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ABSTRACT

Twisted tape inserts are often used to enhance the performance of heat exchangers. Previous simulations
suggest the existence of secondary vortices and modified axial velocity profiles in these swirled flows, with
only limited experimental evidence for these predictions. In this work, positron emission particle tracking
(PEPT) is used to interrogate turbulent twisted tape swirl flow in a pipe. PEPT is a noninvasive, radiotracer
based flow measurement technique that does not require optical access, making it suitable for measurements
in a number of engineering flow systems. The existence of the modified velocity profile and secondary
flows is confirmed using PEPT, and flow is seen to still be developing 20 diameters downstream of the
twisted channel entrance. Secondary vortices are further confirmed by the presence of increased vorticity
in these regions, and turbulent fluctuations are seen to increase in magnitude near these flow structures.
These results are in line with predictions and point to possible regions of reduced heat transfer and hot spots
in twisted tape based heat exchangers. Suggestions are made for future experiments to investigate heated
flows, utilizing the ability of PEPT to image flows in opaque systems for validating simulation of flows in
engineering equipment, such as nuclear heat transport equipment.
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HIGHLIGHTS

- Positron emission particle tracking (PEPT) is used to measure flow in twisted tape swirled flow.

- The utility of PEPT for measurements in engineering systems lacking optical access is discussed and
demonstrated.

- Measurements confirm the presence of secondary vortices, indicating the possibility for local flow
stagnation and hot spots in heat transfer systems.

- PEPT is seen to be a useful tool for code validation and systems design for the nuclear fission and fusion
communities.
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1. INTRODUCTION

Twisted tape inserts are commonly used to enhance the performance of heat transfer in tubes or ducts found
in heat transfer devices. Compared to tubes without heat transfer enhancements, swirled flows from twisted
tape inserts show increased heat transfer capabilities and increased critical heat flux. The majority of the
experimental work on twisted tape inserts has focused on the impact of twisted tape geometry on heat
transfer and pressure drop. Reviews of these experimental findings have been given by Clark et al (2015)
and Hasanpour et al (2014).

Local flow phenomena in twisted tape induced swirl flow are also of interest, as highlighted by recent
efforts to simulate these flows. Eimsa-ard et al (2009) compared the performance of different turbulence
models for simulating swirled flow from loose-fitting (tape-width less than the pipe inner diameter) twisted
tape inserts, while using the pressure drop and Nusselt number correlation of Manglik and Bergles (1993)
to benchmark their results. Liu and Bai (2015) used a renormalization group k-¢ model to study the
development of helical vortices induced by a twisted tape insert downstream of the end of the tape. Clark
et al (2017) used a standard k-¢ model to simulate swirled flow from twisted tape inserts in heat flux
environments typical of the plasma facing components in a fusion reactor. They noted the modification of
the axial velocity profile in each semi-circular channel and determined that the inward flow associated with
the aforementioned helical vortices leads to local heat transfer reduction and subsequent hot spots along the
tube wall.

Such simulations require validation, but experimental data are limited due to the difficulty of probing these
devices with optical measurements. The majority of twisted tape inserts used in industrial applications are
made of stainless steel. As such, study of local flow phenomena in these systems with optical methods
requires the use of surrogate materials and some form of optical box to reduce defects caused by refraction.
It was in this way that Cazan and Aidun (2009) used laser Doppler velocimetry to confirm the existence of
the helical vortices induced in this swirled flow. Further interrogation of flow around twisted tapes warrants
the use of experimental methods that provide three-dimensional flow information without requiring optical
access, allowing measurement in actual industrial twisted tape systems. Candidate techniques include
magnetic resonance imaging (Ramskill et al., 2017), gamma ray tomography (Hampell et al., 2007),
radioactive particle tracking (Kalaga et al., 2017), and positron emission particle tracking (Parker et al.,
1993).

In this work, we examine the feasibility of using positron emission particle tracking (PEPT) to investigate
flow in twisted tape swirled flow. As PEPT is a radiotracer-based method, no modifications to the tape need
to be made to allow optical access. We see that PEPT is capable of capturing flow features previously
identified in swirled flow and is a promising candidate for further investigation of flow around twisted tape
inserts and other complex flow geometries.

