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ABSTRACT

Global energy consumption is expected to increase with population growth and innovative clean
sources of energy are sought out that can help meet the needs of a continuously power-hungry
world. Some of these innovative sources of energy use molten salts as their operating and cooling
fluid, such as fission reactors, fusion reactors, and solar power with energy storage. Molten salts
are considered due to their efficient heat transfer properties, thermal energy storage capabilities,
and high operating temperatures. To expedite their deployment, a further understanding of the
heat transfer systems is required to accurately design and develop the heat transfer components and
increase their efficiency. This is typically done through experimental campaigns and computational
tools, though the computational tools require further validation and verification usually done
through experiments. Experimental molten salt heat transfer campaigns can be inherently costly
for a university laboratory setting.

This work investigated the viability of water as a surrogate fluid for five different molten salts for
heat transfer experiments. A methodology was explored to understand the inherent differences,
or distortions, that arise when utilizing a surrogate fluid for heat transfer experiments, and it
demonstrated water to be a viable surrogate for these five molten salts. The distortions calculated can
be better accounted for and improved with improved uncertainty in the thermophysical properties
of the molten salts. Thermal performance studies were conducted using water as a surrogate fluid
for a passive heat transfer enhancement technique, i.e. twisted tape inserts, that is considered for
high heat flux applications. Friction factor, Nusselt number, and thermal performance factor data
were obtained for a variety of twisted tape insert geometries and operating conditions. A clear
dependence on the width of the twisted tape insert was observed that is not fully accounted for
in the leading correlations found in the literature. Friction factor and Nusselt number correlation
adjustments were made to better match the current experimental data. Additionally, higher thermal
performance was observed at lower Reynolds numbers when using twisted tape inserts.

Fluid flow studies were done on three different twisted tape inserts for three Reynolds numbers of
17,700, 8,000, and 4,000. Flow structures such as high-velocity islands, inflow regions, secondary
flow regions, and vortices were observed similar to those found in the literature. Additionally, the
flow crossing between the gap of the twisted tape and the circular pipe for smaller widths dominated
the transaxial flow. This resulted in vortices near the gaps that further propagated throughout the
semi-circular geometry which can lead to further flow separation, lower heat transfer, and higher
wall temperatures for loose-fitting twisted tape inserts. It is thus recommended to use twisted tape
inserts that have a width-to-diameter ratio (𝑤/𝐷) as close to one as possible.
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C h a p t e r 1

INTRODUCTION

The work presented in this dissertation is divided into five main chapters. This first chapter
consists of a quick introduction to the topic at hand. Since each chapter of this work has a detailed
introduction, this one serves as a brief outline of the research work done. Specifically, this chapter
details the underlying motivation of the work and summarizes the main ideas of the chapters that
follow.

1.1 Motivation
Global energy consumption is expected to increase due to population growth. In order to meet the
energy demands of a power-hungry world, innovative and carbon-free power plants are necessary
to be designed and built in a timely manner. In addition, improving heat transfer has further
contributed to the reduction of CO2 emissions [1, 2], which has been an ongoing task in various
energy and engineering disciplines [3]. Molten salts are currently considered innovative coolants for
advanced energy systems due to their heat transfer, thermophysical properties, and high operating
temperatures. Such advanced energy systems consist of fission reactors [4], fusion reactors [5],
and solar power plants with concentrated energy storage [6]. In order to expedite their deployment,
operating and fluid flow studies of their proposed heat transfer system components are required.
This is usually done via experimental efforts or computational simulations, but computational
simulations require further validation usually done by further experimentations. Heat transfer
and fluid flow experiments using molten salts can be challenging due to their corrosive nature
and high operating temperatures leading to significant expenses in materials, instrumentation, and
maintenance. The significant financial burden associated with molten salt experiments can pose
challenges for a laboratory setting in its early stages. Therefore, experimental efforts usually consist
of scaling down the heat transfer components while preserving physical phenomena of interest [7].

1.2 Hypothesis - Objective
Twisted tape inserts have been studied as a heat transfer enhancement method in various engineering
fields and energy applications. For this work, experimental efforts were conducted on this passive
heat transfer enhancement technique currently studied for molten salt applications, i.e. twisted tape
inserts, using a surrogate fluid that mimics heat transfer characteristics of molten salts [8]. These
twisted tape inserts have been studied across literature for various engineering applications, with
a recent resurgence of interest due to their application in high heat flux environments. Given the
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diverse range of manufacturing possibilities resulting from multiple geometric parameters, twisted
tape inserts have been extensively studied in various thermal hydraulic investigations. Unfortunately,
the majority of the work found in the literature is only applicable to specific applications and
operating conditions. One parameter that has not been widely studied and understood is the width
of the twisted tape insert. The aim of this work consisted of studying the thermal hydraulic and
fluid flow effects caused by the width of the twisted tape insert for molten salt energy applications.
In order to accomplish this, the specific tasks of this work consisted of:

• Develop a methodology to assess the applicability of surrogate fluids for heat transfer exper-
iments for molten salt applications

• Develop a methodology to quantify the expected differences, or distortions, that arise when
a surrogate fluid is used instead of the molten salt

• Further propagate the distortions that arise to heat transfer experimental data using a surrogate
fluid

• Study the thermal performance of twisted tape inserts using the surrogate fluid. This consists
of:

– Studying the friction factor and how it changes with varying widths

– Studying the heat transfer of the twisted tape insert and the effects of the twisted tape
width.

• Further understand the secondary flow phenomena that have been reported in the literature
and how it is affected by different twisted tape geometries.

The overall thermal hydraulic assessment of twisted tape inserts were studied for this work and its
applications with molten salt heat transfer systems, which consist of friction factor, heat transfer,
and fluid flow. After the investigation, suggestions on the geometric characteristics of the twisted
tape inserts are provided.

1.3 Approaches
The work done consisted of a study using water as a surrogate fluid for five different molten salts,
LiF - NaF - KF (FLiNaK), NaNO3 - KNO3, NaNO3 - NaNO2 - KNO3, LiCl - KCl, and NaF - NaBF4.
These molten salts are of great interest due to their current investigation as innovative coolants in
the energy industry. Water was initially matched with the molten salts across different temperature
ranges to better match the Prandtl number of each individual surrogate fluid. A theoretical study
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based on a simple geometry was conducted to study the effects of the pumping power, heating
power, friction factor, and Nusselt number difference, and predictions based on the surrogate
fluid for molten salt scaled experiments. A method to quantify the differences in heat transfer
results when using a surrogate fluid, distortion, was developed and conducted. Additionally, the
distortions were then propagated to actual experimental heat transfer data to observe the Nusselt
number predictions based on the experimental data of the surrogate fluid.

The friction factor of a twisted tape geometry was obtained for eight different twisted tape inserts.
The eight twisted tape inserts consisted of a pitch of 𝑦 = 1.9 and 3.81 for widths of 𝑤/𝐷 = 0.95,
0.85, and 0.75, and a twisted tape pitch of 𝑦 = 2.86 for widths of 𝑤/𝐷 = 1.0 and 0.95. The
Reynolds numbers explored for the friction factor consisted of ≈ 3,000 to 40,000. A friction
factor correction was added to account for the different twisted tape widths for the most widely
used correlation of twisted tape inserts. Nusselt number data were obtained for three twisted tape
inserts of width 𝑤/𝐷 = 0.95 and pitches of 𝑦 = 1.91, 2.86, and 3.81, at Reynolds numbers of ≈
3,000 to 24,000. A channel flow transformation of the twisted tape insert was studied with good
results for loose-fitting twisted tape inserts. This can lead to the potential for lessons learned in
channel flow, such as fouling and roughness, to be better applicable in these geometries. There is
a lack of understanding of these concepts for twisted tape inserts, due to the lack of work found in
literature. An adjustment to the channel flow Nusselt number was created for a better prediction at
low Reynolds numbers. Thermal performance data were also collected for these three twisted tape
insert geometries, showing an improvement in thermal performance at lower Reynolds numbers
and a dependence on the type of fluid used.

Finally, a flow visualization technique that detects particles based on the detection of 511 keV
gamma rays was used to measure flow velocity across the complex geometries of the twisted tape
inserts. The gamma rays penetrate through the opaque geometry allowing it to interrogate the flow
without the need for clear optical access, making this visualization technique ideal to study fluid
flow inside twisted tape inserts. Three geometries, twisted tapes of pitch 𝑦 ≈ 2.8 for widths of
𝑤/𝐷 = 1.0, 0.95, and 0.85 at Reynolds numbers of 17,700, 8,000, and 4,000, were explored.

This dissertation is divided into three major chapters, one exploring the applicability of water as
a surrogate fluid for molten salt applications (Chapter 2), then one studying the thermal hydraulic
performance of various twisted tape inserts (Chapter 3), and one investigating the fluid flow of
twisted tape inserts (Chapter 4). Finally, the major conclusions of each chapter are summarized
and a path for future work is outlined.
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C h a p t e r 2

SURROGATE FLUIDS

Molten salts are sought out in various engineering disciplines due to their high melting temperatures
and thermophysical characteristics. Molten salts were initially studied at Oak Ridge National
Laboratory (ORNL) for the Aircraft Reactor Experiment [9, 10]. Afterward, ORNL explored
the applications of molten salts in breeder reactors with the Molten Salt Reactor Experiment,
concluding in the 1970s [11]. In 1976, the Department of Energy urged for innovative technologies
for solar, wind, and thermal power, which led Sandia National Laboratory to build the National
Solar Thermal Test Facility (NSTTF) [12]. The NSTTF investigated components and systems
that used molten salts for solar power applications. Solar One was born after NSTTF, consisting
of a 10-megawatt solar plant in California with water as a working fluid. Solar One operated
successfully with some minor difficulties consisting of operation under cloudy days and its energy
storage system. Solar Two was designed with this in mind and improvements from Solar One, the
major one consisting of molten salt as the heat transfer fluid and method of energy storage [13].

