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ABSTRACT

A determination of nominal flow phenomena in liquid metal fast reactor (LMFR) fuel assemblies is critical toward generation-IV reactor
development. Axially positioned spacer grids are used to maintain the geometry of hexagonal rod bundles and simultaneously introduce per-
turbations in the flow. Three-dimensional (3D) printed asymmetric honeycomb spacer grids were installed in a prototypical 127-pin LMFR
fuel assembly model to study complex fluid dynamics interactions induced by the spacer grid and rods. To characterize flow dynamics in this
intricate geometry, time-resolved particle image velocimetry (TR-PIV) using the matched-index-of-refraction method was employed to
obtain non-intrusive velocity measurements for three axial planes (one near-wall and two interior planes) at a Reynolds number of 6000. The
statistical TR-PIV results compared sub-channel-dependent normalized time-averaged velocity, velocity fluctuations, Reynolds stress, vortic-
ity, and turbulence kinetic energy distributions. TR-PIV line profiles characterized downstream spacer grid flow dynamics. Two-point spatial
and spatial-temporal cross-correlation fields revealed local coherent structures and quantified convection velocities of traveling vortices.
Spatial-temporal decomposition using dynamic mode decomposition (DMD) applied to the near-wall vorticity fields extracted turbulent
structures and flow instabilities in the wake region of the spacer grid, along with their decay and frequency rates. Reduced-order velocity
fields from DMD reconstructions identified the most energy-containing coherent structures persistent in the near-wall region. This research
provides experimental data sets and analyses of flow behavior in rod bundles with hexagonal spacer grids. The results are critical toward
LMEFR design and geometry optimization, crucial for the validation of computational fluid dynamics and reduced-order flow models.
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NOMENCLATURE R, Spatial-temporal) cross-correlation of u/,
R,, Spatial-temporal) cross-correlation of v/, .
Apundle  Cross-sectional area of the bundle Stk Stokes number
b Dynamic mode coefficients u  Instantaneous spanwise velocity
d,  Seeding particle mean diameter Up Bundle-averaged fluid velocity
D Fuel rod diameter Uwg  Average spanwise velocity
D, Eddy diameter U. Convection velocity
Dy, Bundle hydraulic diameter Umag  Velocity magnitude
f Frequency ul . Fluctuating spanwise velocity
k  Truncated number of DMD modes v Instantaneous streamwise velocity
L.  Characteristic length Vag ~ Average streamwise velocity
N Total number of TR-PIV snapshots Vi,  Fluctuating streamwise velocities
Q Flow rate X  Spanwise direction
Re  Reynolds number Y  Streamwise direction
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o Image magnification factor
At Interframe time delay
€n,  Normalized convergence factor
¢ Normalized standard uncertainty
n  Spatial cross-correlation separation distance
/. DMD Eigenvalues
®  Eigenvectors/Exact DMD modes
1 Dynamic viscosity
i, Index of refraction
7 Reconstructed TR-PIV velocity from DMD
Fluid density
p,  Seeding particle density
o  Standard deviation
7 Temporal cross correlation time delay
7r  Characteristic flow timescale
7,  Seeding particle mean response time
A DMD Eigenvalues in phase space
Q  DMD Eigenvalues in temporal space
w  Vorticity
o' Moore-Penrose pseudoinverse of @

Acronyms

CFD  Computational fluid dynamics
DMD  Dynamic mode decomposition
LMFR  Liquid metal fast reactor
MIR  Matched-index-of-refraction
PCTD  Pacio-Chen-Todreas Detailed correlation
PIV  Particle image velocimetry
PMMA  Polymethylmethacrylate
POD  Proper orthogonal decomposition
PSD  Power spectrum density
RANS  Reynolds-averaged Navier-Stokes
RMS  Root-mean-square
RPC  Robust phase correlation
SVD  Singular value decomposition
TKE  Turbulence kinetic energy
TR  Time-resolved
UCTD  Upgraded Cheng and Todreas Detailed correlation
VP  Vertical plane
2D2C  Two-dimension two-component
3D  Three-dimensional

I. INTRODUCTION

Understanding fluid dynamics behavior in rod bundle arrange-
ments used by the next generation of nuclear reactors is critical toward
the design, optimization, and deployment of novel reactor systems.
Liquid metal fast reactors (LMFRs) are one such subcategory of the
Generation-IV nuclear reactor designs, employing liquid metals such
as lead, sodium, or eutectic alloy mixtures to convert heat from con-
trolled nuclear fission to electricity. The novelty and benefits of LMFR
designs include their high-temperature operation, lower operating
pressures, and the utilization of the fast neutron spectrum.’ The cumu-
lative result is a novel reactor design with an improved operational
efficiency.

LMER nuclear fuel rods are typically arranged in a triangular lat-
tice enclosed tightly within a hexagonal duct. The increased packing
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fraction capitalizes on its fast neutron spectrum operation to obtain a
higher power density than traditional reactors.” To maintain such a
geometrical arrangement and lattice structure, several approaches per-
sist in LMFR core bundle design. The use of thin helically wrapped
wires about a rod is one such conception, which also functions as an
approach to enhance turbulent mixing.” Another method to maintain
the geometry of the rod bundle is employing discrete spacer grids
installed at several axial locations in the rod bundle. Such spacer grids
further function as periodic disturbances in the flow." Spacer grids are
further subclassified into honeycomb shaped spacer grids and stag-
gered spacer grids in square or triangular arrays, and may also consist
of mixing vanes to enhance the turbulence for improved mixing char-
acteristics.” ” Intricacies in the spacer grid design, such as the inclusion
of dimples, springs, and support structures, are added features, which
enhance their structural stability and address flow induced vibrations.”
It is imperative to comprehend the fluid dynamics behavior response
past installed spacer grids to optimize designs and validate computa-
tional models.

The characterization of fluid dynamics and thermal hydraulic
effects in hexagonal rod bundle arrangements for LMFR applications
has motivated several numerical and experimental investigations. A
majority of such research efforts have concentrated on wire-spaced
rod bundles—including visualization and thermal-hydraulic investiga-
tions by Nguyen et al,” "' Childs et al,'>"” Menezes et al,"*'"” Pacio
etal,'”"” and Song et al,"* " among others.”' ** For discrete hexago-
nal grid spacers, researchers have investigated spacer grid design influ-
ences in a rod bundle from a computational fluid dynamics (CFD)
standpoint. Batta and Class” performed Reynolds-averaged
Navier-Stokes (RANS) CFD simulations on a 19-pin LMFR fuel
assembly with grid spacers, for regular and reversed flows through
their rod bundle. Mathur et al.”” investigated flow effects for nominal
flow and accident conditions due to partial blockages in 19-pin and
127-pin rod bundles with a hexagonal spacer—using a wall-resolved
reduced-resolution RANS CFD approach. Their study characterized
spanwise and streamwise temperature and velocity variations. To
investigate the interlinked thermochemical effects to the velocity distri-
butions, Sergeenko et al.”® performed CFD simulations to characterize
physiochemical processes (including oxygen concentrations and oxide
film thickness estimations) for a 19-pin LMFR rod bundle using lead-
bismuth as the coolant. Scarce experimental research is available in
recent literature related to flow dynamics and thermal hydraulics in
LMFR assemblies with spacer grids. Experimental tests were per-
formed by Pacio et al.”’ to investigate thermal-hydraulic effects in a
19-pin fuel assembly with discrete spacers, using lead-bismuth eutectic
alloy as their coolant. Their tests encompassed friction factor estima-
tions using bundle-average pressure drops and heat transfer based on
temperature gradients in the rod bundle. These experimental results
were also used to validate their computational model predictions for
temperature and velocity distributions.” Marinari et al”” studied the
thermal hydraulic effects in a 19-pin heated LMFR assembly using
both lead and lead-bismuth eutectic alloy as the coolant—to evaluate
temperature effects for operating conditions and accident conditions
for partially blocked rod bundle configurations. Martelli et al.” studied
natural and forced circulation heat transfer characteristics using lead-
bismuth eutectic alloy for a 37-pin hexagonal bundle—arranged in a
triangular array using tube grid spacers. In addition to LMFR-specific
experimental research, comprehensive tests were performed by
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Rehme" and Rehme and Trippe’' to generate extensive databases for
pressure drop, friction factor, and velocity profiles. Their tests charac-
terized several spacer grid designs, including honeycomb, triangular,
and rhombus spacer grids. Additionally, experimental visualization
toward spacer grid research has also been performed for 84-pin gas-
cooled fast reactor assemblies with discrete staggered spacers by both
Menezes et al.”” and Matozinhos et al.”” It is hence imperative to miti-
gate the significant gaps in the literature to experimentally characterize
flow on encountering hexagonal spacer grids to understand true fluid
behavior, spacer grid effects, and the complex fluid interactions within
subchannels of a rod assembly.

