement precision. Note that in order to compare
simulation [22,23] and experimental results, the tempera-
ture field in the numerical simulation needs to be integrated
along the OP.

Concurrent measurements of temperature and velocity
fields are shown in Fig. 5(a) for steady Rayleigh-Bénard
convection, as the Rayleigh number Ra is increased from
0 to 1.06 x 10° (AT of 5.5 K). Preliminary experiments
showed that, at the measured mean temperatures, the flow
became steady 15 min after increasing A7 by 0.5 K. There-
fore, the data shown in Fig. 5 is taken after this time
period. The mean temperature is kept at Ty, = 25°C
while the temperature difference AT between the lower
and upper walls is gradually increased from 0 to 5.5 K
by increments of 0.5 K, except for an additional data
point for AT = 0.25 K. The temperature fields are spa-
tially smoothed by applying a Gaussian filter. Although
the spatial filtering helps remove the noise of the mea-
surement (i.e., at the center of the cell), it is not useful
for determining large heat fluxes at the boundary due
to a decrease in spatial resolution, which is needed for
large temperature gradients. The velocity field captured
at Z ="7.5 mm is also plotted in Fig. 5(a). A plane dif-
ferent to that in Video 1 (Z =5 mm) is chosen since it
is convenient for depicting the expected symmetry break-
ing [23].

Based on the PSI and PIV results in Fig. 5(a), at least
four characteristic flows in the laminar steady-state regime
are identified. The first characteristic flow [Fig. 5(a.1)]
corresponds to the near-no-flow condition obtained for
AT < 0.5 K, where viscous forces mostly overcome buoy-
ant forces within the fluid, damping its motion to a large
extent. The small inclination of the cavity of ca. 1.5° (about
the —z axis) is predicted to replace the no-flow solution
found in Rayleigh-Bénard convection below the first insta-
bility threshold with a leading branch having a weak flow
below the same threshold [23]. The isotherms plotted every
0.05 K for AT = 0.5 K suggest a weak plume rising from
the left side of the cavity, which is consistent with the slight
inclination. The second characteristic flow (a.2) corre-
sponded to a single vortex whose eye is located at (x,y) ~
(7,5) mm, which contradicts theoretical predictions that
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FIG. 5.

Characterization of Rayleigh-Bénard convection in a cubical cavity using the proposed optical technique. See Table S2

within the Supplemental Material, for the Rayleigh number Ra values. The vertical dotted lines indicate the critical Rayleigh number
Ra, reported in Ref. [23] for an inclination of 1.5°, adiabatic sidewalls, and Pr = 5.9, while the vertical dashed line (orange) shows
Ra, estimated from Ref. [22] for an inclination of 1.5° and conducting sidewalls. (a) Temperature field on the x-y plane averaged
along the z direction; overlapped with the x-y velocity profile on the plane Z = 7.5 mm. (b) Empirical bifurcation diagram using the x
component of the velocity at (x,y) = (7.5,7.5) mm (left axis) and the temperature value at (x,y) = (1,9) mm (right axis) as a function
of Ra, which is linearly dependent on the temperature difference AT. The error bars for velocity correspond to the standard deviation
of ten consecutive PIV measurements (with a time interval of 0.2 s), whilst the error bars for temperature correspond to a 3.0% of AT
experimental error accounting for PSI precision plus the standard deviation in the boundary temperature during the PID control.

place a single roll solution with a horizontal lin-
ear axis passing through the cavity center [22,23].
Inaccurate numerical assumptions for the perfectly insu-
lating or conducting boundary conditions, as well as
marginal imperfections in the internal geometry of the cav-
ity, might have contributed to such a discrepancy. The
third characteristic flow (a.3) corresponded to a clock-
wise rotating flow with a low-velocity region stretching
along the diagonal y = x. A rather steep increment of
velocity is observed at (x,y) & (3,7) mm, which twisted
the isotherms about the axis of rotation, producing posi-
tive vertical temperature (stabilizing) gradients for AT >
4 K near the center of the cavity. The fourth character-
istic flow (a.4) showed a significant increase of velocity
at x ~# 2 mm and y = [2,8] mm. The observed positive
temperature gradients are thought to have stabilized the
flow along the central vertical plane (x =5 mm), con-
tributing to the increment of momentum near the left
boundary.