Recently, interest in molten salts has risen, and they are currently being explored for different
engineering disciplines. Different countries and companies are investigating the design of molten
salt fission reactors [14–16] and fusion energy [17, 18]. This renewed interest in molten salt energy
applications necessitates studies of the behavior of molten salt in novel heat transfer systems. In
addition, there is a search for methods to improve heat transfer, as more efficient energy plants
have helped in the reduction of CO2 emissions [1, 2]. Heat transfer experiments are typically
conducted to study heat transfer behavior and improve thermal performance. However, performing
such experiments using molten salts can be expensive and complicated in experimental settings
[8]. Therefore, surrogate fluids are sought that can mimic heat transfer characteristics of molten
salts at lower temperatures for experimental purposes. The chemical effects of the molten salts are
not discussed nor considered in this work. The surrogate fluids are sought out that can mimic only
the heat transfer characteristics of the molten salts and further work should be done to study the
chemical effects of the molten salts.

This chapter identifies five different molten salts that can be scaled down for heat transfer experi-
ments using water as a surrogate fluid. The five molten salts consist of LiF - NaF - KF (FLiNaK),
NaNO3 - KNO3, NaNO3 - NaNO2 - KNO3, LiCl - KCl, and NaF - NaBF4. These molten salts were
chosen because they match the Prandtl number of water as surrogate fluid at different temperature
ranges. This section further quantifies the applicability of water as a surrogate fluid for the five
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molten salts by studying the temperature ranges in which water matches the Prandtl number of
each molten salt. A theoretical study of a simple geometry is conducted to examine the effects
of important thermal hydraulic parameters of interest that would be studied when using surrogate
fluids for molten salt applications, such as friction factor, pressure drop, pumping power, heating
power, and forced convection heat transfer. In addition, the usage of surrogate fluids for molten
salt heat transfer experiments is expected to introduce distortions between the results obtained in
the surrogate fluid experiments and their application to molten salt components. A methodology
to quantify these distortions is presented, and forced convection experimental heat transfer data is
used to further investigate these distortions.

2.1 Molten Salt Heat Transfer Experiments
Molten salt heat transfer experiments encompassing a variety of molten salts have been documented
in the literature, particularly focused on forced convection. A summary of the relevant literature
can be found in Table 2.1. Grele and Gedeon [19] investigated forced convection heat transfer
with LiF - NaF - KF on Inconel X circular tubes. Their experimental results indicated lower heat
transfer values compared to those predicted using correlations derived from other fluids. Grele
and Gedeon observed a time dependence in their heat transfer results, in which the heat transfer
coefficient changed dependent on time. They stated two possible reasons for the low heat transfer
values. The first consisted of errors in the thermophysical properties, but the difference was too
large to come from the uncertainty in the thermophysical properties alone. The second consisted
of a theoretical thermal resistance layer caused by the molten salt and the Inconel X.

Hoffman and Lones [20] conducted a study on the heat transfer of the molten salt LiF - NaF -
KF through circular tubes. Hoffman and Lones matched forced convection correlations with the
molten salt by characterizing the thickness and thermal conductivity of the interfacial layer created
between the molten salt and the Inconel. Hoffman and Lones concluded that forced convection
correlations derived from other fluids, at similar Prandtl numbers, aligned with their experimental
results for LiF - NaF - KF. In a separate investigation, Hoffman and Cohen [21] performed heat
transfer experiments in circular tubes with the molten salt NaNO3 - NaNO2 - KNO3 and arrived
at the conclusion that correlations derived from other fluids were able to capture the experimental
results.

Huntley and Gnadt [22] designed and tested an experimental loop with NaF - NaBF4 to investigate
corrosion between the salt and Hastelloy N. Their study included heat transfer experiments, which
exhibited good agreement with conventional correlations. Ignat’ev et al [23] studied heat transfer
of LiF - NaF - KF in circular tubes with good agreement with correlations. Wu et al [24] examined
heat transfer of molten salt LiNO3 and NaNO3 - NaNO2 - KNO3 [25] in circular tubes across
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different flow regimes, with results consistent with conventional correlations.

Heat transfer experiments have also been conducted with fueled molten salts. Fueled molten
salts consist of molten salts mixed with fissile material. Salmon [26] studied heat transfer in a
double-tube heat exchanger using NaF - ZrF4 - UF4 and NaK, and obtained results that aligned
with correlations. Amos et al [27] tested two fueled molten salts, LiF - BeF2 - UF4 and NaF -
ZrF4 - UF4, in a heat exchanger configuration. Cooke and Cox [28] investigated heat transfer in
fueled molten salt, LiF - BeF2 - ThF4 - UF4, with good agreement with conventional correlations.
Silverman et al [29] also studied forced convection with a fueled molten salt, LiF - BeF2 - ThF4 -
UF4, and an eutectic NaF - NaBF4, and concluded that both salts behaved as normal heat transfer
fluids.

Initial discrepancies between experimental results of molten salt heat transfer and conventional
correlations have been attributed to factors such as uncertainty in the thermophysical properties of
the salts, impurities in the salt, or the formation of a resistance layer [23]. Furthermore, advance-
ments in measurement techniques and instrumentation have facilitated more complex experimental
endeavors in the field of molten salt experiments [30]. Although Table 2.1 does not encompass the
entirety of heat transfer experiments conducted with molten salts, as some reports are classified or
not accessible, every experiment documented in the literature employs conventional correlations
and matches nondimensional parameters for comparison with molten salt results. Moreover, the
majority of literature focuses on simple geometries and forced convection in a circular pipe. These
observations underscore the challenges associated with performing heat transfer experiments using
molten salts.

The following section discusses how a surrogate fluid can be used to match nondimensional
parameters of interest of molten salts to perform heat transfer experiments at lower operating
temperatures.

2.2 Methodology
Surrogate fluids are sought out that match nondimensional numbers of interest obtained by nondi-
mensionalizing the conservation equations, with further derivation available in Appendix A.1, to
obtain the Reynolds, Prandtl, Euler, and Froude numbers. The objective of employing various scal-
ing techniques is to achieve matching values for these numbers between the heat transfer component
and the experimental settings. A more detailed discussion of the different scaling techniques can be
found in Appendix A.2. Different techniques are employed to study different physical phenomena,
thus the appropriate technique must be chosen based on the desired focus.

Surrogate fluids have been employed to scale down heat transfer components. Bardet and Peterson
[31] utilized Therminol VP-1, Drakesol 260AT, and water to scale down experimental components
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Table 2.1: Summary of heat transfer experiments using molten salts found in literature

Authors [Ref]
- Year Molten Salt Comments

Grele and
Gedeon [19] - 1954

NaF - KF
- LiF Forced convection on a pipe.

D. F. Salmon
[26] - 1954

NaF - ZrF4
- UF4

Double tube heat exchanger studies using
a molten salt and a liquid metal.

Hoffman and Jones
[20] - 1955

NaF - KF
- LiF Forced convection on a pipe.

Amos et al
[27] - 1958

LiF - BeF2 -
UF4 and

NaF - ZrF4
- UF4

Studied heat transfer of two molten salts
in a shell and tube heat exchanger.

Hoffman and Cohen
[21] - 1960

NaNO2 -
NaNO3 -
KNO3

Forced convection on a pipe.

Cooke and Cox
[28] - 1973

LiF - BeF2 -
ThF4 - UF4

Forced convection on a pipe, horizontal
and vertical.

Huntley and Gnadt
[22] - 1973

NaF -
NaBF4

Initially desined to study corrosion, but
heat transfer experiments matched

conventional correlations.

Silverman et al
[29] - 1976

LiF - BeF2 -
ThF4 - UF4

and
NaBF4

Heat transfer studies of a proposed
fueled-coolant molten salt pair.

Ingat’ev et al
[23] - 1984

NaF - KF
- LiF Forced convection on a pipe.

Wu et al
[24] - 2009 LiNO3 Forced convection on a pipe.

Wu et al
[25] - 2012

NaNO2 -
NaNO3 -
KNO3

Forced convection on a pipe.

for various molten salts. Zweibaum et al [32] used Dowtherm A to scale down an experimental
facility to study models created for Fluoride Salt-Cooled High-Temperature Reactors. Hughes [33]
also used Dowtherm A as a surrogate fluid to scale down an experimental facility for studying models
developed for Fluoride Salt-Cooled-High-Temperature reactors’ heat exchanger and a directional
direct reactor auxiliary cooling systems. Huddar et al [34] employed simulant oils to explore
the frequency response of transient behavior in molten salt reactors. Liu et al [35] also utilized
Dowtherm A to investigate natural convection behavior in Fluoride Salt-Cooled High-Temperature
Reactors.
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This work specifically addresses forced convection heat transfer for molten salt components, fo-
cusing on the Nusselt number, where the dominant nondimensional numbers are the Reynolds
number and the Prandtl number. To ensure consistency, a linear scaling technique was employed,
as described by Yadigaroglu et al [36]. It is important to note that other nondimensional parameters
must be considered depending on the specific phenomena under investigation. For instance, in
oscillating flows, the Strouhal number is matched, and in buoyancy-driven flows, the Rayleigh
number is matched. However, these considerations are beyond the scope of this work.