2. POSITRON EMISSION PARTICLE TRACKING

PEPT is a flow measurement technique based on the tracking of radiolabelled flow tracers (Parker et al.,
1993). A tracer is labeled with a positron-emitting radioisotope, and the position of the tracer is
reconstructed by examining a collection of coincident gamma rays associated with the annihilation of the
emitted positrons with nearby electrons. The gamma rays are detected with a detector array, and coincidence
lines (CL) are drawn between coincident detection sites. These CL form a tight cluster around the position
of the tracer, allowing the reconstruction of the tracer to spatiotemporal resolution on the order of 100
microns and 1 millisecond. As the annihilation gamma rays are of energy 511 keV, PEPT does not require
optical access for measurement. This has enabled the use of PEPT for studies of a number of industrial
systems, including static mixers (Mihailova et al., 2015), iron ore slurries (Boucher et al., 2016), turbines
(Chiti et al., 2011), and a dishwasher (Pérez-Mohedano et al., 2015).



Recently introduced PEPT reconstruction algorithms (Wiggins et al., 2016, 2017) improve upon past
methods by allowing tracking of an arbitrary number of radiotracers. In this work, we use the multiple-
particle PEPT (M-PEPT) method of Wiggins et al (2017) to reconstruct tracer positions. This method is
depicted visually in Figure 1. CL from the experiment are sorted into time steps and traced across a grid,
forming an array of “voxels” (volumetric pixels) with intensity values corresponding to the number of line
crossings at each site. This array of voxels serves as a three-dimensional corollary to a single frame from a
sequence of photos. As such, image-processing techniques are borrowed from optical particle tracking
(Sbalzarini and Koumoutsakos, 2005) and adapted to determine particle positions from this array of CL-
crossings. Local maxima are identified as voxels having a CL intensity above some preset threshold and
greater than any other voxel within a given search radius. Gaussian fits are applied around each local
maximum to refine the final positions of particles in each time step and remove pixel-locking defects. Final
particle positions are taken to be the means of these fits, and position uncertainties are calculated as the
standard deviation of the means of these fits. Further discussion of this method, including tests and
comparisons to previous methods, is given by Wiggins et al (2017). Particles from individual time steps are
linked into trajectories using the modified nearest-neighbor routine described by Wiggins et al (2016).
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Figure 1. Visual Description of PEPT with M-PEPT processing (Wiggins et al., 2019).



The introduction of this M-PEPT method has allowed studies in open flow systems where fluid (and thus
tracer particles) enters and leaves the test section via some recirculating flow system. Experiments have
included channel flow (Langford et al., 2016a), baffle-induced jet flow (Langford et al., 2016b), pulsatile
flow (Patel et al., 2017), and pipe flow (Wiggins et al., 2019). Recently, this method was validated against
direct numerical simulation (DNS) for measurements of mean flow velocity, Reynolds stresses, and
turbulent kinetic energy budget in pipe flow of Reynolds number 40,000 (Wiggins et al., 2019). It was
found that this method was capable of measuring these quantities of interest throughout the majority of the
pipe with minor aberrations occurring in the near-wall region.

3. EXPERIMENT
3.1. Experimental Set Up

An experiment is designed to test the ability of PEPT to conduct measurements in twisted tape swirled flow.
A schematic of the flow loop is shown in Figure 2. Flow is generated by a centrifugal pump to a flow loop
constructed of schedule-40 PVC pipe of inner diameter 20.9 mm (0.824 in.). This is connected to a test
section of clear schedule-40 PVC pipe of inner diameter 40.9 mm (1.61 in.) and length 2.1 m via a series
of reducers. The test section begins 0.4 m downstream of the elbow. The flow loop is instrumented with
pressure transducers to measure the pressure drop across the test section and an orifice plate flow meter to
monitor flow rate. These have time response of 1 ms and are used to set and monitor flow conditions during
experiments. Time series analysis of pressure and bulk flow rate data are not presented herein. During
experiments, tracer particles are inserted into the flow loop via a particle injection line. A drain line is used
to drain water from the loop after activity of the radiotracers has decayed to background levels (usually
about two days). The flow loop is contained behind portable shielding to reduce dose to personnel. After
tracer injection, all operators remain outside of this contained area.
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Figure 2. Schematic diagram of flow loop used in twisted tape experiment.