To understand the local flow phenomena past a honeycomb
spacer grid, the presented experimental investigation provides a com-
prehensive characterization of spacer grid wake effects in a hexagonal
rod bundle arrangement. High-fidelity time-resolved particle image
velocimetry (TR-PIV) measurements were performed in a prototypical
127-pin liquid metal reactor fuel bundle—presently, the largest PIV
experimental LMFR prototypical rod bundle in current existence. 3D
printed spacer grids were installed at three distinct locations along the
hexagonal rod bundle. PIV experiments were performed for a
Reynolds number of 6000 at three distinct axial planes—one plane
encompassing the near-wall subchannels and two additional planes
passing across the interior subchannels moving closer to the center of
the hexagonal rod assembly. To enable the noninvasive flow field mea-
surements in the subchannels of interest, the matched-index-of-refrac-
tion (MIR) method was utilized, which allowed an unobstructed view
of the subchannels in the 127-pin assembly, with high spatial and tem-
poral resolutions. The experimental facility is described in Sec. 11, fol-
lowed by the TR-PIV methodology in Sec. III. The statistical TR-PIV
results are presented in Sec. I'V—which detail a comprehensive uncer-
tainty and convergence analysis in Sec. IV A. The first- and second-
order flow statistics’ contour maps are presented in Sec. [V B along
with the TR-PIV line parameter profiles at several axial elevations
downstream of the spacer grid. Two-point spatial cross-correlation
analysis and spatial-temporal cross-correlation analyses are
highlighted in Sec. IV C to capture the spatial extent of turbulent struc-
tures and the temporal correlation of the instantaneous spanwise and
streamwise velocity components. Section V provides a description and
the results obtained from dynamic mode decomposition (DMD) for
the near-wall plane vorticity fields to identify the most energy-
containing coherent flow structures with a quantification of their
stability, decay rates, and temporal characteristics. Section V C3 also
covers DMD flow reconstruction for the near-wall spanwise and
streamwise velocity components, yielding reduced-order flow recon-
structions of these velocity fields. This experimental investigation pro-
vides high-fidelity data sets for fluid dynamics behavior past
honeycomb spacer grids in rod bundles and characterizes flow based
on the location of the subchannels within such hexagonal assemblies.
The results and analyses of this experimental campaign are imperative
for the validation and development of CFD and reduced-order models,
as well as toward the design and developmental optimization of spacer
grids used for LMFR and rod bundle applications.

Il. FACILITY DESCRIPTION
A. Test facility

The experimental facility used for the TR-PIV measurements is
described in this section. Figure 1 shows the facility with the main
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FIG. 1. 127-pin prototypical rod bundle experimental test facility overview.

components annotated. The facility consists of a test section contain-
ing the 127-pin assembly with a primary flow loop to transport the
working fluid through the test section. A primary 14.91 kW centrifugal
pump operated by a variable frequency drive controls the flow rate of
the working fluid through the test section. A Sierra InnovaMass 240i
in-line high-precision vortex shedding flow meter, with a full-scale
range of 2.05 x 107> m>/s and an accuracy of =0.7% of the reading,
was used to acquire the test volumetric flow rate. A secondary flow
loop controls the temperature of the working fluid in the test facility.
The surge tank with a 0.4 m> volumetric capacity functions as storage
for the working fluid and to dampen flow oscillations and fluctuations
during the experiments.

The test section was designed to ensure mechanical and vibra-
tional isolation, simultaneously using chemically resistant components
to prevent chemical interactions with the working fluid and the facility
components. Fluid enters the test section initially through a honey-
comb grid flow straightener installed near the lower test section ple-
num to assist in flow straightening.

The matched-index-of-refraction (MIR) method was utilized in
the presented experimental tests to obtain clear, unobstructed PTV
images in the flow visualization region. The MIR approach relies on
the matching of the optical indices of refraction of the solid structural
components of the test section and the working fluid. This allows
velocimetry measurements in complex, intricate and difficult-to-access
geometries, such as subchannels in the 127-pin assembly, where
obtaining velocity fields would be otherwise cumbersome. The MIR
method has been successfully used in PIV studies in complex geomet-
rical arrangements, such as randomly packed spherical beds, " wire-
wrapped rod bundles,"” and flow through a mixing-vane spacer grid
in a square rod bundle.” These studies and several others make use of
a wide spectrum of combinations for the solid components and the

working fluid such as fluorinated ethylene propylene and water,™ p-
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cymene and clear polymethylmethacrylate (PMMA or acrylic),”” min-
eral oil and quartz,”® anise oil and epoxy resin,” or novel fluids such
as combinations of NaCl and ethanol solutions in water with acrylic.”
For the experiments performed in this study, the combination of clear
borosilicate glass (as the solid component) and an organic solvent D-
limonene (as the working fluid) was utilized. The benefits of selecting
D-limonene as the working fluid are its chemical stability and its low
chemical interaction with the facility components. D-limonene and
borosilicate glass have optical indices of refraction of 1.4726 and
1.4727, respectively, at a temperature of 23.06 °C (73.5 °F) for a wave-
length of 532nm corresponding to the neodymium-doped yttrium
aluminum garnet (Nd:YAG) line.”> D-limonene has a density, p, of
841.9 kg/m® and a dynamic viscosity, u, of 0.907 mPa.s at this temper-
ature condition.

B. 127-pin test section and 3D printed spacer grids

The test section is a prototypical 127 fuel pin assembly arranged
in a triangular lattice enclosed in a clear PMMA hexagonal flow chan-
nel. 127 annular borosilicate glass rods function as the pins, with an
outer diameter of 11 mm, a rod-to-rod pitch of 13.66 mm, and the
hexagonal flat-to-flat distance is 165.3 mm. The annular borosilicate
rods are filled with D-limonene and are sealed with caps at either end
to enable a matching of the optical indices of refraction between solid
component and the working fluid. The rod bundle has a total length of
1.5m. Figure 2(a) shows the experimental configuration used to obtain
the two-dimension two-component (2D2C) TR-PIV measurements in
the visualization region of the test section. The TR-PIV apparatus con-
sisted of a 20 W continuous laser operating at a wavelength of 532 nm.
A Phantom v711 high-speed CMOS camera, adjusted to be incident
normal to the laser planes within the test section, was used to capture
the raw PIV images. The camera has a pixel size of 20 x 20 um? a 12-
bit depth image depth, and a maximum resolution of 1280 x 800 pix-
els. A 100 mm Nikkor lens was installed on the camera. A filter to

Measurement

Window

PIV Camera

?_, 1

Spacer Grid
I Flow

Direction

Y 127-pin LMFR

1 Fuel Assembly
z X
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remove wavelengths of reflected light, solid component reflections and
glare was installed on the lens. The laser thickness was adjusted to be
approximately 1 mm wide to fit in the subchannels of interest without
interactions with the rods. The camera and the laser were both
mounted on three-axis traverse systems to adjust their location by
means of a fine and coarse linear translation controller. Figure 2(b)
illustrates the implementation the MIR method in the test facility
where the rods partially submerged in D-limonene. A clear, unob-
structed view through the test section was achieved as compared to air
in the unfilled test section region, which is optically opaque. The use of
the MIR method enables the capture of PIV images using the afore-
mentioned experimental setup as seen in Fig. 2(c)—a demonstration
of the experiments with the laser operational at the near-wall plane of
the 127-pin test section.

Hexagonal honeycomb asymmetric spacer grids were installed in
the test section, which were 3D printed using stainless steel 304 as the
base material—aiding in their structural stability, as well as chemical
and operational stability. Three such spacer grids were installed in the
rod bundle at axial separations of 500 mm from the previous corre-
sponding spacer grid. The bundle hydraulic diameter, Dy, for this
assembly was calculated to be 9.347 mm. For the 127-pin assembly,
the primary function of the currently used spacer grid is to enforce
consistent rod spacing at defined axial intervals. Figure 3(a) illustrates
the 3D-printed spacer grid used for the TR-PIV tests. An additional
benefit of these bare honeycomb spacer grid is their function as an
obstruction to the working fluid flow, which results in the localized
generation of turbulence, where these are installed.