D. Empirical bifurcation diagram: flow transitions as
Ra is increased

The results presented in Fig. 5(a) are summarized by
plotting the amplitude of the flow as a function of Ra.
The amplitude is taken as the x component of the velocity
(u) and temperature (7)) at arbitrary locations, as indicated
in Fig. 5(a.1). Figure 5(b) shows the empirical bifurcation
diagram that unveils four branches and three bifurcations
as Ra is increased until 106 400. The values of T changed
drastically as a critical Rayleigh number Ra. is encoun-
tered. The dotted vertical lines in Fig. 5(b) correspond to
the theoretical results for Ra. in Ref. [23] for a cavity incli-
nation of 1.5° from the horizontal plane (one edge is kept
horizontal) with adiabatic sidewalls and a Prandtl number
of Pr = 5.9, which corresponds to that of distilled water at
27°C (a slightly larger value than the experiments reported
in Fig. 5). Note that neither the perfectly adiabatic or con-
ducting sidewall boundary condition found in the literature
(e.g., Refs. [22,23]) is experimentally achieved, because
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the sidewalls are made of quartz, whose thermal conduc-

tivity of k = 1.4 Wm~! K~! is about 3 times that of water
(0.58 Wm~'K™).

The experimental results in Fig. 5(b) show that the first
instability threshold is encountered in the range 9.7 x

10° < Ra < 19.3 x 10°. Torres et al. [23] predicted a
value of Ra.|p—;sc = 7.25 x 10? for adiabatic sidewalls,
which is approximately 114% larger than the critical value
for the horizontal configuration Ra.|g—oo = 3388.5. Based
on theoretical predictions for a cubical cavity with per-
fectly conducting sidewalls [22,62—64], the first instability
threshold occurs at Ra.|g—¢- & 6799, so we can expect
that the critical value in the slightly tilted configuration
becomes Ra.|g—is0 ~ 14.5 x 10° (i.e., ca. 114% larger
than the horizontal case), which falls within the observed
range in Fig. 5(b). Theoretically, only the first Ra. in
Rayleigh-Bénard convection is Prandtl number indepen-
dent, so a one-on-one comparison with theoretical predic-
tions in the literature is not currently possible for secondary
bifurcations in tilted cavities with conducting sidewalls.

E. Outlook of the proposed technique

PSI has been applied to study various physical phenom-
ena. In convective heat transfer, PSI has proven to be use-
ful to investigate natural [13], mixed [30], and forced [43]
convection. In mass transfer, PSI is useful to investigate
Fickian diffusion of electrolytes [39] and protein aqueous
solutions [40], Soret effect for organic species [65], includ-
ing proteins [41], hydrate decomposition [44,66], and mul-
ticomponent mass diffusion [38,56]. Information on the
velocity field, additional to the temperature or concentra-
tion field, will contribute to further expand our knowledge
on conjugate heat- and mass-transport processes.

The proposed PSI and PIV technique is demonstrated
for concurrent measurement of temperature and velocity
fields, but it could also be applied to measure combined
concentration and velocity fields. This has useful applica-
tions in drug-delivery systems [67] in which the drug is
first transported through arteries and veins, where convec-
tion is dominant [68], and then reaches the organs through
capillaries, where mass diffusion dominates [69]. PSI has
already been shown to have exceptional spatial and tempo-
ral resolution of up to 3.5 and 3.3 us [31,44], when using
an Arbaa prism instead of a rotating polarizer. Temporal
resolution could also be improved by using a micropo-
larizer array-based phase-shifting interferometer [46,70].
Therefore, the proposed technique can be applied to quan-
tify microfluidic devices, such as a thermophoretic separa-
tion device [71] or a microfluidic biosensor for detection
of disease, including severe acute respiratory syndrome
coronavirus 2 [72].