Nusselt number, 𝑁𝑢 is a function of Reynolds number and Prandtl number, 𝑅𝑒 and 𝑃𝑟:

𝑁𝑢 = 𝑓 (𝑅𝑒, 𝑃𝑟). (2.1)

The Reynolds number is defined as:

𝑅𝑒 =
𝜌 ·𝑈0 · 𝐿𝐶

`
=
𝜌 · 𝑉 · 𝐷

`
, (2.2)

where 𝜌 and ` are the fluid’s density and dynamic viscosity, respectively,𝑈0 and𝑉 are characteristic
velocities, and 𝐿𝐶 and 𝐷 are characteristic lengths.

The Prandtl number is defined as:

𝑃𝑟 =
` · 𝑐𝑃
𝑘

, (2.3)

where 𝑐𝑃 and 𝑘 are the fluid’s specific heat at constant pressure and the thermal conductivity,
respectively.

The Prandtl number was the first nondimensional number used to match a surrogate fluid with
molten salts. This work focused on using water as a surrogate fluid to build an experimental loop
to study the heat transfer phenomena of molten salt components. The molten salts consisted of
five different molten salts used and considered in energy industries such as solar and nuclear. The
molten salts are listed in Table 2.2 with their molar composition, approximate melting temperature,
and industry. It’s important to note that different molar compositions can vary the thermophysical
properties of molten salts. The molar compositions reported in Table 2.2 consisted of those found
in the literature.

2.2.1 Thermophysical Properties
Accurate thermophysical properties of the surrogate fluid and molten salts are required in order to
properly scale the surrogate fluid and molten salt, as shown by the two nondimensional numbers in
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Table 2.2: Molten salts selected with their molar composition, melting temperature, and industry.

Molten salt Molar
Composition (%)

Approximate melting
temperature (𝑜C) Industry

LiF - NaF - KF (FLiNaK) 46.5 - 11.5 - 5.42 454 Nuclear
NaNO3 - KNO3 66 - 34 222 Solar
NaNO3 - NaNO2 - KNO3 0.07 - 49 - 44 142 Solar
LiCl - KCl 59.5 - 40.5 355 Nuclear
NaF - NaBF4 58 - 42 385 Nuclear

Equations 2.2 and 2.3. There exists a variety of literature reviews summarizing existing experimental
data and correlations of molten salts’ thermophysical properties [6, 37–39]. This work focused on
only selecting specific data sets and correlations to calculate their respective Reynolds numbers
and Prandtl numbers.

The density of FLiNaK was obtained from experimental data of Cherenkova et al [40] with the
corresponding correlation to match the data used. FLiNaK’s viscosity was calculated from Cohen
and Jones’ correlation [41]. FLiNaK’s thermal conductivity was obtained from Williams [42] and
specific heat from Serrano-Lopez et al review article [37]. The density and viscosity of NaNO3 -
KNO3 was obtained from Nissen [43]. The thermal conductivity of NaNO3 - KNO3 was obtained
from [37] and its specific heat from [44].

NaNO3 - NaNO2 - KNO3’s density was obtained from the National Renewable Energy Laboratory’s
System Advisory Model [45], and its viscosity from Yang and Garimella [46]. NaNO3 - NaNO2

- KNO3’s thermal conductivity was obtained from [47] and its specific heat from [37]. Williams
[42] was also used to obtain LiCl - KCl’s density, viscosity, thermal conductivity, and specific heat.
Koger [48] was used to obtain NaF - NaBF4’s density, viscosity, thermal conductivity, and specific
heat. Cabral et al [8] summarizes the correlations used to calculate the thermophysical properties
of these salts, among others, and adjusts the correlations to have outputs in SI units.

Figure 2.1 plots the Prandtl number as a function of the temperature of the molten salts summarized
in Table 2.2 with their temperature plotted in the top x-axis alongside water with temperature in the
bottom x-axis. From this figure, it is clear that the Prandtl number of water is similar to the Prandtl
number of the other molten salts at lower temperatures.

2.2.2 Model Example
A theoretical example of scaled molten salt components with water was done to further assess
the capabilities of surrogate fluids scaling. A circular pipe was linearly scaled to study forced
convection and calculate parameters of interest, such as friction factor and Nusselt number. The
Darcy friction factor, 𝑓 , is calculated in the laminar regime as:



10

Figure 2.1: Comparison of Prandtl numbers between molten salt (top horizontal axis) and surrogate
fluid, water, (bottom horizontal axis)

𝑓 = 64/𝑅𝑒, (2.4)

where 𝑅𝑒 is the Reynolds number. For the turbulent regime, the Haaland [49] correlation is used,
Equation 2.5:

1√︁
𝑓

= −1.8 · 𝑙𝑜𝑔(
6.9
𝑅𝑒

+ (
𝜖

3.7 · 𝐷ℎ

)1.11), (2.5)

where 𝜖 is the roughness of the pipe (for simplicity, this work considers 𝜖 to be equal to 0).

In this work, transitional flows were not considered for this model example. The friction factor
was calculated at temperature values at which the molten salt and water matched their Prandtl
numbers. Nusselt number was calculated based on the Dittus-Boelter correlation [50]. For the
Nusselt number calculations, a fixed Reynolds number was chosen (10,000) and the temperature
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was varied between the molten salts and water to better observe the distortions created by the
Prandtl number distortion.

While the Prandtl number was matched through temperature selection, the Reynolds number was
matched based on a linear scaling technique. The Reynolds number is matched between molten
salt, 𝑚𝑠, and surrogate fluid, 𝑠 𝑓 , based on Equation 2.6.

𝑅𝑒𝑚𝑠 = 𝑅𝑒𝑠 𝑓 ↔ (
𝜌𝑉𝐷

`
)𝑚𝑠 = (

𝜌𝑉𝐷

`
)𝑠 𝑓 ↔

𝐷𝑚𝑠𝑉𝑚𝑠

𝐷𝑠 𝑓𝑉𝑠 𝑓

=
𝜌𝑠 𝑓 `𝑚𝑠

𝜌𝑚𝑠`𝑠 𝑓
. (2.6)

Equation 2.6 arranges the different variables in a form in which the temperature-dependent com-
ponents are on the right-hand side of the equations and the geometric and operating components
are on the left-hand side. Thus, the Reynolds number is matched by the geometry selection, linear
scaling, operating conditions, and flow rate.

2.2.3 Distortions
Scaling components between molten salts to surrogate fluids inherently introduces distortions, and
quantifying these distortions is a crucial aspect of scaling analysis. These distortions arise from ad-
justments made to geometric parameters, laboratory settings, temperatures, and pressures to ensure
safety and cost-effectiveness. Liu et al [35] emphasized the lack of an established methodology for
accounting for distortions in surrogate fluids. Understanding and quantifying scaling distortions
are vital for accurately interpreting experimental data in scaled heat transfer experiments. Failure to
properly account for distortions can lead to misinterpretation of experimental data and potentially
overlook or misinterpret important phenomena. This work focused on the distortions that occur
between Prandtl numbers. The technique used for quantifying Prandtl number distortions can
potentially be extended to evaluate other types of distortions in future studies.

Distortions between Prandtl numbers were calculated for selected temperature ranges spanning the
molten salts and water. The distortions were calculated based on a technique from Kairos Power
[51]:

𝐷𝑃𝑟,𝑖 =
𝑃𝑟𝑚𝑠,𝑖 − 𝑃𝑟𝑠 𝑓 ,𝑖

𝑃𝑟𝑚𝑠,𝑖

, (2.7)

where the subscripts 𝑚𝑠 and 𝑠 𝑓 stand for molten salt and surrogate fluid, respectively, and 𝑖 is the
Prandtl number at a specific temperature. To compare the distortions across a temperature range, a
nondimensional temperature range was calculated based on Equation 2.8:

\𝑖,𝑚𝑠 =
𝑇𝑖,𝑚𝑠 − 𝑇𝑚𝑖𝑛,𝑚𝑠

𝑇𝑚𝑎𝑥,𝑚𝑠 − 𝑇𝑚𝑖𝑛,𝑚𝑠

(2.8)
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The minimum and maximum temperatures, 𝑚𝑖𝑛 and𝑚𝑎𝑥, were obtained based on matching Prandtl
number ranges between the molten salt and water.

As the Reynolds number was directly scaled and matched through geometric and operating con-
ditions, these distortions do not propagate to the friction factor calculations, as will be shown
in the results. However, the Nusselt number is dependent on the Prandtl number and the differ-
ences between the molten salt and water created further distortions when the Nusselt number was
calculated.

The largest distortion is then further analyzed with uncertainty in the thermophysical properties
accounted for. This was done in order to analyze the impact of the uncertainty of the molten
salts’ thermophysical properties on the distortions. The uncertainties in the Prandtl numbers were
quantified based on the uncertainties in the thermophysical properties and using the least squares
uncertainty [52].

2.3 Results
2.3.1 Prandtl number matching
Figures 2.2 to 2.6 plot the Prandtl numbers of water matched with the various molten salts across
different temperature ranges. From these plots, it is more evident how the Prandtl number of water
matches well with each individual molten salt. Water’s Prandtl number matches well with the
Prandtl numbers of FLiNaK, NaNO3 - NaNO2 - KNO3, LiCl - KCl, and NaF - NaBF4 to a very
precise degree. While for NaNO3 - KNO3’s Prandtl number there is a strange behavior occurring, in
which the Prandtl number dips and then it follows similar trends as the other Prandtl numbers of the
other fluids. One possible explanation comes from the correlation chosen to calculate the viscosity
of NaNO3 - KNO3 [37] as the curve can be seen in different experimental results. While this
phenomenon can cause complications when using surrogate fluids for heat transfer experiments,
the chemistry behind the nature of this phenomenon is out of the scope of this work. Instead, this
phenomenon will be studied as distortions between the Prandtl numbers.