To characterize the wake effects of the spacer grid and the flow
passage through the rod bundle, three axial laser vertical planes (VP)
were selected, as highlighted in Fig. 3(a). One near-wall plane, VPI,
was selected to study the combined wall effects on flow coupled with
the complex fluid dynamics interactions past the spacer grid in the
vicinity of the near-wall rods. Additionally, one laser plane in the inter-
mediate space of the hexagonal rod bundle, VP2, was selected to study

127-pin LMFR
Fuel Assembly]|

Spacer Grid

3-axis
Traverse System

FIG. 2. (a) Experimental setup for TR-PIV measurements in the 127-pin LMFR hexagonal rod bundle. (b) 127-pin bundle MIR test section partially filled with D-limonene, (c)
Demonstration of TR-PIV experiments where the fluorescent seeding particles are illuminated by the laser sheet.
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(b) 127-pin LX
Test =——>]
Section
L,
Measurement
Window
I—>
L,
Spacer  |timtet—tt—tt— — "
Ga— L

FIG. 3. (a) 3D-printed asymmetric honeycomb spacer grid. The TR-PIV measurement planes (VP1, VP2, and VP3) are highlighted in the figure. (b) Experimental measurement

window indicating the lines of interest (L1, L, and L3) for velocimetry line profiles.

typical flow through the interior subchannels of the rod bundle. A final
laser plane near the center of the hexagonal assembly, VP3, was
selected to observe how flow patterns differ on progression to the cen-
ter of the prototypical fuel bundle. The measurement window or the
region of interest for PIV image capture is illustrated in Fig. 3(b).
Three axial elevations in the measurement window were selected to
evaluate velocimetry parameter line profiles—to study the downstream
flow effects after encountering the spacer grid. As shown in Fig. 3(b),
the line profiles in Sec. IV B 3 were obtained for all three laser planes
of interest at: L, at an elevation of Y/Dy, = 0.5, L, at Y/Dj, =2, and L;
at Y/Dy =10. The PIV images acquired at the three laser measure-
ment planes allowed full-field visualization in the illuminated mea-
surement region owing to the unobstructed view provided by
employing the MIR visualization technique.

Fluid motion in the measurement window was tracked by means
of fluorescent orange polyethylene seeding particles with a mean
diameter, dj, of 55 um, and a density, p,, of 1015 kg/m”. The fluores-
cence of the seeding particles resulted in distinct traceability when illu-
minated by the laser sheet in the measurement planes of interest. To
ensure that the particles adequately followed fluid motion, the mean
particle response time was evaluated as

2
_dypp

Ty = —"0. 1
AT (1)

Here, u is the dynamic viscosity of the working fluid. 7, was evaluated
to be 1.88 x 10~ s, resulting in an unnoticeable time delay between
the particles response to fluid motion. Subsequently, the Stokes num-
ber, Stk = T / 77, Was evaluated from T and the characteristic time-
scale, 7. For this study, t; was evaluated to be 1.38 x 10" s, from the
bundle hydraulic diameter, Dy, and the bundle bulk flow velocity,
Uy = 0.6762 m/s, obtained as detailed in Sec. I1l. Samimy and Addy"'
and Raffel et al.** have confirmed that for particle Stk below 10", the
particles closely follow the flow streamlines and reduce measurement
errors. For the combination of D-limonene and the orange florescent
polyethylene seeding particles, Stk was calculated to be 1.36 x 10>,

confirming the particles’ effective tracing of fluid motion in the work-
ing fluid for the TR-PIV experimental tests.

. EXPERIMENTAL METHODOLOGY

The experimental PIV images were acquired at isothermal condi-
tions, which yielded 2D2C velocity distributions in the 127-pin LMFR
assembly at a Reynolds number (Re) of 6000. For this flow condition,
the flow lies in the transition regime, as confirmed from the bare-rod
bundle flow transition Re predictions by the Pacio-Chen-Todreas
Detailed (PCTD) correlation.””** Re is defined as

pUoDy,

Re = ; ()
u

where p is the density of the working fluid,  is the dynamic viscosity
of the working fluid, Uj is the rod bundle bulk flow velocity, and Dy, is
the rod bundle hydraulic diameter. For the given Re conditions, Uy
was evaluated to be 0.6762m/s for the rod bundle and the flow was
forced through the test section to maintain this fixed Up. Steady flow
conditions were sustained in the test facility by ensuring a sufficient
flow circulation time before performing the experiments at the laser
planes of interest. At this steady condition, the number of flow
throughs was evaluated to be approximately 4 times through the avail-
able flow area within the test section. The seeding particles were pre-
mixed with the working fluid in the surge tank, which was circulated
through the flow loop, to ensure sufficient mixing and particle density
in the working fluid and in the PIV images.

For Re = 6000, the PIV camera was operated at 1000 frames per
second (fps), where N =10000 sequential PIV images were utilized
for experimental velocimetry statistics, with an interframe time delay
of At=0.001s. A constant time delay ensured that the statistical PIV
parameters were time-resolved. An in-house PIV processing code was
utilized to process the experimentally acquired images, similarly uti-
lized in several preceding PIV studies.'”>”* The robust phase correla-
tion (RPC) algorithm was used to perform cross-correlation between
consecutive image frames, which was proven to reduce bias errors and
peak locking effects.”*° The velocity vectors were evaluated from the
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cross-correlation stage and subpixel displacements, obtained using a
Gaussian fit."* Vector validation was performed using universal outlier
detection” to identify and replace erroneous vectors resulting from
incorrect cross-correlation. The corresponding erroneous vectors were
replaced using bicubic interpolation. Three PIV processing passes
were performed using grid sizes that were progressively reduced, to
ensure correct seeding particle correlation in the PIV images. An initial
128 x 128 pixel interrogation window with 50% overlap was used in
the first PIV pass resulting in a grid resolution of 16 x 16 pixels
(24 x 2.4mm). For the second PIV processing pass, the interrogation
window was reduced to 32 x 32 pixels, returning a grid size of
8 x 8 pixels (1.2 x 1.2mm). The third and final processing pass
then increased overlap to 75% for a final grid spacing of 4 x 4
pixels (0.61 x 0.61 mm). The magnification factor, & = 0.1515 = 0.0013
mm/pixel, was obtained using the calibration process highlighted by
Menezes et al,” to convert pixel displacements into physical units in
millimeters (mm). For the PIV processing of the experimental data, the
number of erroneous vectors that failed the validation process and were
interpolated was less than 5% of the total vectors averaged throughout
the experimental time. Additionally, cross-correlation using RPC was
quantified to be accurate within approximately +0.1 pixels, as assessed
and confirmed by previous studies.” A detailed uncertainty analysis
based on PIV parameters, instrumentation, and measurement parame-
ters is described in Sec. IV A. Using the aforementioned experimental
setup and methodology, the TR-PIV statistics were evaluated and
detailed in Sec. IV.

IV. TR-PIV RESULTS
A. Convergence analysis and uncertainty propagation

Several sources of uncertainty for the component-wise velocities
from this experimental study have been identified and quantified.
First, the streamwise and spanwise instantaneous velocity vector com-
ponents are computed by

u= a<%> + ou, 3)

where o is the magnification factor in m/pixel; AX is the displacement
between a component-wise correlated image pair, in pixels; At is the
time delay between image pairs, in s; and Ju is the difference between
the seeding particle response in the fluid and the actual fluid flow. As
the particle Stokes number was determined to be Stk ~ 1073, it is
shown that the particles closely follow the flow and the response of the
seeding particles, ou, in the fluid can be considered negligible. The
uncertainty of the instantaneous velocity vector components was eval-
uated by propagating the uncertainties of the aforementioned parame-
ters, resulting in

AX\? 2\ AX
_ 2 2 2
ou= \/(At) %t <At) Tax (Aﬂ) Tar @)

The uncertainty in the time delay is given by the camera settings at
1%, or gp; = 1 x 107 5. The particle displacement has an uncertainty
due to the performance of the RPC algorithm, which was previously
quantified at oax =0.1 pixels.””” Finally, the magnification factor
uncertainty was calculated through the calibration process as
04 =0.0013 mm/pixel. Table I lists the normalized propagated mea-
surement uncertainty of the instantaneous velocity components in

ARTICLE pubs.aip.org/aip/pof

TABLE |. Maximum normalized propagated measurement uncertainties, o, and o,
of the instantaneous velocity components in the spanwise (U) and streamwise (V)
directions for TR-PIV measurement planes VP1, VP2, and VP3.

Uncertainty VP1 VP2 VP3
au/Uy 5.1% 4.6% 4.6%
a,/Us 5.6% 5.8% 5.5%

each plane. The presented uncertainties were normalized by the bulk
flow velocity Up.

Additionally, the uncertainty of the computed PIV statistical
results (i.e., mean velocity, root mean square, and Reynolds stress) is
quantified for the presented results, following the method described in
Neal et al.”' and implemented by Nguyen et al.'' The normalized stan-
dard uncertainty for time-averaged quantities is presented in Table II
for the three planes of interest. Since each field of flow is at the same
Re flow, the statistical uncertainties were observed to possess minimal
variation between planes. The near-wall plane, VP1, shows slightly
higher uncertainties in the streamwise direction.

It should be noted that the estimation of uncertainty in TR-PIV
persists as a prevalent area of research due to the complex interdepen-
dencies of the experimental and algorithmic parameters. A diverse set
of methodologies are found in the literature, where researchers have
sought to resolve this complexity and quantify PIV uncertain-
ties.””***>>* The uncertainty analysis presented has included major
sources of measurement error pertaining to the calibration of the PIV
measurement window, the correlation algorithm, the seeding particle
properties, the high-speed camera properties, and the standard uncer-
tainties in the time-averaged flow field.