With regard to the limitations of the proposed tech-
nique, since it is governed by the same principles of
optical interferometer and PIV, then it shares the same

intrinsic drawbacks. For example, it cannot be applied to
opaque fluids. Furthermore, phase-shifted data may not be
unwrapped throughout the whole field of view in regions
where the gradients of fluid temperature or concentration
are too large, e.g., in a thermal plume where the tem-
perature difference with the ambient fluid is substantial
(see Video S1 within the Supplemental Material [49]).
Large temperature gradients entail two technical prob-
lems: (a) a fringe density that cannot be resolved with
the finite pixel resolution of the camera, and (b) exces-
sive beam deflection. Mitigation strategies to resolve the
high-density fringe region—without necessarily reducing
the large temperature gradients—include shortening the
optical path within the cell (Torres et al. [39] increased
the optical path to visualize low differences in refractive
index n) or changing the working fluid to have a more
favorable contrast factor (dn/d7T or dn/dC; where C is the
concentration). The later approach should not significantly
change the Prandtl number and/or Schmidt number of the
fluid for temperature and/or concentration measurements,
respectively. Furthermore, we show that the PSI measure-
ment is affected when the PIV particle density is excessive
[Fig. 3(¢c)]. In such a case, the seeding concentration needs
to be reduced, but this could affect the accuracy and/or
spatial resolution of the PIV measurement. For a very
low particle density, particle tracking velocimetry could be
used as a substitute for PIV.

IV. CONCLUSIONS

Despite convection entailing the concurrent transport
of both momentum and energy, most of the experimental
visualization techniques developed so far focus on either
heat and mass or fluid flow, represented by temperature and
concentration and velocity fields, respectively. This study
demonstrates an optical technique that combines a precise
phase-shifting interferometry and a conventional parti-
cle image velocimetry system to produce simultaneous
measurements of temperature and velocity fields.

Simultaneous measurements of temperature and veloc-
ity fields reveal the relationship between concurrent
transport of momentum and thermal energy in laminar
Rayleigh-Bénard convection inside a cubical cavity, which
serve to validate the applicability of the proposed opti-
cal technique. In addition to its simplicity due to the
fewer number of images, the three-bucket phase-shifting
equation is more robust than the four- and six-bucket
phase-shifting equations when using a rotating polarizer.
A tuning process of the interferometer yields a high-
precision measurement of ca. 3.0% of the maximum
temperature difference in the flow, with a high spatial res-
olution of ca. 6.47 um; the presence of particles reduces
the PSI precision from ca. 1.5%, corresponding to the
case without tracers. A simultaneous real-time measure-
ment of the flow using pathlines and phase-shifted data
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is conducted; both measurements are overlapped to visu-
alize the concurrent heat and fluid flow in a transient
regime (Video 1). Caution is necessary when interpreting
the results, since the temperature field is an average along
z (horizontal coordinate along the optical path) whilst the
velocity field is a measurement at a given location. Buoy-
ancy within the Rayleigh-Bénard cell is strengthened by
gradually increasing the Rayleigh number from the isother-
mal configuration until 106 400 (AT : 0 — 5.5 K), a range
in which three bifurcations and four branches are iden-
tified. A good agreement is obtained with the available
theoretical predictions near the first instability threshold.

This instrument is a powerful tool to investigate conju-
gate heat- and mass-transfer phenomena. It could play a
useful role in the development of new separation devices
and biosensors, as well as in the understanding of fun-
damental fluid mechanics such as flow instability in
natural convection boundary layers. The developed instru-
ment could be further improved focusing on strong three-
dimensional flows (e.g., by applying tomography tech-
niques) and turbulent conditions.
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