Friction factor and pressure drop were calculated for a circular pipe (inner diameter of 2.54 cm and
length of 1 meter) using surrogate fluids and molten salts by matching the Reynolds and Prandtl
numbers. Reynolds number scaling was done using Equation 2.6 and by selecting a Prandtl number
that matched between the molten salts and water. Table 2.3 summarizes the parameters between
water and the molten salts for each Prandtl number, alongside operating ratios between water and
molten salts. Pumping and heating power are of interest when designing a scaled-down thermal
hydraulic experimental facility. They are used to size pumps and the type of heaters required. This
work compares pumping and heating power ratios as a method to compare the pumping and heating
requirements between the surrogate fluid and the molten salt. The derivation of the pumping and
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Figure 2.2: Comparison of Prandtl numbers between molten salt, FLiNaK, (top horizontal axis)
and surrogate fluid, water, (bottom horizontal axis)

Figure 2.3: Comparison of Prandtl numbers between molten salt, NaNO3 - KNO3, (top horizontal
axis) and surrogate fluid, water, (bottom horizontal axis)
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Figure 2.4: Comparison of Prandtl numbers between molten salt, NaNO3 - NaNO2 - KNO3, (top
horizontal axis) and surrogate fluid, water, (bottom horizontal axis)

Figure 2.5: Comparison of Prandtl numbers between molten salt, LiCl - KCl, (top horizontal axis)
and surrogate fluid, water, (bottom horizontal axis)
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Figure 2.6: Comparison of Prandtl numbers between molten salt, NaF - NaBF4, (top horizontal
axis) and surrogate fluid, water, (bottom horizontal axis)

heating power ratios can be found in Appendix A.3. The pumping and heating power ratios are
smaller than one, this shows that it is cheaper to pump and heat water in a scaled-down test section
when compared to molten salts.

Table 2.3: Water scaled parameters for friction factor and pressure drop with matching Prandtl
numbers.

Parameter FLiNaK NaNO3 -
KNO3

NaNO3 -
NaNO2 - KNO3

LiCl -
KCl

NaF -
NaBF4

Prandtl number 5 7 7 3 7
Water temperature (𝑜C) 33 20 20 59 20

Molten salt
temperature (𝑜C) 746 411 366 724 455

Reynolds number
ratio 1 1 1 1 1

Velocity ratio
(V𝑠 𝑓 /V𝑚𝑠)

0.61 0.86 0.84 0.56 1.02

Hydraulic diameter
ratio 1 1 1 1 1

Pumping power
ratio (Q𝑝,𝑠 𝑓 /Q𝑝,𝑚𝑠)

0.11 0.34 0.33 0.14 0.54

Heating power
ratio (Qℎ,𝑠 𝑓 /Qℎ,𝑚𝑠)

0.03 0.06 0.07 0.13 0.06
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Figure 2.7: Friction factor and pressure drop comparisons (F.F. friction factor, P.D. pressure drop)
between LiCL - KCl and water at Prandtl number of 3.

Figure 2.8: Friction factor and pressure drop comparisons (F.F. friction factor, P.D. pressure drop)
between FLiNaK and water at Prandtl number of 5.

Figures 2.7 to 2.9 plot the friction factor and pressure drop between the molten salts and water over
various Reynolds numbers. The friction factor is plotted on the left y-axis while the pressure drop
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is plotted on the right y-axis. For all the figures, the friction factor matches between the molten
salts and water, while the pressure drop is smaller for water than for the other molten salts. These
figures show how a surrogate fluid matches the friction factor characteristics of the molten salts
while operating at lower pressure drops. Lower pressure drops further lead to smaller pumps and
pumping powers when using surrogate fluids instead of molten salts for laboratory settings while
preserving the nondimensional characteristics of interest.

Figure 2.9: Friction factor and pressure drop comparisons (F.F. friction factor, P.D. pressure drop)
between molten salts and water at Prandtl number of 7.

The Nusselt number was calculated using the Dittus - Boelter correlation [50] for the molten salts
and water, as shown in Figures 2.10 to 2.14. The Nusselt number was obtained by varying the
temperatures of the molten salts and water while maintaining the same Reynolds number creating a
similar trend to the Prandtl number figures, Figures 2.2 to 2.6. The differences in Nusselt numbers
between the molten salt and water are similar to the ones from the Prandtl numbers. This shows that
by carefully scaling the molten salt components using a surrogate fluid, forced convective terms
can be matched.

2.3.2 Scaling Distortions
Distortions were calculated for Prandtl numbers to understand how well surrogate fluids emulate
the molten salts, specifically for forced convection applications. Equation 2.7 was used to calculate
the Prandtl number distortions between water and the molten salts plotted in Figure 2.15, with \

calculated using Equation 2.8. In Figure 2.15 when the distortion calculated is positive, the Prandtl
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Figure 2.10: Comparison of Nusselt numbers between molten salt, FLiNaK, (top horizontal axis)
and surrogate fluid, water, (bottom horizontal axis)

Figure 2.11: Comparison of Nusselt numbers between molten salt, NaNO3 - KNO3, (top horizontal
axis) and surrogate fluid, water, (bottom horizontal axis)



19

Figure 2.12: Comparison of Nusselt numbers between molten salt, NaNO3 - NaNO2 - KNO3, (top
horizontal axis) and surrogate fluid, water, (bottom horizontal axis)

Figure 2.13: Comparison of Nusselt numbers between molten salt, LiCl - KCl, (top horizontal axis)
and surrogate fluid, water, (bottom horizontal axis)



20

Figure 2.14: Comparison of Nusselt numbers between molten salt, NaF - NaBF4, (top horizontal
axis) and surrogate fluid, water, (bottom horizontal axis)

number of the molten salt is greater than that of the surrogate fluid. The inverse is true, in which
a negative distortion correlates to a lower Prandtl number for the molten salt. The mismatches in
Prandtl numbers shown in Figures 2.2 to 2.6 directly correlate to the shape of the distortions. This
is more apparent for NaNO3 - KNO3, in which the viscosity behavior greatly impacts the overall
distortion.

Based on the methodology used to match the Prandtl numbers between the molten salts and surrogate
fluids, the expected distortions in Nusselt number predictions will follow a similar trend to the one
plotted in Figure 2.15, with the smaller distortions occurring at the end of the temperature range
and the largest near the center of the temperature range.

The largest distortion observed was from NaNO3 - KNO3, thus to better quantify the distortion an
uncertainty analysis was done by propagating the uncertainty of thermophysical properties into the
distortion calculations. Figure 2.16 plots the distortion between water and NaNO3 - KNO3 with
uncertainty from NaNO3 - KNO3’s thermophysical properties across nondimensional temperature,
\. Throughout \’s range, the uncertainty’s magnitude is as large as the distortion in various
locations. This observation highlights the need for more experimental data on the thermophysical
properties of molten salts with more accuracy. Given the current state of the available data, the
distortion between the molten salt and surrogate fluid were quantified; however, the uncertainty in
the distortion was greater than the distortion itself.
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Figure 2.15: Calculated Prandtl number distortions for water and molten salts

Figure 2.16: Calculated Prandtl number distortions for water and NaNO3 - KNO3 with uncertainty
from thermophysical properties.

2.3.3 Experimental Distortions
To investigate the distortions that arise when using surrogate fluids for molten salt applications,
experimental data for Nusselt number at a Reynolds number of 20,000 was utilized. The distortions
and associated uncertainty were quantified using methods previously presented to calculate uncer-
tainty in simulations of jet engine thrust [53]. The Nusselt number experimental data were obtained



22

on a circular pipe with constant heat flux, and detailed information regarding the methodology,
instrumentation, and procedure can be found in Section 3.2.5. The results of the experimental
Nusselt number are depicted in Figure 3.18. For the experimental data, water was employed as the
surrogate fluid with an inlet temperature of ≈ 21𝑜C, and based on Table 2.3, the three molten salts
that directly scale down at that Prandtl number are NaNO3 - KNO3, NaNO3 -NaNO2 - KNO3, and
NaF - NaBF4. Table 2.4 summarizes and tabulates the distortions between water and the respective
molten salts, this is a numerical representation of Figure 2.15.

Table 2.4: Tabulated Prandtl number distortions for water and molten salts from Figure 2.15

Molten salt Minimum Maximum
FLiNaK -0.0169 0.0152

NaNO3 - KNO3 -0.1856 0.0017
NaNO3 - NaNO2 - KNO3 0.0041 0.0208

LiCl - KCl -0.0090 0.0011
NaF - NaBF4 -0.0287 -0.0067

A cumulative distribution function (CDF) was chosen as the visual representation of the uncertainty
and distortion. A CDF shows the probability of a Nusselt number to be that value or less and it was
chosen as a method for uncertainty and distortion as they can be treated in a different manner. Roy
and Balch [53] used the CDF to represent the different forms of uncertainty that were encountered
in simulations. In their work, they used to visually understand the different forms of uncertainty
in their results that come from the model form, model inputs, and numerical uncertainty. This
work only focused on two different types of uncertainty, distortion, and experimental uncertainty.
To create the original CDF, the probabilistic distribution, 100,000 random samples with a normal
distribution centered on the mean of the Nusselt number and a standard deviation of 5% of the
Nusselt number mean. The standard deviation of 5% was chosen as a non-conservative value to
portray a small standard deviation of the Nusselt number, as most experimental data found in the
literature with Nusselt number are usually presented with 10% uncertainty. An initial study with
10% standard deviation for the probabilistic distribution was done, but this uncertainty would trump
the distortion and experimental uncertainty, thus a smaller value was chosen. Table 2.5 summarizes
the parameters used for the CDF.