The twisted tape insert used in this experiment is shown in Figure 3. It is made of stainless steel and has a
pitch, y, of 3 tape-widths per 180° twist, a width, w, of 38.1 mm (1.5 in.), a thickness of 3.2 mm (0.125 in.),
and a length of 2 m. This is placed in the clear PVC test section of inner diameter 40.9 mm and held at the
leading edge of the test section. As the width of the tape is less than the inner diameter of the tube, this
experiment represents a measurement of flow swirled by a loose-fitting twisted tape. The average gap width
on each side of the tape is 1.4 mm. This gap allows intermittent vibrations of the tape within the tube;
however, the use of loose-fitting twisted tapes is common in industry. The effect of these vibrations is not
considered in this work. A clear PVC test section is used in this work to ensure that all air is purged from
the system before data collection and that the tape remains in place for the duration of the experiment. In
principle, this is not required, and an opaque plastic or metallic pipe could be used instead.




PEPT measurements are performed with a Siemens Inveon preclinical positron emission tomography (PET
scanner). This scanner consists of an array of lutetium oxyorthosilicate crystals arranged in a cylinder. The
field of view (FOV) of this scanner is a cylinder of diameter 100 mm and axial length 127 mm. Details of
the performance metrics of this system are given by Bao et al (2009). Flow tracers used are Amberlyst A26
OH form anion exchange resin beads. The beads have a mean diameter of 690 um and wet density of 1.2
g/cc. For this experiment, 30 particles are activated via soaking in an aqueous solution of '*F (half life
109.8 min.) ions with a specific activity of 1 mCi/uL and a volume of 30 pL for 20 minutes. The particles
are produced with an activity 800 pCi per particle. This activity decays to 660 pCi per particle before the
start of the first experiment in this work.

To quantify the efficacy of these resins as flow tracers, we consider the Stokes number, S?, given by

=32 (%), »

where p, is the density of the particle, pris the density of the fluid, d, is the diameter of the particle, and 7
is the Kolmogorov length scale of the flow. This average Kolmogorov length for this system can calculated
from the mean dissipation rate, estimated through the balance of the 1-D turbulent kinetic energy budget,
as demonstrated by Wiggins, et al. (2019). In this way, we estimate the average # as 80 um, giving a Stokes
number of 5.0 for these tracers. As this is greater than 1, these must be treated as inertial tracers for the
system studied herein. This means that certain short time- and length-scale phenomena and high
acceleration events will be filtered out, but this will not significantly inhibit the ability of these tracers to
reconstruct large scale, mean flow phenomena (Milici and De Marchis, 2016), and these features will be
the primary focus of this work. Additional filtering of near-wall flow effects is expected for these and even
some smaller PEPT flow tracers, as discussed further by Wiggins, et al. (2019).

Details of the flow conditions are contained in Table I. Two separate experiments are conducted using
identical flow conditions at two measurement stations. In each experiment, deionized water is used as the
working fluid to mitigate leaching of activity from tracer particles (Parker, 2017), the effect of which is
discussed hereafter. A flow rate of 37.9 L/min (10 gal/min) is used, corresponding to a Reynolds number of
20,000, based on the diameter of the pipe (Re=13,000 based on hydraulic diameter of 22.6 mm). In this
work, we use pipe diameters to define Reynolds number as this is used in other twisted tape works (Manglik
and Bergles, 1993). The Reynolds number used herein was chosen to ensure that flow was fully turbulent.

Each experiment consists of a series of 5-minute scans, with at total scanning time of 30 minutes.
Incremental scans are used for ease of processing during PEPT reconstruction. One experiment (henceforth
“Exp. 1”) was carried out with the upstream edge of the scanner bore located 20 pipe diameters (36
hydraulic diameters) from the start of the twisted tape. The other experiment (“Exp. 2) was carried out
with the scanner FOV starting at 30 pipe diameters (54 hydraulic diameters) from the start of the twisted
tape. Chronologically, Exp. 2 preceded Exp. 1, and the activity of the tracers decreases slightly between
these experiments, as indicated in Table 1. This decrease in activity is the result of two effects: the
radioactive decay of '°F (half-life 109.8 min.) and chemical leaching of the fluoride radiolabel from the
tracer particles. The latter effect leads to a decrease in signal-to-noise ratio for prolonged experiments, and
for this reason, data collection is halted at the conclusion of Exp. 2, after about 1 hour of exposure of the
tracers to the working fluid. The accuracy of PEPT measurement is known to vary inversely with the square
root of the activity of the tracer (Parker et al., 1993). The effect of this small decrease in activity is small
but is reflected by the average position uncertainties discussed in Section 4.