The convergences of the flow statistics were calculated based on
an affirmed comparative methodology by several previous PIV stud-
ies.'""**” The presented convergence analysis serves as a verification
whether a sufficient number of experimental TR-PIV samples were
obtained to accurately evaluate the velocimetry parameters. For each
experimental plane of measurement, VP1-VP3, a total of N = 10000
samples were considered. The convergences were estimated as percen-
tages using a progressively increasing number of samples, Ni, for all
the grid points, p, in the experimental images. Ny corresponding to
N; =2000, N, =4000, N3 = 6000, and Ny = 8000 snapshots (sequen-
tial and beginning from the first snapshot) were selected. The normal-
ized spatially averaged absolute difference values—here, defined as the
convergence factor, éy,—for the aforementioned TR-PIV points for
each plane were calculated as

. 1<
€N, :I;Z |(Si)n, — (Si)wls ©)
i=1

TABLE II. Normalized standard uncertainties, ey, ev, &, &, and &y, in percen-
tages for the TR-PIV measurement planes VP1, VP2, and VP3 at Re = 6000.
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ev/Uo ev/Uo ey, /Us &, /U ewv/Uo
Plane (%) (%) (%) (%) (%)
VP1 0.06 0.19 0.04 0.14 0.01
VP2 0.05 0.17 0.04 0.12 0.01
VP3 0.06 0.17 0.04 0.12 0.01
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where S; denotes the first- or second-order statistics in consider-
ation, obtained from the TR-PIV measurements. Figure 4 shows
the percentage normalized convergence factor evaluated for the
spanwise Velocity, Uavg; streamwise velocity, Vavg; ﬂuctuating span-
wise velocity, upy; fluctuating streamwise velocity, vqyg; and the
Reynolds stress, u'v'. For each TR-PIV measurement plane, €N,
was normalized using Uy for Uuyg, Vayg, Upys> and viys, Whereas
u'v' was normalized using UZ.

A considerable decrease in the normalized convergence
parameter was obtained by increasing the snapshots from N; to
Nj. This indicates that convergence was achieved for all experi-
mental measurement planes using the methodology in Sec. I1I and
the selected total number of snapshots, N, for velocimetry parame-
ter estimation. The similarity in €y, for a given Nj indicates that
the selection of frame rate and grid sizes were selected appropri-
ately. The comparative maximum value of ey, =0.647% was
obtained for Vavg at VP2, For Ny, which is closest to N, the normal-
ized convergence factor values for all the considered velocimetry
parameters were estimated to be below 0.21%. Following the con-
firmations from the convergence analysis, all the TR-PIV statistical
results were computed using the maximum available snapshots
(N =10 000).

B. Experimental TR-PIV statistical results

In this section, the experimental TR-PIV statistical results are
presented, subject to Reynolds flow decomposition for the VP1, VP2,
and VP3 at Re = 6000. Section IV B 1 highlights the velocity magni-
tudes and the velocity fluctuation contours, and Sec. IV B2 presents
the contours for the Reynolds shear stress, vorticity, and turbulence
kinetic energy. TR-PIV line profiles are presented in Sec. IV B3 for
three axial elevations (L;, L,, and L3) downstream of the spacer grid in
the 127-pin hexagonal rod bundle.

0.8 —— : ~
M <y,
0.7+ M <y, |
VP2 [ &,
0.6+ Bl €y, |
_05¢
=
& 0.4
03r
02+
0.1¢
O ! ! £l
. b U Rms V RMS v

FIG. 4. Convergence assessment using the percentage normalized convergence
factor, €, for the first- and second-order TR-PIV statistical results. €y, was evalu-
ated for the vertical measurement planes VP1, VP2, and VP3 at Re = 6000.
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1. Time-averaged velocity magnitudes and root mean
squared velocity fluctuations

The normalized time-averaged velocity magnitude fields
(Umag/ Up) are shown in Fig. 5(a) for the laser planes VP1, VP2, and
VP3 for the 127-pin assembly at Re=6000. The vectors of Uy, /Uy

are depicted in Fig. 5(a), calculated as Umag = | / Uz, + V3, indicat-

ing the magnitude and direction of the flow. The streamwise upper
limit reported is at Y/Dj =10 since the contours of all discussed
parameters show similar behavior downstream of this axial elevation.
Strong bypass flow persists in the near-wall edge subchannels, as
observed by the higher magnitudes of U4, in VP1. It should be noted
that the scale selected for the VPI results was adjusted to adequately
highlight the flow patterns in the near-wall subchannels. The near-
wall flow is a consequence of its larger cross-sectional flow area, which
allows a larger volume of fluid to pass into VP1. For all the subchan-
nels, alternating regions of higher velocity flow streamlines form due
to cross-sectional area constriction. Jet-like flow structures emanate
from the spacer grid, which maintain this flow pattern on progressing
further downstream of the spacer grid, where the structures at VP1
exhibit wall-jet behavior.”® Similar flow structures were also found in
the 84-rod bundle experiments with staggered spacer grids by
Menezes et al.”” The flow in all the laser planes of interest achieves a
state close to full flow development at approximately Y /Dy, =4, indi-
cating that the turbulence generated due to the spacer grid is highly
localized. The interior subchannels shown by VP2 and VP3 show sim-
ilar Upyg contours owing to the similar flow split occurring in the inte-
rior subchannels.”” Furthermore, the maximum Umag/ Uy values were
estimated to be 2.033 for VP1, 1.353 for VP2, and 1.387 for VP3.

Figure 5(b) highlights the normalized root mean square
(RMS) fluctuating velocity contours in the spanwise direction
(tgps/ Uo). It is immediately observed that the peaks in the con-
tour maps of up,s are localized in the regions between the afore-
mentioned jet flow structures. For all the vertical laser planes of
interest, VP1-VP3, it can be observed that the peaks in u},,s dem-
onstrate spanwise periodicity and are below Y/Dj, =2. For VP2
and VP3, in the interior subchannels of the fuel assembly, the up
peaks are further constricted up to Y/D,=1 confirming the
restriction of turbulent instabilities in the spanwise direction to
the immediate wake of the spacer grid. The effect of the rods on
the spanwise velocity was captured in the VP3 measurements
above Y /Dy, =6, possibly due to a flow volume constriction caused
by the rods in the immediate in-plane region. Since the primary
function of the 3D printed spacer grid in this rod bundle is primar-
ily to maintain geometrical arrangement, the turbulence generated
by the spacer grid shows strong localization. Figure 5(c) compares
the normalized streamwise velocity fluctuations (viy/Us) for
VP1-VP3. The fluctuations occur in the shear region where slower
moving fluid in the intermittent jet regions interacts with the faster
moving fluid. The dominant vy,;q peaks for all the planes of inter-
est demonstrate relative overall symmetry about X/Dj, =0, with a
comparatively higher symmetry observed at VP1. Streamwise fluc-
tuations due to the rods are apparent from the elongated vyyq
peaks in the interior subchannel laser plane measurements at VP2
and VP3, indicating dominant rod effects on the flow through the
127-pin bundle.
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FIG. 5. (a) Normalized time-averaged velocity magnitude (Unag/Us) contours with superposed velocity vectors, (b) normalized spanwise fluctuating velocity (ugys/Uo) con-
tours, and (c) normalized streamwise fluctuating velocity (vgys/Us) contours: for the planes VP1, VP2, and VP3 at Re = 6000. The spacer grid is located immediately below

Y /Dy =0.