The distortions in the Prandtl number were directly propagated to the Nusselt number, assuming a
one-to-one relationship. However, it is important to note that this approach tends to overestimate
the actual Nusselt number distortion since the relationship between the Nusselt number and Prandtl
number is typically nonlinear, often described by an exponent less than 1 [50, 54]. The decision to
employ a one-to-one distortion between the Nusselt number and the Prandtl number was made to
emphasize the effects of distortions observed in the Prandtl number and to showcase the worst-case
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Table 2.5: Parameters chosen for the distortion quantification studies.

Parameter Value
Reynolds number 20,000
Nusselt number 144.17

Number of Samples 100,000
Nusselt number standard deviation 7.21

Experimental uncertainty 12.41

scenario when using surrogate fluids. In reality, the distortion in the Nusselt number would be
much lower than the values presented herein. The Nusselt number distortion is thus quantified
based on:

𝐷𝑁𝑢 = 𝐷𝑛
𝑃𝑟 , (2.9)

which 𝑛 is equal to one for a one-to-one relationship. In reality, this exponent is equal to the one
found through the Nusselt number correlation, often described by a value much less than one.

Figure 2.17: Cumulative probability of experimental Nusselt number with experimental uncertainty,
NaNO3 - KNO3 distortion and probabilistic uncertainty obtained using water.

The probabilistic uncertainty, experimental uncertainty, and the three distortions were combined
to create three CDFs shown in Figures 2.17 to 2.19. The CDFs shown can be interpreted as how
the uncertainty is compounded between the different types of uncertainty. The different areas in
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the different colors are stand-alone areas, meaning they do not overlap but are meant to show the
magnitude of the uncertainty in an area format. The larger the uncertainty the larger the area in
the CDF. All three figures have the same probabilistic and experimental uncertainty with varied
distortion depending on which molten salt was used. Figure 2.17 plots the cumulative probability
versus Nusselt number for NaNO3 - KNO3’s distortion. NaNO3 - KNO3 had the largest Prandtl
number distortion and this can be seen in the CDF. The distortion is skewed in the lower Nusselt
number values, as the distortion is heavily negative in Figure 2.15. The blue area in Figure 2.17
represents what the Nusselt number distribution for NaNO3 - KNO3 would be when using water
as a surrogate fluid. From this figure, it is clear that the largest area represents the distortion
found between water and NaNO3 - KNO3 when comparing the experimental uncertainty and
the probabilistic uncertainty, but this was the case with the largest distortion and using a linear
relationship between the Prandtl number and Nusselt number.

Figure 2.18: Cumulative probability of experimental Nusselt number with experimental uncertainty,
NaNO3 - NaNO2 - KNO3 Distortion and probabilistic uncertainty obtained using water.

Figure 2.18 shows the cumulative probability for the experimental Nusselt number obtained using
water with the Prandtl number distortions from NaNO3 - NaNO2 - KNO3. This figure shows smaller
blue areas in comparison with the experimental uncertainty. In addition, the blue area covers the
two sides of the Nusselt number but is skewed in the lower Nusselt numbers. This figure shows
better promise when using surrogate fluids for molten salt scaled components as the distortion is
much smaller in comparison with Figure 2.17. Figure 2.19 plots the cumulative probability with
Prandtl number distortion of NaF - NaBF4. This figure shows how water is also a good surrogate for



25

Figure 2.19: Cumulative probability of experimental Nusselt number with experimental uncertainty,
NaF - NaBF4 Distortion and probabilistic uncertainty obtained using water.

NaF - NaBF4 as the distortion is small in comparison with the experimental uncertainty. Overall,
the Figures 2.17 to 2.19 show the cumulative probability of experimental Nusselt number with the
different distortions for the different molten salts, with the largest distortion found with NaNO3

- KNO3. Even with the largest distortion, the water showed to be a good surrogate fluid for
scaled heat transfer experiments. As was concluded in Section 2.3.2, this large distortion could
be mitigated with more accurate thermophysical properties of the molten salt to further reduce the
Prandtl number distortion. Finally, the Nusselt number distortions were quantified based on a linear
relationship with the Prandtl number distortion, but the Nusselt number distortions are expected to
be much lower than the Prandtl number distortions.

2.4 Discussion and Conclusion
Molten salts have garnered attention and found applications in the energy industry due to their favor-
able thermophysical properties and ability to operate at high temperatures. However, studying heat
transfer systems involving molten salts can be challenging and costly. To overcome these challenges,
surrogate fluids have been proposed and demonstrated as viable alternatives for laboratory-scale
heat transfer experiments. Despite the Prandtl numbers of the discussed surrogate fluids aligning
with the requirements, there is room for further optimization of the temperature ranges for Prandtl
number matching. Additionally, more accurate calculations of distortions can be achieved with
improved molten salt thermophysical property data.
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Moreover, uncertainty in the thermophysical properties significantly contributes to the overall un-
certainty in the distortions observed in scaled-down surrogate fluid experiments. While distortions
are to be expected when scaling down heat transfer components, the distortions arising from the
Prandtl number are relatively small compared to the uncertainties associated with the thermophys-
ical properties of the molten salts. To further explore this, actual experimental heat transfer data
were employed to calculate the theoretical Nusselt number distortion using a one-to-one relationship
with the Prandtl number. The Nusselt number distortions showed to be smaller than the experi-
mental uncertainties for NaNO3 - NaNO2 - KNO3 and NaF - NaBF4, while for NaNO3 - KNO3 the
distortion exceeded the experimental uncertainty. This was expected as the large distortion found
in the Prandtl number was concluded to be created from the thermophysical properties of NaNO3 -
KNO3. Thus, for more accurate scaled-down experiments with surrogate fluids, enhanced precision
in the thermophysical property data of molten salts is imperative.

In this work, water has been identified as a potential surrogate fluid for five molten salts, FLiNaK,
NaNO3 - KNO3, NaNO3 - NaNO2 - KNO3, LiCl - KCl, and NaF - NaBF4. Water has been
demonstrated to have lower operating costs than molten salts through lower pumping and heating
powers, as well as lower material costs as it has lower operating temperatures for experimental
settings. Further along in this work, water was used as a surrogate fluid as the operating fluid in a
heat transfer experimental facility, Section 3.2.1.
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C h a p t e r 3

PASSIVE HEAT TRANSFER ENHANCEMENTS - TWISTED TAPE INSERTS

Improving heat transfer has been an ongoing task in engineering research, design, and development
[55, 56]. This is usually achieved by passive techniques [57], active techniques[58], or a combination
of both [59]. Passive heat transfer enhancement techniques consist of changing the geometry to alter
the heat transfer surface area to induce turbulence, such as twisted tubes, rifled tubes, coils, or fluid
additives. An active heat transfer technique uses an external source such as mechanical power [60,
61] or inducing an electric or magnetic field [62, 63]. Some heat transfer enhancement techniques
aim to combine active and passive approaches to further enhance heat transfer. In this work,
the focus is specifically on passive heat transfer enhancement techniques. Passive heat transfer
enhancements have been demonstrated to increase heat transfer but are accompanied by higher
pressure drops [64]. Quantifying this trade-off has been an ongoing effort in various engineering
fields [65]. The present work concentrates on investigating a passive heat transfer enhancement
technique that is currently considered for molten salt energy applications, namely twisted tape
inserts.

Twisted tape inserts are currently studied as a method to improve heat transfer. They were initially
studied over a century ago to improve heat transfer in boilers [66]. The renewed interest in
twisted tape inserts stems from their application in high heat flux environments such as molten
salt reactors [67], fusion reactors [68], and solar power applications [69, 70]. The twisted tape
inserts swirl the coolant and create secondary flows, thereby inducing fluid mixing and enhancing
heat transfer [71]. The heat transfer is increased due to the mixing and swirling motion of the
tape, creating longer flow lengths and higher velocities. Due to the twisted tape inserts’ geometric
variety and applications, extensive literature reviews have been conducted. Converse et al [72]
summarized pressure drop and heat transfer predictions alongside experimental data of twisted
tapes and other passive heat transfer enhancements. Manglik [73] performed an extensive review
on the friction factor and Nusselt numbers of twisted tape inserts for their dissertation, providing
derivations for friction factor and Nusselt numbers. Clark [74] provided a comprehensive summary
of experimental work on twisted tape inserts, with a particular focus on computational efforts
and geometric modifications. In more recent efforts, Hasanpour et al [75], Varun et al [76], and
Madariya et al [77] conducted extensive literature reviews of friction factor and Nusselt number
data of twisted tape inserts with a lot of work on modified twisted tape geometries. Modifications
to twisted tape inserts include wing-like features [78], perforations [79], combinations of wings
and perforations [80], or the addition of multiple twisted tape inserts in a single geometry [81–83].
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While these modifications have demonstrated enhanced thermal performance, traditional twisted
tape inserts, created by twisting a metallic strip into a spiral and inserting it into a pipe, are still
preferred in various applications due to their simplicity in manufacturing [84, 85]. Figure 3.1
provides a comparison between traditional twisted tape inserts and common modifications.

Figure 3.1: Comparison between a (a) traditional twisted tape insert, (b) wing-like features [78],
(c) perforated [79], (d) combination of wings and perforations [80], and (e) multiple twisted tape
inserts in a single tube [81].

A great deal of effort has been accomplished in changing the geometric parameters of the twisted
tape inserts to obtain friction factor and Nusselt number correlations [72–77]. Figure 3.2 shows
these relevant geometric parameters of a twisted tape insert. Here, 𝐷 is the inner diameter of the
pipe, 𝑤 is the tape width, 𝛿 is the tape thickness, and 𝐻 is defined as the length of a 180𝑜 turn. The
twisted tape pitch, 𝑦, is defined as the 180𝑜 turn divided by the diameter of the pipe, i.e.:

𝑦 =
𝐻

𝐷
. (3.1)

Unfortunately, as highlighted by Manglik and Bergles [86], the majority of the correlations can only
be accurately applied to specific operating and geometric conditions. Manglik and Bergles derived
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Figure 3.2: Diagram of twisted tape insert with relevant geometric parameters.

the most widely used friction factor and Nusselt number correlations for twisted tape inserts for
laminar [87] and transitional and turbulent regimes [86]. The correlations were developed across
a range of Reynolds numbers and investigated the impacts of varying the parameters of the twisted
tape insert as well as studied the fluid flow phenomena on the friction factor and Nusselt number,
with experimental data from Marner and Bergles [88].