Table 1. Flow conditions for PEPT pipe flow experiment

Exp. 1 Exp. 2
Location 20D 30D
Rep 20,000 20,000
Flow Rate (L/min) 37.9 37.9
Scan Time (min) 30 30
Tracer diameter (um) 690 690
Number of Tracers 30 30
Activity per Tracer (nCi) 500 660

3.2. Data Handling

Trajectories are reconstructed using the aforementioned M-PEPT routine of Wiggins et al (2017). In this
work, data are processed in 1 ms time steps, and CLs are traced on a grid of element size of 1 mm. After
trajectory reconstruction, a number of post-processing steps are taken to reconstruct mean flow
characteristics in the rotating frame of the flow. First, trajectories are corrected to remove the inward biasing
caused by gamma ray depth of interaction in the detectors. This biasing is present away from the radial
center of the field of view of the scanner, and is analogous to that observed in PET reconstruction (Moses,
2011). The dewarping routing of Wiggins et al (2019) has been shown to sufficiently remove this bias and
is used herein.

After dewarping, trajectories are transformed to the rotating frame of the flow. First, the maximum and
minimum measured x- and y- (radial horizontal and vertical, respectively) positions are used to find the
centerline of the pipe. Using the knowledge that the twist ratio, y=3, measured positions are rotated about
the pipe centerline by an angle @ that varies with axial (z-) position as

0=z x (myw) 2)

where w=38.1 is the width of the insert, and z varies from 0 mm at the entrance of the scanner FOV to 127
mm at the end of the FOV.

After this rotation, trajectories are filtered and differentiated via convolution with Gaussian kernels of the
form

2
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and
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where A and A’ are normalization constants (Mordant et al., 2004). In this work, a filter half-width of o=4
time steps is used. Velocity uncertainty is calculated from position uncertainty via uncertainty propagation.

4. RESULTS

The results of the PEPT experiments are summarized in Table 2. Due to decay of radioactivity, the average
number of CL used for reconstruction of each position measurement decreases between Exp. 2 and Exp. 1.
This is reflected by the slight increase in average position and velocity uncertainty between experiments.
The first 500 trajectories collected in Exp. 1 are shown as traces of velocity magnitude, before and after



untwisting, in Figure 4. It is noted that the velocity magnitude is slightly lower in the untwisted trajectories
due to the subtraction of the mean azimuthal velocity.

Table 2. Summary of Results from PEPT Experiments

Exp. 1 Exp. 2

Number of Trajectories 12,932 8,147
Avg. Number of CL 92.4 164.9
Ax (mm) 0.23 0.18
Ay (mm) 0.23 0.18
Az (mm) 0.19 0.14
Avx (mm/s) 2.7 1.7
Avy (mm/s) 2.7 1.7
Av, (mm/s) 3.5 1.9
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Figure 4. Top: first 500 trajectories measured at 20D, colored according to velocity magnitude.
Bottom: same trajectories after transformation to rotating frame.

To examine mean flow characteristics, data are averaged onto a single axial plane. During averaging, data
within 15 mm of either axial edge of the FOV are ignored due to the decreased sensitivity in this region.
Data are averaged onto a grid of 1 mm x 1 mm elements, and mean flow characteristics are examined.
Figure 5 shows axial velocity contours at each measurement station. To confirm convergence, velocity
contours are calculated using half of the data collected (left frames) and all of the data collected in each
experiment (right frames). Slight differences appear between contours calculated with partial data and all
data; however, all major features of the velocity field remain the same, and the capability of PEPT for these



velocity measurements is demonstrated. It is desired that in the future, longer duration experiments are
conducted to better resolve finer details of velocity profiles (such as near-wall features and velocity in the
tape-wall gap) up to the limits set by the size of the flow tracers. This may be achieved through further
mitigation of the leaching of the 'F tracer or through the combination of multiple, independent datasets
collected at the same flow conditions, both of which are ongoing lines of research.
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Figure 5. Axial Velocity Contours measured at 20D (A and B) and 30D (C and D). Panels A and C

are calculated using the first half of the data collected. Panels B and D are calculated using all data
collected in each experiment.