2. Reynolds shear stress, vorticity, and turbulence
kinetic energy distributions

The contours of the normalized Reynolds shear stress
(u'v'/Ug) for VP1-VP3 are shown in Fig. 6(a). The Reynolds stress
contours characterize the average momentum transfer caused due
to turbulent velocity fluctuations. Alternating peaks of high and
low intensities are observed in the immediate wake of the spacer
grid in the 0 < Y/Djy, < 1 region. The shear stress is strongly influ-
enced by the peripheries of the jet regions, where maximum fluid

shear is observed due to the faster moving jet flow structures and
the slower moving fluid in the intermediate jet regions, indicating
the presence of a fluid-fluid Kelvin-Helmholtz instabilities.’”””
The intensity of the peaks decreases on progressing inward to the
center of the hexagonal assembly, with the strongest magnitudes of
the '/ peaks occurring at VP1 and gradually reducing to lower
intensities at VP3. To characterize the presence of fluid structure
rotation, the normalized vorticity (wDy,/Up) contour maps for the
TR-PIV measurement planes were evaluated and presented in Fig.
6(b). The mean velocity vectors for the respective planes are
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FIG. 6. (a) Normalized Reynolds stress (u'v'/ ug) color contours, (b) normalized vorticity («Dj, /Up) contours indicating the presence of rotation in the shear layers, and (c) nor-
malized turbulence kinetic energy (TKE,/UZ) contours: at Re = 6000 for experimental TR-PIV measurement planes VP1, VP2, and VP3.

superposed on the contours of wDy,/Uy. Figure 6(b) compares the
vorticity fields of VP1, VP2, and VP3 to observe the fluid rotation
effects due to the spacer grid while moving closer to the center of
the bundle. The presence of dominant o peaks of strong positive
and negative intensities is a characteristic feature of the emanating
flow in the presented 127-pin assembly for all measurement
planes. The boundaries of the jet structures where velocity gradient
persists introduce fluid rotation in the peripheral region of the jets,
where positive @ indicates counterclockwise fluid rotation and
negative values indicate clockwise rotation.
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Finally, to quantify the energy possessed by the turbulent
fluid motion, the normalized turbulence kinetic energy per unit mass
(TKE/U?) was evaluated as TKE = 0.5/t + Viaus- The
TKE/U? contour maps are presented for VP1-VP3 in Fig. 6(c). The
TKE peaks are once again localized in the regions where the combined
effects of uf, s and vy are the highest. It is noticeable that the TKE
production mechanism in all planes are predominantly due to turbu-
lent mixing introduced by the spacer grid functioning as a flow pertur-
bation.” Due to the regular geometry of the spacer grid, the TKE
spatial contours demonstrate spatial symmetry about X/Dj; =0. In
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the measurement plane VP1, immediate TKE dissipation occurs post
the turbulent wake region due to bypass flow accelerating flow devel-
opment. For VP2 and VP3, the induced fluid instabilities are influ-
enced by the presence of the rods in the constricted flow volume,
which illustrate the presence of Kelvin—-Helmholtz solid-fluid bound-
ary flow instabilities—causing elongated TKE peaks in the regions
where the TKE would otherwise dissipate.

3. Line profiles of TR-PIV statistical results

This section highlights the line profiles of TR-PIV parameters to
depict the downstream flow development past the spacer grid in the
127-pin assembly at Re = 6000. Important normalized and time aver-
aged first- and second-order parameters such as the spanwise velocity
(Uavg/ Up)s streamwise velocity (Vavg/Up), the RMS fluctuating span-
wise component (ugys/Up) and the streamwise component
(Vims/ Uo)s the vorticity (wDj,/Up), and the turbulence kinetic energy
(TKE/U?) were obtained along three axial elevations. In the compari-
sons, Unygs Vags Upyg> and viyg were normalized by the bulk flow
velocity Uy, whereas o was normalized using D, /Uy, and TKE by Ug.
The first elevation is located at line L, (Y/D, =0.5, —4.5 < X/Dy,
< 4.5) in close proximity of the spacer grid, the second is at line L,
(Y/D,=2, 45 < X/D, < 45), and the final is at line L;
(Y/Dy, =10, —4.5 < X/Djy, < 4.5), which is the furthest downstream
of the spacer grid. Figure 7(a) presents Uy, /Uy, and Fig. 7(b) shows
Vavg/ Uo for the aforementioned axial elevations for each vertical plane
of measurement, VP1-VP3. The U,, line profiles capture the
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spanwise outward flow originating from each jet structure, which was
found to be of highest intensity for VP1, with lower but similar intensi-
ties captured for VP2 and VP3. The bypass effects due to the wall gap
in the near-wall subchannels yield higher streamwise flow velocity
peaks seen in the Vyy, line profiles at VP1, followed by the lower yet
similar intensities for nominal flow at the subchannels represented by
VP2 and VP3. The presence of local peaks in both Uy, and Vi,
reduces when progressing from L, to Ls, indicating local fluid acceler-
ation immediately past the spacer grid followed by progressive deceler-
ation further downstream. The similarity of the velocity profiles at
VP2 and VP3 further confirms the validity of the assumption of simi-
lar treatment of velocity profiles in interior subchannels, by the
Upgraded Cheng and Todreas Detailed (UCTD)”” and Pacio-Chen-
Todreas Detailed (PCTD)"*** predictive correlations for bare hexago-
nal rod bundles.

The strong immediate turbulence generated in the down-
stream vicinity of the spacer grid results in dominant up, [Fig.
8(a)] and vpy [Fig. 8(b)] peaks and at L; for VP1-VP3. For both
Upys and viypeo the fluctuations stabilize as these face downstream
decay.” The dominant turbulence effects up to Y /Dy =2 yield the
peaks and valleys of turbulent fluctuations in v}y, which stabilize,
as observed in the vgy profiles at L, and Ls. In the interior sub-
channels portrayed at VP3, the rod effects cause increased span-
wise fluctuations downstream of the spacer grid at L3, as also
observed in the contour maps in Fig. 8(b). Flow development was
confirmed past Y /D, =4, based on the stabilization of the line
profiles of Uyyg, Vavgs tppgr ad V-

/2 N 009 pieeeit
0.06
0.03 -

i é‘&ﬂ/\wﬁmj\ vﬁ

-0.03

AN

-0.06

: -0.09 ,
0 2 4 4 2 0 2 4

® 05! - 0.5

vV /U
vg
! o L
=
>

FIG. 7. TR-PIV sub-channel-dependent line velocity profiles indicating downstream flow effects at Ly (Y /Dy =0.5), L, (Y/Dy=2) and L3 (Y /D, = 10) past the spacer grid
(at Y/Dy =0) for the: (a) normalized average spanwise velocity (Uayg/Up) and (b) normalized average spanwise velocity (Vayg/Up).
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FIG. 8. Line profiles of the (a) normalized spanwise velocity fluctuations (ugys/Us) and (b) normalized streamwise velocity fluctuations (vgys/Uo): at Ly (Y/Dy=0.5), L,

(Y/Dp=2), and L3 (Y/Dy = 10) past the spacer grid for VP1-VP3.

The velocity gradients in the interspatial region between the jet
structures cause fluid shear and rotation displaying alternating positive
and negative intensities in the normalized vorticity (wDj/Up) line
profiles [Fig. 9(a)], which dissipate downstream. The averaged local
fluid rotation in the shear and rotation layers occurs due to the velocity
gradient in these regions.” As observed in the previously discussed
line profiles for average velocity and velocity fluctuation components,
the vorticity also demonstrates a similarity downstream at L; for
planes VP1, VP2, and VP3. In Fig. 9(b), the decay of the normalized
TKE (TKE/ Ug) to the developed values at Lj is observed for these
planes of measurement, with the regions of highest turbulence demon-
strating peaks in intensities. The presented line parameters in this sec-
tion for the first- and second-order velocimetry parameters are
imperative for CFD model validation and development. Subsequently,
the spacer grid design and geometry for such rod assemblies can be
optimized to enhance performance parameters such as turbulence,
heat, and momentum transport.

C. Spatial-temporal cross-correlation analysis

In this section, the transition regime flow downstream of the
spacer grid was studied using two-point spatial-temporal cross-
correlations. Cross-correlation analysis provides insight into the vorti-
cal structures present in the flow in different measurement regions in
the bundle, downstream of the spacer grid. This analytical method was
successfully implemented in previous experimental PIV rod bundle
studies by Menezes et al,'> Matozinhos et al,” and Nguyen et al.'’

The spatial-temporal cross-correlation is computed by the following
equation:

<v’(x7 t)y-vV(x+n,t+ ‘L')>
\/<v’2(x7 t)>\/<v’2(x +1n,t+ r)>

where R,, is the spatial-temporal cross-correlation of the streamwise
fluctuating velocity vector v/, x is the spatial reference point 2D vector,
7 is the temporal time delay, and # is the spatial separation vector
from the reference point measurement.”” The same procedure can be
performed to compute the cross-correlation of the spanwise velocity
fluctuations, R,,,. To compute two-point spatial cross-correlations, the
time delay is set to zero, T = 0. This selection reveals the spatial extent
of correlated regions and characterizes the local coherent structures
and turbulent mixing. For the inclusion of a time delay, the correlation
of the fluctuating velocity in one spatial direction is characterized
across time. This helps to provide further detail on the local convection
velocity and temporal extent of vortical structures that result in corre-
lated velocity fluctuations.

va(x7 , T) = (6)

1. Two-point spatial cross-correlation distributions

The two-point spatial cross-correlations of the streamwise and
spanwise fluctuating velocities are depicted in Fig. 10 for the wall sub-
channel (VP1) and two interior subchannels (VP2 and VP3). Nine ref-
erence points are presented to characterize each measurement plane,
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FIG. 9. Evolution of the (a) normalized vorticity (wD5/Up) and normalized turbulence kinetic energy (TKE/Ug) (b) at Ly (Y/Dr=0.5), L, (Y/Dr=2), and L3 (Y /D, =10)

past the spacer grid for VP1-VVP3 at Re = 6000 in the 127-pin hexagonal rod bundle.

located at X/Dy, =[—3, 0, 3] and Y/Dj, = [2, 5, 8], which were repre-
sentative of the spatial cross-correlation contours in their immediate
spatial vicinities. The spatial extent of the correlated regions in the X
and Y directions was largely similar due to low interference from the
bare rod bundle. For the bare hexagonal spacer grid, the transitional
nature of the flow at Re = 6000 results in almost isotropic flow behav-
ior - also confirmed by the symmetry of the highly correlated regions
on progressing inward toward the center of the 127-pin fuel bundle
from VP1 to VP3. Lightly correlated regions indicate some deforma-
tion in the streamwise direction of the R,, correlations. Meanwhile,
Ry, correlations in the interior subchannel of VP2 [Fig. 10(b)] exhib-
ited weak alternating peaks due to local vortical motion downstream
of the spacer grid at Y /Dy, =5 and Y /Dy, = 8. As shown by the veloc-
ity magnitude profiles in Fig. 5(a), these points in VP2 lie along a
velocity gradient, which explains the presence of a small local recircu-
lation regions with vortices along the shear layer between fast and slow
fluid flow.