In recent work with twisted tape geometries for which the width of the twisted tape 𝑤 is smaller
than the pipe’s inner diameter 𝐷, it was noted that the pressure loss was changing with the twisted
tape’s width [89]. Loose-fitting twisted tapes, when 𝑤 < 𝐷, are often employed due to their ease of
installation [84]. Al-Fahed and Chakroun [90] studied the effects of twisted tape width with friction
factor and Nusselt number. Al-Fahed and Chakroun observed a friction factor and Nusselt number
dependence with the twisted tape width, though the friction factor results were not as clear with a
direct relationship of twisted tape width. Bas and Ozceyhan [91] varied the distance between the
twisted tape insert and the wall and studied their friction factor and heat transfer. Bas and Ozceyhan
concluded that the twisted tape pitch 𝑦 had a larger dependence on the thermal performance of the
twisted tape insert than the width, 𝑤. Wiggins et al [92] showed that the correlations by Manglik and
Bergles [86, 87] were over-predicting the experimental data for loose-fitting twisted tape inserts.

Other methods of deriving the friction factor and Nusselt number in twisted tape inserts have also
been attempted. A different method of deriving correlations consists of analytical derivations,
which are derived using conservation equations. Smithberg and Landis [93] developed friction
factor and heat transfer correlations with the help of measured axial velocity. Smithberg and Landis
probed the exit of twisted tapes in air and water to obtain axial and tangential velocities. An
implicit friction factor correlation was derived from boundary layer theory and the measured exit
flow velocities, while their heat transfer correlations were developed using Colburn-type analysis.
Smithberg and Landis’ simplified friction factor results are used herein to compare friction factor
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results. Smithberg and Landis [93] concluded that three effects are leading to the heat transfer
phenomena, the additive effects of the tube wall boundary layer, the energy exchange from the
vortex mixing and the effects of the twisted tape acting as a fin. Thorsen and Landis [94] expanded
from Smithberg and Landis’ work [93] to account for curvature effects and tighter twisted tapes.
Sarma et al developed a turbulent [95] and a laminar [96] correlation based on van Driest eddy
diffusivity to account for the effects of centrifugal forces and secondary flows. Sarma et al [97]
then summarized both correlations and used asymptotic matching from Churchill [98] to obtain
continuous curves for friction factor and Nusselt number.

In an effort to better understand twisted tape inserts in one-sided heat flux environments, such as in
fusion reactors, Dedov et al [99] studied the friction factor and heat transfer in twisted tape inserts.
Dedov et al created one sided heating using an electron beam to mimic heat flux environments
expected to occur in the ITER thermonuclear reactor. Dedov et al, along with work from Varava et
al [100, 101], derived friction factor and Nusselt number correlations by transforming the geometry
based on the hydraulic diameter and twisting phenomena to treat it as conventional channel flow.
Wiggins et al [92] showed that this methodology has been successful in predicting friction factor
in loose-fitting twisted tape inserts at turbulent Reynolds numbers.

The current work focused on calculating the friction factor, Nusselt number, and thermal perfor-
mance factor of loose-fitting twisted tape inserts. Friction factor data were obtained for eight
different twisted tape geometries, for pitches of 𝑦 = 1.9 and 3.81 three different widths were ex-
plored, 𝑤/𝐷 = 0.95, 0.85, and 0.75, while for a pitch 𝑦 ≈ 2.86, two widths of 𝑤/𝐷 = 1.0 and 0.95
were explored with water as a working fluid. The width of 𝑤/𝐷 = 1.0 is considered a tight-fitting
twisted tape insert as the width is equal to the diameter. A subset of the twisted tape inserts explored
for friction factor were studied for Nusselt number and thermal performance factor data, 𝑦 = 1.9,
2.86, and 3.81, with a width of 𝑤/𝐷 = 0.95. The Reynolds number varied between the laminar to
turbulent regime in the twisted tape inserts, 𝑅𝑒 ≈ 3, 000 − 40, 000 for friction factor and 3,000 to
24,000 for Nusselt number. This chapter describes the leading friction factor and Nusselt number
correlations of twisted tape inserts used to compare the current experimental data with. It then
describes the experimental facility, MSETF-1, used to obtain the scaled experimental data. The
geometric and operating conditions are then summarized for the different twisted tape sections.
Friction factor, Nusselt number, and thermal performance results are presented and discussed with
a final section deriving a loose-fitting twisted tape insert factor that can be used to predict friction
factor in the loose-fitting twisted tape inserts.
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3.1 Theory
This section describes the selected correlations to compare the current friction factor and Nusselt
number data. Due to the extensive literature reviews that have been conducted on twisted tape
inserts [72–77], and Manglik and Bergles’ conclusion on the applicability of most correlations
[86], it is evident that most twisted tape correlations are applicable only under specific operating
and geometric conditions. Therefore, correlations were chosen that were relevant to the current
work and are the ones most widely used throughout the literature.

3.1.1 Selected Correlations
The selected friction factor correlations are summarized in Table 3.1, while the Nusselt number
correlations are summarized in Table 3.2. The correlations selected consisted of the Manglik and
Bergles laminar and turbulent correlations [86, 87] as they are the most common twisted tape insert
correlations. Smithberg and Landis [93] and Sarma et al [95–97] were chosen as they were derived
analytically. For friction factor, the Lopina and Bergles correlation [102] was chosen as it has been
used in the literature previously, while for the Nusselt number, the Hong and Bergles’ correlation
[103] was chosen as the experimental data was obtained using similar wall boundary conditions as
this current work, constant heat flux.

Table 3.1: Selected friction factor correlations
Authors - Year [Ref] Correlation
Manglik and Bergles 𝑓 = 15.767

𝑅𝑒
(1 + 10−6𝑆𝑤2.55)1/6[1 + ( 𝜋

2𝑦 )2]( 𝜋+2−𝛿/𝐷
𝜋−4𝛿/𝐷 )2·

Lam. - 1993 [87] ( 𝜋
𝜋−4𝛿/𝐷 )

Manglik and Bergles
Turb. - 1993 [86] 𝑓 = 0.0791

𝑅𝑒0.25 ( 𝜋
𝜋−4𝛿/𝐷 )1.75( 𝜋+2−𝛿/𝐷

𝜋−4𝛿/𝐷 )1.75(1 + 2.752
𝑦1.29 )

Lopina and Bergles
- 1969 [102] 𝑓 = 0.1265

𝑦0.406𝑅𝑒0.2 ( 𝜋+2−𝛿/𝐷
𝜋−4𝛿/𝐷 )1.2( 𝜋

𝜋−4𝛿/𝐷 )1.8

Smithberg and 𝑓 = [0.046 + 2.1(2𝐻
𝐷

− 0.5)−1.2]𝑅𝑒𝑛𝑥 ;
Landis - 1964 - [93] 𝑛 = 0.2[1 + 1.7(2𝐻

𝐷
)−1.2]

Sarma et al
Lam. - 2003 [96] 𝑓𝐿 = 1.5(1 + 𝐷

2𝐻 )3.37𝑅𝑒−0.565

Sarma et al
Turb. - 2002 [95] 𝑓𝑇 = 0.021𝑅𝑒−0.116(1 + 𝐷

2𝐻 )4.216

In the case of Smithberg and Landis’ [93] and Sarma et al’s [95–97] correlations, they define a
twisted tape pitch based on a 360𝑜 turn, thus the correlations showed in Tables 3.1 and 3.2 are
adjusted accordingly to the current terminology of a 180𝑜 turn to calculate the pitch. Smithberg
and Landis also derived an implicit friction factor correlation,this work focused on their simplified
approximate friction factor correlation for simplicity [93]. In addition, the inconsistency of variables
defined between papers caused the equations in Tables 3.1 and 3.2 to be adjusted to the current
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Table 3.2: Selected heat transfer correlations
Authors - Year [Ref] Correlation
Manglik and Bergles 𝑁𝑢 = 4.612 · {[(1 + 0.0951𝐺𝑧0.894)2.5 + 6.413 · 10−9·

Lam. - 1993 [87] (𝑆𝑤 · 𝑃𝑟0.391)3.835]2 + 2.132 · 10−14 · (𝑅𝑒𝑎𝑥 · 𝑅𝑎)2.23}0.1·
( `𝑏
`𝑤

)0.14

Manglik and Bergles 𝑁𝑢 = 𝑁𝑢𝑦=∞(1 + 0.796
𝑦

) ;
Turb. - 1993 [86] 𝑁𝑢𝑦=∞ = 0.0236𝑅𝑒0.8𝑃𝑟0.4( 𝜋

𝜋−4𝛿/𝐷 )( 𝜋+2−2𝛿/𝐷
𝜋−4𝛿/𝐷 )0.2( `𝑏

`𝑤
)0.18

Hong and Bergles
- 1976 [103] 𝑁𝑢 = 5.172[1 + 5.484 · 10−3𝑃𝑟0.7(𝑅𝑒𝑎𝑥

𝑦
)1.25]1/2

Smithberg and 𝑁𝑢 = 𝑅𝑒𝑥𝑃𝑟

1+ 700
𝑅𝑒𝑥 𝑓

( 𝐷
2𝐻 )( 𝐷ℎ

𝐷
)𝑃𝑟0.731

[50.9( 𝐷
2𝐻 )

𝑅𝑒𝑥
√

𝑓
+ 0.023( 𝐷

𝐷ℎ
)𝑅𝑒−0.2

𝑥 ·

Landis - 1964 - [93] 𝑃𝑟−2/3(1 + 0.0219
( 2𝐻
𝐷

)2 𝑓
)1/2]

Sarma et al
Lam. - 2003 [96] 𝑁𝑢𝐿 = 0.2036[1 + ( 𝐷

2𝐻 )]4.12𝑅𝑒0.55𝑃𝑟1/3

Sarma et al
Turb. - 2002 [95] 𝑁𝑢𝑇 = 0.1012[1 + ( 𝐷

2𝐻 )]2.065𝑅𝑒0.67𝑃𝑟1/3

definition of twisted tape parameters.