In Figure 5, the top panels show data from Exp. 1 and the bottom panels show data from Exp. 2. Here, it
can be seen that the peak axial velocity is shifted away from the areal center of each region. Furthermore,
the flow patterns are not symmetric across the twisted tape divider, likely due to slight differences in inlet
conditions. Also, it is evident that flow patterns continue to change between 20 and 30 diameters.

Measurable secondary flows are also observed in this experiment. Figure 6 shows the radial velocity at each
measurement station. The helical vortices noted by Cazan and Aidun (2009) are observed in the corners of
each channel (labeled A in Figure 6), as indicated by the overlaid 2-D velocity arrows. Similar to the axial
flow, these secondary flows are asymmetric across the separation and still developing between 20 and 30
diameters. Flow over the edges of the tape is also observed.
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Figure 6. Radial velocity at 20D (left) and 30D (right) with velocity arrows overlaid. Regions A show
helical vortices in each channel. Regions B show additional secondary flow in the upper channel.

By comparing the axial and radial velocity plots, one sees that these helical vortices appear in the regions
where axial flow is decreased, implying that a portion of the downstream flow momentum is being lost to
this turning motion. This is further evidenced by the negative correlation between axial and radial velocity
in the corners of each channel as the flow develops. The 2-D velocity magnitudes of the vortices in regions
A of Figure 6 decrease from 20 to 30 diameters, while the axial velocities are seen to increase in the
corresponding regions of Figure 5.

In addition to these helical vortices, another secondary recirculation region (labeled B in Figure 6) is
observed in the upper channel (as viewed in Figure 6) at each location. This region appears near the point
of greatest axial flow, but may be related to the decreased peak axial velocity in the upper channel when
compared to the lower channel, as viewed in Figures 5 and 6. In the lower channel, this second recirculation
region is not observed. The origin of this recirculation region is unclear and may be due to inlet conditions
or variations in the gap width on each side of the tape along the length of the test section. Further
experimentation is desired to understand this phenomenon.

To further investigate the presence of these vortices, axial vorticity is calculated from the transaxial velocity
field and is plotted in Figure 7. As this calculation requires information from adjacent grid elements, no
vorticity is calculated for elements adjacent to the flow boundaries. For this reason, the flow regions in
Figure 7 appear slightly smaller than those seen in the previous figures. The recirculation regions noted in
Figure 6 are seen to correspond to regions of high positive vorticity in Figure 7. It is also seen that the
strongest vortex appears in the corner of the upper channel, and that the magnitude of vorticity in this region
decreases between measurement stations. In all cases, we see regions of negative vorticity between the
twisted tape insert and these helical vortices. This negative vorticity region in the upper channel extends to
split the two observed vortices in the measurement at 20D. However, this region is pushed closer to the
insert as the two vortices begin to merge in the 30D measurement.
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Figure 7. Axial vorticity at 20D (left) and 30D (right), with 2-D velocity quivers overlaid.

Lastly, we calculate the turbulent kinetic energy (TKE), &, from the measured mean and instantaneous
velocity profiles as

k= %((u’,zc) + (u’i,) + (u’ﬁ)) 5

Here, the overlines represent ensemble averaging, and the fluctuating velocity components are given by
Reynolds averaging as

Uu; = Ui + u{, (6)

where U; is the mean velocity in the i-direction. Measured TKE profiles are shown in Figure 8, normalized
by the mean axial velocity. We note that the previously mentioned filtering by the PEPT tracers of small-
scale and higher-order statistical flow features may lead to small mismeasurements of the magnitude of
TKE. Nonetheless, the locations of high and low TKE regions can still be inferred from this data.