2. Two-point spatial-temporal cross-correlation

Spatial-temporal cross-correlations of the streamwise fluctuating
velocity R,, were computed for two reference points in each plane, as
depicted by the color contours in Fig. 11. Reference point P1 is located
at (X/Dy, Y/Dy) = (1.0, 5.0), normalized by the hydraulic diameter
Dy, while P2 is located closer to the spacer at (X/Dy, Y/Dy) = (1.0,
1.5). In the contour plots, the horizontal axis is the time delay,

1Up/D,, normalized by the eddy turnover time, D, /Uj in s. The eddy
diameter, D,, was estimated by the radius of the circle subscribed in
the subchannel gap between fuel rods.” Meanwhile, the vertical axis is
the normalized axial height above the spacer grid, Y/Dj, inside the
127-pin rod bundle. The cross-correlations reach a unity value when
the time delay and separation distance from the reference points are
zero (i.e., T=0 and n=0). As separation distances and time delay
increases, the correlation between streamwise velocity fluctuations
decreases. As depicted in Fig. 11, the spatial correlation at each time
delay is relatively small. However, the spatial-temporal correlated
regions reveal interactions between traveling vortices that persist with
time delays from 10 to 50 ms. In VP1 and VP3, the interactions at P1
are long-lived due to the homogenization of turbulent flow down-
stream of the spacer. This is not the case in VP2, because P1 is closer
to the boundary of fast and slow velocity streamlines, which results in
rapid decay of traveling vortices. Additionally, the short-lived correla-
tions near the spacer at P2 indicate rapid decay of the secondary flow
structures.

The slope of the spatial-temporal cross-correlation is known to
represent the convection velocity U, or average traveling speed of
large and small vortices. The convection velocity was quantified using
linear regression and normalized by the bulk velocity, as denoted by
the dotted lines and annotations in Fig. 11. The local velocity magni-
tude alternates between fast and slow streamlines. This has a notice-
able effect on the convection velocity, resulting in a sinusoidal
variation in the convection velocity along the lateral direction in the
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measurement window. In Table III, the maximum, average, and mini- hydraulic lengths to 5.0 hydraulic lengths did not have a significant
mum convection velocities were identified for two heights above the effect on the average convection velocity. The spatial-temporal results

spacer grid in each plane. It is shown that the near-wall flow has higher for VP2 (Fig. 11) demonstrate the velocity gradient between a fast and
convection velocities for fast and slow streamlines due to the effect of =~ slow streamline region. The normalized convection velocities in VP2
bypass flow. Interestingly, the height above the spacer grid from 1.5 are therefore closer to the mean values computed in Table 111, whereas
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FIG. 11. Contours of the spatial-temporal velocity cross-correlations for the streamwise component (R,y) for point Py at (X/Ds, Y/Ds)=(1.0, 5.0) and P, at (X/Dp,
Y /Dy) = (1.0, 1.5). The slope of the spatial-temporal cross-correlation extents yields the turbulent eddy convection velocity, U. The normalized convection velocities (U, /Up)

are highlighted in the figure.

the selected points in VP1 and VP3 lie in fast streamlines with convec-
tion velocities comparable to the maximum values in Table I11.

V. DYNAMIC MODE DECOMPOSITION FOR THE TR-PIV
RESULTS

A. Dynamic mode decomposition overview

While time-averaged flow parameters describe the mean flow of
the 127-pin fuel assembly, it is imperative to analyze the turbulent
flow structures in the immediate vicinity of the spacer grid to identify
important characteristics of turbulence behavior. Such flow structures,
which may recur and contribute to fluid momentum transport, are
defined as coherent structures.”’ Distinguishing dominant flow fea-
tures, associated with the interrelated fluid dynamics and heat trans-
port mechanisms, allow an augmented understanding into the
optimization of spacer grid design and rod bundle geometry. Many
flow decomposition methodologies persist in the literature to achieve
the aforementioned objectives.”' The proper orthogonal decomposi-
tion (POD) is one such widely used mathematical methodology
employed to extract statistically dominant flow structures. A derivative
of the Karhunen-Loeve decomposition, POD, provides a low-
dimensional basis of the flow to return spatial decompositions of the

TABLE |II. Normalized convection velocities (U, /Up) for two streamwise elevations
Y/Dy=1.5 and Y /D, =5.0 downstream of the spacer grid. The maximum, aver-
age, and minimum U, /Uy values are summarized for VP1, VP2, and VP3.

Location Parameter VP1 VP2 VP3
Y/Dy=15 (Ue/Up) pax 1.45 1.08 1.13
(Ue/Uo) g 1.13 0.71 0.76
(Ue/Up) min 0.66 0.38 0.46
Y/Dy, =50 (Ue/Up) as 1.58 1.11 1.12
(Ue/ U)oy 1.09 0.70 0.73
(U/U0) i 0.56 0.30 0.37

most energy containing flow structures.”” These spatial fields, or

modes, are associated with their orthogonal temporal evolution coetfi-
cients to yield an encapsulated overview of an investigated flow field.”’
Despite its benefits to detail energetic flow structures associated with
their time evolution, important time dynamics information may be
lost due to the methodology of associating a specific spatial mode with
its respective overall and orthogonal time evolution. Furthermore, in
the POD algorithm, the temporally averaged spatial correlation matrix
that produces second-order statistics introduces an information loss of
possibly important spatiotemporal coherent structure formations.”

An alternative mathematical methodology to extract important
temporal and frequency related information is Dynamic Mode
Decomposition (DMD), which is a spatiotemporal dimensionality
reduction technique based on Koopman analysis.”” Initially intro-
duced to the fluid dynamics community by Schmid,”® DMD is effec-
tive at providing a linear basis, or approximation, for complex non-
linear flow fields (such as transition and turbulent regime flows).
DMD is especially useful since it provides a transient quantification of
the spatial and temporal decomposition of dominant flow structures,
along with their stability, the rate of growth, and oscillation frequencies
of the respective spatially decomposed modes. As compared to POD
whose orthogonality denotes spatial independence of the decomposed
modes, DMD modes are spatially orthogonal with associated temporal
frequencies that evolve independently as time progresses, therefore
also temporally orthogonal.”” Several variations of the DMD method-
ology have been developed since its inception, as particularized in the
works of Kutz et al,°® Erichson et al,*” and Jovanovic et al.,”’ among
others.”"””> The DMD analysis technique utilized in this experimental
investigation is the Exact DMD method due to the TR-PIV data being
real-valued and separated by a constant time interval—detailed by
Kutz et al.”” and briefly described in Sec. V B. Experimental TR-PIV
snapshots at Re=6000 for the near-wall vertical plane VP1 were
decomposed into its spatial modes and temporal dynamics—which
return important mode growth and oscillation information as quanti-
fied frequencies.
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B. Dynamic mode decomposition methodology

For the TR-PIV data at the near-wall plane VPI, a total of
N =10000 distinct instantaneous vorticity snapshots were considered
for the DMD analysis at an fps of 1000. The snapshots were arranged
in two matrices, ® and «’, where the individual snapshots are sepa-
rated by a constant time interval, At =0.001 s, as

A locally linear approximation is estimated by performing the singular
value decomposition (SVD) using a truncated number of modes, k (k
< N), to provide a reduced yet meaningful reduced-order model of
the near-wall flow in the edge subchannels of the 127-pin bundle

o~ UV, (8)

where U is the left singular matrix, X is the scaling matrix, and V* is
the conjugate transpose returning the left singular values of . A deter-
mining factor of the effectiveness of SVD for this flow system is to
obtain a sharp decrease in the singular values to zero, as highlighted in
Sec. V C 1. The linear approximation of the best-fit linear operator, A,
is then estimated to relate the matrices as @’ 2 Aw, given by