The main difference occurs in how the Reynolds numbers are defined between correlations. The
first Reynolds number was defined based on empty pipe mean velocity and geometric parameters,
where the mean velocity was defined as:

𝑉 =
¤𝑚

𝜌 · 𝜋 · (𝐷/2)2 , (3.2)

where ¤𝑚 is the mass flow rate in 𝑘𝑔/𝑠. The velocity is then used for the Reynolds number empty
pipe definition:

𝑅𝑒 =
𝐷 · 𝜌 · 𝑉

`
. (3.3)

Manglik and Bergles defined a swirl Reynolds number as:

𝑅𝑒𝑠𝑤 =
𝐷 · 𝑉𝑠 · 𝜌

`
, (3.4)

where 𝑉𝑠 was a swirl velocity defined as:

𝑉𝑠 =
¤𝑚

𝜌 · ( 𝜋𝐷2

4 − 𝛿𝐷)
·
√︂

1 + (
𝜋

2𝑦
)2, (3.5)
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which uses the cross-sectional area of the twisted tape insert with the width equal to the inner
diameter (𝑤 = 𝐷).

The swirl Reynolds number, Equation 3.4, was used to define a swirl parameter, 𝑆𝑤, that balanced
the viscous, convective inertia and centrifugal forces, defined as:

𝑆𝑤 =
𝑅𝑒𝑠𝑤√

𝑦
. (3.6)

An axial velocity of the twisted tape insert was defined as:

𝑉𝑎𝑥 =
¤𝑚

𝜌 · ( 𝜋𝐷2

4 − 𝛿𝐷)
, (3.7)

and the axial Reynolds number as:

𝑅𝑒𝑎𝑥 =
𝐷 · 𝑉𝑎𝑥 · 𝜌

`
. (3.8)

This was slightly different then the axial Reynolds number defined by Smithberg and Landis [93],
as the axial velocity does account for the width of the twisted tape insert. That axial Reynolds
accounting for the width of the twisted tape insert was calculated as:

𝑅𝑒𝑥 =
𝐷 · 𝜌
`

· ¤𝑚
𝜌 · ( 𝜋𝐷2

4 − 𝛿𝑤)
. (3.9)

It is important to note that while Equation 3.8 and Equation 3.9 are both axial Reynolds number
correlations, they come from different sources and are calculated differently. These were only used
to calculate the correlations and no results are presented using either Reynolds number terminology,
but it highlights the multiple definitions and slight changes of terminology found in literature.

Manglik and Bergles’ correlations [86, 87] were asymptotically matched in order to be applied to
all Reynolds numbers using the following equation:

𝑓 = ( 𝑓 10
𝑙𝑎𝑚 + 𝑓 10

𝑡𝑢𝑟𝑏)1/10, (3.10)

while for Sarma et al’s correlations [95, 96] were combined based on the following equation [97]:

𝑓 = ( 𝑓 5
𝑙𝑎𝑚 + 𝑓 5

𝑡𝑢𝑟𝑏)1/5. (3.11)
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Sarma et al’s Nusselt number correlations [95, 96] were combined through asymptotic matching
based on the following equation [97]:

𝑁𝑢 = (𝑁𝑢5
𝐿 + 𝑁𝑢5

𝑇 )1/5. (3.12)

3.1.2 Channel Flow
A different method was explored to calculate friction factor and Nusselt number in twisted tape
inserts, developed by Dedov et al [99] and Varava et al [100, 101]. This method considered the
twisted tape geometry by treating it as conventional channel flow that "twists" in a rotating frame
and can be addressed with traditional channel flow correlations accordingly. To start, a swirl
coefficient, 𝑘 , was defined as:

𝑘 =
𝜋

2𝑦
. (3.13)

A modified mean velocity is then calculated based on:

𝑉∗ =
¤𝑚 ·

√
1 + 𝑘2

𝜌 · 𝐴𝑥

. (3.14)

𝐴𝑥 is the actual cross section of the twisted tape insert taking into account the difference in width
and inner diameter:

𝐴𝑥 =
𝜋 · 𝐷2

4
− 𝛿 · 𝑤. (3.15)

In the case of tight-fitting twisted tape inserts, the width is the same as the diameter, (𝑤 = 𝐷).

With the modified mean velocity, 𝑉∗, a new Reynolds number is defined as:

𝑅𝑒∗ =
𝑉∗ · 𝜌 · 𝐷ℎ

`
, (3.16)

where 𝐷ℎ is the hydraulic diameter defined as:

𝐷ℎ =
4 · 𝐴𝑥

𝑃𝑤

, (3.17)

where 𝑃𝑤 is the wetted perimeter accounting for all geometric parameters of the twisted tape insert.
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With the new defined Reynolds number, 𝑅𝑒∗, a twisting channel friction factor, 𝑓 ∗ can be calculated
based on the pressure drop:

Δ𝑃 = 𝑓 ∗
1
2
𝜌 · 𝑉∗ · 𝐿

∗

𝐷ℎ

. (3.18)

Where 𝐿∗ was the adjusted length to account for the untwisting of the twisted tape insert:

𝐿∗ = 𝐿 ·
√︁

1 + 𝑘2. (3.19)

The Nusselt number for the channel flow methodology, 𝑁𝑢∗ was calculated based on two indepen-
dent mechanisms, a forced convection and a centrifugal convection:

𝑁𝑢∗ = 𝑁𝑢 𝑓 𝑜𝑟𝑐𝑒𝑑 + 𝐶 · 𝑁𝑢𝑐𝑒𝑛𝑡𝑟𝑖 𝑓 𝑢𝑔𝑎𝑙 . (3.20)

The forced convection term uses a conventional channel flow Nusselt number correlation with
adjusted parameters, in this case, Dedov et al [99] use the one from Petukhov et al [104]:

𝑁𝑢 𝑓 𝑜𝑟𝑐𝑒𝑑 =
𝑅𝑒∗𝑃𝑟(Z/8)

1 + 900
𝑅𝑒∗ 12.7

√︁
Z/8(𝑃𝑟2/3 − 1)

, (3.21)

where Z was the friction factor based on Filonenko’s equation for smooth pipes [105].

While the centrifugal Nusselt number term used a modified natural convection Nusselt number
correlation:

𝑁𝑢𝑐𝑒𝑛𝑡𝑟𝑖 𝑓 𝑢𝑔𝑎𝑙 = [(𝑅𝑒𝑥𝑘)1/3(
𝐷ℎ

𝐷
)𝛽Δ𝑇𝑃𝑟]1/3, (3.22)

where 𝑅𝑒𝑥 is the Reynolds number based on the axial velocity defined in Equation 3.9, and 𝛽 is the
volumetric expansion coefficient, and Δ𝑇 is the difference between the temperature of the wall and
the bulk temperature of the fluid.

The 𝐶 value in Equation 3.20 is a weighting coefficient determined from experimental data. The
original formulation of Equation 3.20 grouped the 𝐶 coefficient with the centrifugal component in
Equation 3.22, but it is extracted here for simplicity in future discussions.
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3.1.3 Thermal Performance
Thermal performance in twisted tape inserts has not been well studied in the literature. The thermal
performance consists of studying how well a heat transfer enhancement technique improves the
overall heat removal efficiency. This is done by considering the two competing effects encountered
in these systems, increased heat transfer and friction factor. Thermal performance factor, [, was
used to determine the overall efficiency of a heat transfer enhancement technique [106, 107]:

[ =
𝑁𝑢/𝑁𝑢0

( 𝑓 / 𝑓0)1/3 , (3.23)

where 𝑓0 and 𝑁𝑢0 are the friction factor and Nusselt number respectively of the non-modified
geometry, empty pipe, and 𝑓 and 𝑁𝑢 are the friction factor and Nusselt number of the twisted tape
insert.

In literature, an increase in twisted tape pitch has been observed to increase thermal performance.
Murugesan et al [108] calculated the thermal performance factor with twisted tape inserts using
water as working fluid, and reported thermal performance factors larger than 1. Chokphoemphun et
al [109] observed a trend of decreasing thermal performance factor with increasing Reynolds num-
bers, with a majority of their data reaching [ ≈ 1.0 at Reynolds number of 15,000. Piriyarungrod et
al [110] used air as a working fluid and determined the overall thermal performance of the twisted
tape inserts was less than 1. Naga Sarada et al [111] calculated the thermal performance factor
using air for different twisted tape insert pitches and widths and observed a trend of decreasing
thermal performance with increasing Reynolds number and an increase of thermal performance
with increased twisted tape width. Table 3.3 summarizes the thermal performance factor, with their
experimental data points obtained using WebPlotDigitizer [112]. While other thermal performance
factor data have been reported in the literature, the main focus consisted of modified twisted tape
inserts which are outside the scope of this work.

Table 3.3: Summary of operating conditions and geometric characteristics of twisted tape inserts
for thermal performance factor comparisons found in the literature.