- 0.03
_20 L
45k 0.025
_10 L
0.02
5t
/E\ NN
E O 0.015 3
5 L
0.01
10+
15} 0.005
20
' ‘ : : : ‘ , : ; : 0
20 10 0 -10 20 20 10 0 -10 20

(mm) (mm)
Figure 8. Measured turbulent kinetic energy profiles at 20D (left) and 30D (right), normalized by
mean axial velocity U,. Regions A and B correspond to secondary flows denoted in Figure 6.
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Measured TKE is highest near the wall, as is expected for pipe flow (El Khuory et al., 2013). Furthermore,
local peaks in the near-wall TKE profile appear at the downstream (in regards to the azimuthal flow) edge
of both the helical vortices and the gap between the insert and the tube wall, implying local enhancement
of turbulent fluctuations by these structures. The locations of the previously observed vortices are noted in
Figure 8 to highlight this effect. These peaks in TKE evolve with the vortices between the 20D and 30D
measuring stations.

5. DISCUSSION

This work demonstrates the usefulness of PEPT with M-PEPT processing for studying twisted tape swirled
flow. The previously discovered helical vortices in these flows are observed, as well as an additional
recirculation region that may be due to the boundary conditions herein. Clark et al (2017) note that in these
inflow regions the boundary layer is thickened, leading to a lower local shear stress and lower local heat
transfer coefficient. In turn, this is shown to lead to an increase in local wall temperature. As such, further
understanding of these secondary flows is desired. Based on this work, it is evident that PEPT can be used
with longer duration scans to study these secondary flows. Additional PEPT experiments with heated flows
are suggested to study the correlation between these secondary flows and the local wall temperature.

The asymmetry between the two channels of the pipe points to a strong sensitivity to flow conditions at the
onset of the swirling and perhaps to a slight geometric asymmetry caused by the gap between the insert and
the tube wall. Furthermore, we see that the flow is not fully developed 20 pipe diameters downstream of
the channel entrance, and may still be developing at 30 pipe diameters. For these reasons, more experiments
are proposed to study the development of twisted tape swirled flow using PEPT measurements at more
locations downstream of the start of the twisted tape. In the work herein, there was insufficient length
upstream of the test section to ensure a fully developed velocity profile at the inlet. It is suggested that
additional straight pipe development length be added upstream of the tape to better facilitate comparison
between experiments and simulations. Additionally, PEPT measurements can be performed at the upstream
edge of the test section to provide exact inlet conditions.

The primary advantage PEPT offers over traditional optical experimental methods is the ability to image
flows in opaque systems. It is suggested that PEPT be employed for future studies of flow in heat exchange
systems without the use of surrogate materials or modification of geometry. Recently PEPT was shown to
be capable of measuring 1-D Reynolds stress and turbulent kinetic energy budget profiles in turbulent pipe
flow (Wiggins et al., 2019), using small (90 pm) flow tracers and taking advantage of the azimuthal
symmetry offered by this system. In this work, we have demonstrated the utility of PEPT for measurements
of a two-dimensional TKE profile in twisted tape swirl flow, with the ability to qualitatively capture regions
of increased turbulence within the pipe cross section. However, it was determined that insufficient data
were gathered in this measurement to further study all Reynolds stresses and TKE budget terms at sufficient
resolution. By using smaller flow tracers with extended measurement times and a greater number of
experiments, PEPT may also be used to study such second and third order statistical quantities in this and
more complicated engineering flows as well, allowing for better understanding and validation of
computational fluid dynamics models.

6. CONCLUSIONS
This work demonstrates the feasibility of using PEPT for future twisted tape experiments. The ability of
PEPT to image flows without optical access enables the interrogation of pipe flow swirled by a stainless

steel twisted tape insert. PEPT is seen to be capable of measuring both the secondary flows and modified
axial velocity profile that have been predicted by previous experiment and simulation. Furthermore, this
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work reveals an additional secondary flow region that only appears in one channel of the swirled flow,
pointing to a strong sensitivity to initial conditions. The flow is seen to be still developing at 20 diameters
downstream of the splitting of the flow. The secondary flows have been linked to reduced heat transfer by
simulation (Clark et al., 2017) and warrant further investigation. Future PEPT interrogations of twisted tape
pipe flow are suggested as a means to better understand these recirculation regions and validate existing
models of swirled flow. Such interrogations and validations will be useful for the design and licensing of
advanced energy (i.e. nuclear fission and fusion) generation systems.
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