A=0oo,

9
A= VETU*, ©)

where ' is the Moore-Penrose pseudoinverse of m, which provides
the least squares solution for systems which may be overapproximated
or underapproximated depending on the number of snapshots used to
describe a flow system.”* As previously stated, for computational effi-
ciency and to obtain a comprehensive reduced-order model, the
modes were truncated to an k x k projection of the matrix A, as per

Apsk = U vEL (10)

Here, Agx is the low-dimensional linear approximation and its eigen-
decomposition returns the eigenvectors, W, and its usually complex
valued eigenvalues, 4, as seen in

AW =W (11)

Finally, the exact DMD modes, ©, are reconstructed from the decom-
position of the matrix A, calculated by

Oiuk = o' VETIW. (12)

The eigenvectors in the truncated space, ®jk, describe the most-
important spatially decomposed flow structures and its corresponding
eigenvalues, obtained from /, relay important information pertaining
to the temporal dynamics of the respective modes. On converting the
eigenvalues to the phase space as per A,, = log(/,)/At, the real values
of A, A, ,, provide the growth or decay rate of the given mode, #; and
the imaginary values, A, ;, yield their respective oscillation frequencies
— detailed further in Sec. V C 2.
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C. Dynamic mode decomposition results
1. DMD mode stability analysis

The results of the DMD analysis on the vorticity fields utilizing
the aforementioned methodology are presented in this section for the
VP1 experimental plane at Re=6000. The number of truncated
modes selected was k=150. Figure 12 illustrates the DMD singular
values and the cumulative singular value spectra. A sharp decrease in
the singular values, as described in Sec. V B, was observed for the
selected k, with the largest representation described in mode n=1.
This demonstrates that the TR-PIV data were adequately reduced to a
low-dimensional basis and the selected k was sufficient in describing
the spatial-temporal flow behavior for VPI in the 127-pin assembly.
For subsequent analysis, it should be noted that the low-order modes
n=1,2,3,5,6,and 8 were studied because these modes were observed
to represent a majority of the dominant flow characteristics, which are
detailed in this section.

Owing to DMD’s similarity to the Arnoldi algorithm allowing its
representation in the Krylov subspace, the eigenvalues are equivalent
to the Ritz values—whose stability characteristics can now be quanti-
fied.”””® The Ritz value spectrum of the DMD eigenvalues, 4, was plot-
ted in Fig. 12(b) to analyze the mode stability characteristics of fluid
flow immediately after encountering the spacer grid at VP1. In this
comparison of the real component of the eigenvalues, /,, to the imagi-
nary component, /;, the modes with eigenvalues on the unit circle
denote neutral stability, whereas modes within the unit circle signify
stable decay and the modes with eigenvalues outside the unit circle
would signify unstable growth or instability.”

As appreciated in Fig. 12(b), Mode 1 lies in near proximity
within the unit circle implies that the most dominant mode indicates
inherent mode stability, and its value below 1 implies that Mode 1 is
slightly damped. To study the stability characteristics of the low-
order modes which follow (n =2, 3, 5, 6, and 8), their position on the
Ritz value spectrum was analyzed, as highlighted by the colored
points in Fig. 12(b). Damped and increasingly decaying behavior was
observed for all the aforementioned modes—a consequence also
observed for certain modes in the study by Schmid et al.” for jet
flow between two cylinders—implying important flow characteristics
reduce in intensity as time progresses. All the modes, including the
higher-order modes, demonstrated convergence with increasing
decay rates, owing to their positions within the unit circle on the Ritz
value spectrum.’”

2. Mode frequency and PSD analysis

In addition to providing critical mode stability characteristics, the
DMD eigenvalues can also be used to characterize the temporal decay
rates and oscillation frequencies of the relevant modes, which describe
the fluid dynamics of the system. To quantify these decay rates and
temporal frequencies of each mode, the eigenvalues were converted to
the temporal space, as

Ay = log(/,) /At (13)

where the real component of A, for a given mode n, A, ,, quantifies the
decay rates for the modes at the near-wall plane in Hz, and the imagi-
nary components, A, ;, provide the frequency of mode oscillation in
Hz. Figure 13(a) presents the DMD spectrum for modes 1 < n < 150.
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FIG. 12. DMD analysis of the vorticity fields at the near-wall plane (VP1) for Re = 6000 highlighting the (a) DMD singular value spectra and the DMD cumulative singular value
spectra; and (b) Ritz value DMD eigenvalue stability analysis demonstrating that all DMD modes for VP1 lie within the unit circle and are stable yet decaying.

The oscillatory behavior of the modes is also reported using Q,, ; in
rad/s to comprehend their cyclical periodicities, where Q,
= log(Z,)/2nAt. Mode decay is a dominant phenomenon observed
for all DMD modes at VPI, represented by the exclusively negative
A, » values. The most stable and least decaying mode is the dominant
mode at n =1, which as seen in the spatial mode representation in
Fig. 14, resembles mean vorticity [Fig. 6(b)]. The decay rates (repre-
sented by the negative A, , values) and the oscillation frequencies
(A,.; values) for the selected lower-order modes are summarized in
Table IV.

Additionally, the power spectral density (PSD), | @[, of the
DMD spatial modes, ©}, was evaluated and normalized based on
the cumulative L, norm, th:l H@‘:HZ (k=150) as the cumulative
represents the total energy content of the decomposed system. In
Fig. 13(b), the relevant low-order dynamic modes are highlighted
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by individual colors. Mode 1 represents the highest system energy
content, which signifies steady characteristics representing system
flow dynamics with minimal decay.” For n > 2, |©%||* indicates
the smaller and similar contribution of these modes to the overall
flow dynamics. The inlayed plot in Fig. 13(b) also illustrates the
temporal phase progression, in rad, for 1 < n < 30. The phase
angle and delay of n=1, 2, and 5 have zero values, hence are
standalone non-oscillatory flow representations, whereas phase
delays for 05-0, of 0.017rad, 0s-0; of 0.123rad, and Og—0y of
0.081 rad indicate the temporal lag between adjacent modes equiv-
alent symmetric real eigenvalue components and non-zero conju-
gate imaginary components.”* The presented DMD PSD analysis
provides a means for determining the energy content-dependent
mode relevance, which is important to identify relevant modes,
which characterize flow behavior.
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FIG. 13. Near-wall plane (VP1) DMD frequency and PSD analysis at Re = 6000 showing the: (a) DMD eigenvalue spectrum quantifying the decay rates (A, ) and mode oscil-
lation frequencies (A) in Hz. The colorbar indicates the magnitude of mode oscillation frequencies, Q,, in rad/s; and the (b) DMD normalized power spectral density with

the oscillation frequency spectra (inlayed figure).
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FIG. 14. Real-valued exact DMD lower-order vorticity spatial modes, ®;,, for n=1, 2, 3, 5, 6, and 8 at the near-wall plane VP1 for Re = 6000 indicating coherent structures

formations and the localization of spacer grid induced turbulence.

2. Dynamic mode decomposition spatial modes

The temporal and stability characteristics of the DMD modes
provide important information pertaining to their presence, persis-
tence, and oscillations. The spatial modes, ®,,, provide a visual repre-
sentation of the mathematically dominant and energy-containing flow
structures in the near-wall plane of the 127-pin LMFR fuel assembly,

TABLE IV. DMD mode decay rates (A, ) and oscillation frequencies (Ay) in Hz for
the important low-order modes, n=1, 2, 3, 5, 6, and 8.

Decay Oscillation

Mode (n) rate (A,,) (Hz) frequency (A,;) (Hz)
1 —5.75 0

2 —57.64 0

3 —71.83 8.49

5 —72.47 0

6 —79.03 61.71

8 —80.32 40.48

due to the flow instabilities arising from the presence of the spacer grid
and the rods. It should be noted that the spatial modes occur as com-
plex conjugates for non-zero temporal frequencies. Here, the real-
valued spatial fields for the vorticity, ®,, denote the spatially domi-
nant coherent structure formations, while their complex counterparts,
©}’,, denote the oscillatory spatial response.”” For the presented DMD
analysis of o at VP1, the ©f, fields where chosen for investigation in
the highlighted modes due to the relative similarity captured between
07, and ©,. It should also be noted that single, unique representa-
tions of the spatial flow effects for n =1, 2, and 5 are described by their
corresponding ©F, fields due to the nonexistence of a temporal oscil-
lation frequency [Fig. 13(b)]. Conversely, only the lower-order modes
n=3, 6, and 8 are shown since their real-valued part is symmetric
with their respective conjugates (occurring for n =4, 7, and 9).

Figure 14 shows the real component of the spatial distributions
of coherent structures from the exact DMD modes, ®’, for n=1, 2,
3,5, 6, and 8. The streamwise limits for the G)‘r‘fn fields were limited to
Y /Dy, = 4 since most coherent structure formations occur below this
elevation. Mode 1, @‘," |» shows similarities to the mean vorticity at
VP1 for Re=6000, as confirmed by Fig. 6(b). Smaller-scale instabil-
ities were also observed at the peripheries of the ®}") peaks, coincident
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with the interspatial w peaks in Fig. 6(b) at VP1. This demonstrates
non-oscillatory, steady flow with rotational structures localized within
the shear layers of the jet structures, along with the turbulent instabil-
ities in flow due to the spacer itself. Additionally, the non-oscillatory
flow behavior described by the low-order spatial modes ®;’, and @}’
also demonstrates the strong localization of spacer grid-induced turbu-
lence below Y /Dy, = 2.

This localization of turbulence for 0 < Y/Dj, < 2 is further
observed in the dominant lower order modes ®’;, @}, and ©;.
These DMD modes confirm that the spacer grid induces minimal yet
constricted turbulence in its immediate downstream vicinity, sugges-
ting that the spacer grid functions primarily to affix the geometrical
arrangement of the rod bundle and affirming that the transitional flow
in the rod bundle leans toward laminar flow. The alternating maxima
and minima due to the Kelvin-Helmholtz instabilities possess oscilla-
tion frequencies of 8.49, 61.71, and 40.48 Hz for the spatial modes
n =3, 6, and 8, respectively. The spatial modes along with their stabil-
ity and oscillation characteristics demonstrate the capability of DMD
in extracting spatial-temporally relevant flow structures—which
although in this study yields confirmatory conclusions, demarcates the
temporal characterization of dominant and concealed flow phenom-
ena. Using the DMD analysis, the revealed underlying turbulence and
momentum mechanisms are critical for the optimization of rod bun-
dle and spacer grid geometries.

3. Flow reconstruction based on dynamic mode
decomposition

An important application of DMD is reconstructing flow fields
in a reduced-order basis using a significantly lower number of spatial
modes and their respective eigenvalue-dependent temporal dynam-
ics.”” Flow reconstructions using reduced bases have significant com-
putational benefits in terms of reduction of computational time, as
highlighted in the studies by Han and Tan® and Li et al.”' For the
near-wall (VP1) instantaneous TR-PIV experimental spanwise (Uingt)
and streamwise (Vins) velocity fields, the DMD reconstruction was
performed by first following the methodology listed in Sec. V B, and
then evaluating the dynamic mode coefficients, b, as per

bkxk = @;Xk}(. (14)

Here, @ZX « is the Moore-Penrose pseudoinverse of the spatial modes,
and y is the TR-PIV velocity to be reconstructed (here, Uyec Or Vieo).
The approximate DMD reduced-order reconstruction at a given time
instant, ¢, is obtained by evaluating

7(t) & burexp|t - log(A/At))]. (15)

The DMD reconstruction for any time instant may be performed by
adjusting the truncation criteria, k. For the reconstructions demon-
strated in this study, k; =50 and k, = 150 were selected as the maxi-
mum truncated reduced order bases. This selection was considered to
highlight the effects on reconstruction with different truncation crite-
ria and to observe the resolution of the turbulent scales captured in the
reconstructions. Figure 15 shows the comparison of the normalized
instantaneous velocities at an arbitrary time instant with its normal-
ized DMD reconstructed counterparts — for the spanwise velocity
component, U/Uj [Fig. 5(a)], and the streamwise component, V /U,
[Fig. 5(b)]. The velocity magnitudes and directions are depicted by the

ARTICLE pubs.aip.org/aip/pof

vectors for all the flow fields in Fig. 15 for the 2 D region —4.6 < X/Dj,
<46,0<Y/Dy <6.

The reconstructed velocity components in Fig. 15 represent accu-
mulation of the dynamic mode coefficients up to k; and k, while
incorporating the time dynamics as represented in Eq. (15). The
reconstruction of U/Uy [Fig. 15(a)] for k; captures only the most
energy containing spanwise flow structures. The reduced-order span-
wise velocity reconstructions for both k; and k, neglect the smaller
turbulent scales, with a larger number of small-scale turbulent struc-
tures observed for k,.”” A higher number of small-scale turbulent
structures were resolved for k, due to a larger number of modes cap-
turing the energy contained in the smaller turbulent flow structures.
Similarly, the reconstruction of the spanwise velocity fields (V' /Uy) for
k; and k, compared to the instantaneous V /U, in Fig. 15(b) indicate
the capture of the full-field jet characteristics as they emanate from the
spacer grid. Peripheral smoothing of the jet structures is a result of the
reduced-order reconstructions capturing the most energy containing
flow structures, once again neglecting the smaller turbulent scales
which contain a lesser amount of the total flow energy.”” The complex
streamwise interactions are captured for both reconstructions with a
larger amount of smaller interactions in the inter-jet regions seen for
k,, especially in the immediate downstream region of the spacer grid
at 0 < Y/Djy, < 1. The presented DMD analysis complements the ear-
lier analyses of time-averaged parameters and spatial-temporal corre-
lations. DMD divulges important momentum and heat transport
mechanisms critical for the design of LMFR rod bundle arrangements
with spacer grids. The flow field reconstructions present reduced-
order representations, which are critical in turbulence investigations to
isolate the energy containing complex flow interactions based on sev-
eral interlinked geometrical parameters, such as the spacer grid and
the rod bundle. The capability of DMD to produce such reduced-
order reconstructions benefits computational model development and
validations when compared to experimental benchmarks, such as the
analysis in this research.

VI. CONCLUSIONS

The presented experimental investigation in this study provides a
comprehensive fluid dynamics investigation into the flow behavior
within a 127-pin liquid metal fast reactor prototypical fuel assembly.
3D printed hexagonal honeycomb spacer grids were installed at axially
defined intervals in the rod bundle to investigate nominal flow behav-
ior. Time-resolved particle image velocimetry experiments were per-
formed using the matched-index-of-refraction method to obtain
non-intrusive velocity measurements at three axial planes in the down-
stream vicinity of the spacer grid at a Reynolds number condition of
6000. An uncertainty and convergence analysis was presented to verify
the quality of the TR-PIV experimental data. For the instantaneous
velocity fields, maximum normalized measurement uncertainties of
5.1% and 5.8% were obtained for the spanwise and streamwise compo-
nents, respectively. Normalized first- and second-order velocimetry
contours were presented to characterize and distinguish important
flow features. The time-resolved velocity magnitude fields demon-
strated the presence of jet flow structures emanating from the spacer
grid, with a higher velocity at the near-wall plane. The interior sub-
channels in the rod bundle showed relative similarity in most velocim-
etry parameters, as previously assumed in the literature. Symmetry in
the RMS spanwise and streamwise fluctuating velocity components
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stream flow progression, the line parameters were studied at three
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fluctuations. Alternating peaks were noticeable at spatial points known
to lie along the boundary of fast and slow fluid flow streams, indicating
shear layer effects and a small recirculation region due to the velocity
gradient. Spatial-temporal cross-correlations with a time delay were
computed in the axial direction at two locations, near the spacer grid
and further downstream. The convection velocity of traveling vortices
was approximated by the slope of the spatial-temporal correlation
peaks. Near-wall flow in VP1 had a notably higher convection velocity
due to bypass flow. Additionally, the fast and slow fluid streams had a
noticeable effect in VP2 and VP3, whose points were located in the
inter-jet flow transition spatial region.

Dynamic mode decomposition (DMD) analysis was applied
to the TR-PIV instantaneous vorticity fields to extract mathemati-
cally dominant spatial-temporal descriptions of the flow in the
near-wall PIV measurement window of the rod bundle. Important
mode stability characteristics along with their temporal frequen-
cies were quantified, along with representations of their respective
spatial distributions. All the DMD modes for this study were
observed to decay on temporal progression, and their respective
rates of decay were quantified. The low-order spatial modes
highlighted the important energy containing coherent structure
formations and flow instabilities in the vicinity of the honey-
comb spacer grid. The DMD analysis further confirmed the locali-
zation of turbulent instabilities within 0 < Y/Dj, < 2 for all the
decomposed low-order spatial modes. The DMD analysis detailed
spatiotemporally decomposed fluid dynamics portrait—by simul-
taneously quantifying their stability characteristics, decay rates,
and oscillation frequencies. Truncating the modes to a reduced-
order basis allowed a representation of the reconstructed spanwise
and streamwise flow fields in the near-wall measurement plane,
using the DMD reconstruction approach. Large-scale flow charac-
teristics were demarcated in these reconstructed fields, which
depended on the number of modes selected to reconstruct the
velocity components, with smaller-scale turbulent structures
excluded in the flow reconstructions due to their lower energy con-
tributions. These experimental data sets present unique data sets
which characterize the flow dynamics in past a honeycomb spacer
grid in a 127-pin LMFR rod bundle prototype. The results provide
high-fidelity experimental benchmarks for the validation of com-
putational fluid dynamics models and reduced order models,
imperative toward the development of LMFR spacer grid and rod
bundle designs.
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