Author [Ref] Reynolds number
range

Working
fluid

Twisted tape
pitch (𝑦)

Murugesan et al [108] 3,000 - 11,000 Water 2.0, 4.4 and 6.6
Chokphoemphun et al [109] 5,000 - 24,000 Air 4.0 and 5.0
Piriyarungrod et al [110] 6,000 - 20,000 Air 3.5, 4.0 and 4.5
Naga Sarada et al [111] 6,000 - 13,500 Air 3.0, 4.0, and 5.0

The thermal performance factor is used as a method to compare the overall pumping power
requirements with the effectiveness of the heat transfer enhancement. This method only considers
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the pressure loss and heat transfer gain solely in the test section or region of interest. The benefits
of using the heat transfer enhancement at a systems level are left out for future work, as this would
require further exploration of the pressure loss in the entire system and possible size reductions
created from the heat transfer enhancement.

3.2 Methodology
This section describes the experimental facility designed to calculate the thermal performance of
scaled-down molten salt passive heat transfer enhancement components. It describes the overall
experimental setup with the data acquisition software and technique used to collect data and it ends
with a detailed description of the twisted tape geometries and operating conditions used to calculate
the friction factor and Nusselt number.

3.2.1 Experimental Setup
Scaled thermal hydraulic experimental facilities can be designed in two matters depending on the
phenomena of interest. The two methods consist of studying separate effects [113] or integral effects
[114]. Separate effects tests isolate physical phenomena of interest to study them independently
within a system, while integral effects tests study how a physical phenomenon affects and changes
the overall heat transfer system. In this work, the separate effects of pressure drop and heat transfer
are studied for a passive heat transfer enhancement system.

At Virginia Commonwealth University, the Fluids in Advance Systems and Technology research
group has designed and built a separate effects testing facility named the Modular Separate Effects
Test Facility - 1𝑠𝑡 Loop (MSETF-1). MSETF-1 was designed to study the thermal performance
of heat transfer enhancement methodologies using water as a surrogate fluid for advanced energy
applications that use molten salts as the operating coolant. This is achieved by studying the pressure
drop and heat transfer of the components separately. MSETF-1 was designed to have a swappable
test section in order to facilitate the switching of the geometries of interest and expedite the number
of tests that could be done in the facility.

MSETF-1 has shown to be versatile and easily adjustable to study a variety of thermal hydraulic
concepts, such as traditionally manufactured test sections, additively manufactured test sections,
flow straighteners, and air and water injections. Due to the versatility and changes to the facility,
it has gone through various iterations to optimize and improve it. Figure 3.3 shows a schematic of
MSETF-1 with its various components, while Figure 3.4 has the loop dimensions in centimeters,
with Figure 3.5 showing MSETF-1 in the experimental laboratory. MSETF-1 was built on top and
supported by unitstrut tables, as shown in Figure 3.4 and in Figure 3.5.

The water tanks consisted of two 70-gallon water tanks of Part Number LP0068SWSS, Inlet Tank
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Figure 3.3: MSETF-1 Schematic

and Outlet Tank-2, and one 7-gallon water tank Part Number SP00007SWLN, Outlet Tank-1. Each
tank served different purposes. Inlet Tank and Outlet Tank-2 were designed to store water during
experimental runs, while Outlet Tank-1 served as a method to keep constant hydrostatic pressure
in the loop and in the test section. Pressure was kept hydrostatic by maintaining a constant water
level in Outlet Tank-1 with the use of three connecting hoses at the top of the water tank that would
drain excess water into Outlet Tank-2, this connection is shown in Figure 3.6 with dimensions in
centimeters. Water was circulated using a Pentair SUPERFLOWVS variable speed control pump.

MSETF-1 had a total of six valves: the Vent Valve, Throttle Valve, Calibration Valve, Drain
Valve, Filling Valve, and Connecting Tank Valve. Each valve was opened or closed depending on
different MSETF-1s operating procedures. For a detailed explanation of each valve configuration
in MSETF-1’s procedures refer to Appendix B.

The length of MSETF-1 varied depending on the test being conducted. Heat transfer tests require
a mixing section shown in Figure 3.3 directly after the test section and before the pressure and
thermocouple taps. However, for pressure tests, the mixing section was removed to solely investigate
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Figure 3.4: MSETF-1 Dimensions in centimeters

the region between the test section and the pressure taps. The dimensions illustrated in Figure 3.4
represent the pressure drop experimental configuration, thus no mixing section was added in this
schematic.
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Figure 3.5: MSETF-1 loop at Virginia Commonwealth University

Figure 3.6: Schematic with units in centimeters (Left) and image (Right) of the tank connections.

Following the Throttle and Vent valves, a 90𝑜 elbow guided the water into the test section region.
After the 90𝑜 elbow, a flow straightener consisting of a honeycomb and wire-mesh was set to aid
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with flow development, as well as 1.35 meters (53 pipe diameters) of pipe length to ensure the flow
was fully developed before it entered the test section. This length was kept constant throughout the
different experiments. The mixing section consisted of an in-house static mixer built by welding a
10 cm twisted tape insert of pitch 𝑦 = 1.9 on a 15 cm long 1” nominal inner diameter pipe.

3.2.2 Data Acquisition Setup
This section describes the data acquisition for pressure drop and heat transfer. Data was collected
using the software, from National Instruments (NI), LabVIEW VERSION 2017 SP1 (32-bit),
and acquired using a combination of voltage drop (NI-9205, C-series Voltage Input Module) and
temperature (NI-9213, C-series Temperature Input Module) modules mounted on a cDAQ-9174
compact chassis. The NI modules, NI chassis, power supply for a pressure transducer, and computer
for data acquisition are shown in Figure 3.7. A grounding section was added due to the limited
space near the NI module terminals and the proper grounding techniques between signals described
in the NI module user guides. The grounding section connected all grounds from the various
instruments and modules to a common ground connected in parallel with a 1𝑀Ω resistor. This was
used to remove any oscillating signals that were not random noise from the instrumentation.

Figure 3.7: NI setup with power supply and data acquisition computer

The LabVIEW software consists of a Front Panel and Block Diagram. The Front Panel is used
to monitor the data acquisition and define user inputs, in this case, experimental target time and a
Boolean option to write the data to a file. A figure of LabVIEW’s Front Panel is shown in Figure
3.8. The Block Diagram is the component where the user creates and constructs the underlying
software and architecture of the data acquisition code. The code written for the pressure and heat
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transfer experiments consisted of a while-loop that runs the data collection until a user-defined
target time has been reached. All of the code functions are contained within this while-loop. This
includes the DAQ Assistant, a function to edit, add, and remove signals obtained from the modules,
the Write to File function, where the file directories are edited, and controls. A schematic of the
Block Diagram is shown in Figure 3.9.

Figure 3.8: LabVIEW’s Front Panel for pressure drop and heat transfer experiments

Figure 3.9: LabVIEW’s Block Diagram showing the code’s architecture.
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3.2.3 Instrumentation
Flow rate was measured with two inline flow meters consisting of a low and high flow rate of ranges
3.8 -38 liters per minute (lpm) and 19 - 190 lpm respectively. The flow meters had NIST Certificate
of accuracy of ± 3 %. The low flow rate flow meter had a Part Number of 2400T431 and the high
flow rate flow meter of 2400T451. The high flow rate flow meter is shown in Figure 3.10 installed
in MSETF-1 with dimensions from McMaster-Carr.

Figure 3.10: Flow meter installed in MSETF-1 (Top), and schematic of flow meter from McMaster-
Carr with units in inches (Bottom).

The pressure transducer consisted of an Omega oil-filled differential pressure sensor with an
accuracy of 13.8 Pa and Item Number PX409-2.5DWU5V. The pressure taps were installed upstream
and downstream of the test section as shown in Figure 3.4. The pressure taps were connected to
the pressure transducer using a combination of Yor-Loks, a form of compression fittings, and water
hoses. The water hoses for the upstream and downstream pressure taps were measured to be the
same length in order to remove any pressure loss biases created by the length of the water hoses.



44

The pressure taps were tapped 3.8 cm from the end of one-inch pipes with 1/8 inch NPT threads.
Figure 3.11 shows the installed pressure transducer used in MSETF-1 with water lines to each side
of the pressure transducer ports and the unit strut used to support it.

Figure 3.11: Pressure transducer used in MSETF-1, with water lines and installation mount.

Two different types of thermocouples were used to measure the fluid and wall temperatures for heat
transfer experiments. To measure the fluid’s temperature, T-Type thermocouples were installed
downstream and upstream of the test sections with the same connections as the pressure taps.
The range in which the submerged thermocouples were placed radially in the fluid was varied
to ensure statistically different tests, more details of the radial location of the thermocouples
can be found in Appendix B.3.1. The second type of thermocouples used consisted of T-Type
thermocouples with an adhesive side to measure the wall temperatures. A total of eleven evenly-
spaced surface thermocouples were used to average the wall temperature. The azimuthal location of
the thermocouples was varied to obtain statistically different tests. Figure 3.12 shows the difference
between a surface thermocouple and a submerged thermocouple.

Heat transfer experiments consisted of a constant heat flux boundary condition at the wall, which was
achieved using ten heaters wrapped around the test section. The heaters consisted of a combination
of Fisherbrand High Temperature Heating cords (of diameter 4.8 mm with a length of 1.8 meters
rated for 120 Volts and 8.3 Amps, Part No. FHWC1180 and Fisher number of 11476084) and
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Figure 3.12: Comparison between a surface and submerged thermocouple

Briskheat heating cords (Model HTC451002 with same specifications as the Fisherbrand heating
cord). The heaters were plugged into AC variable power supplies from Circuit Specialists Model
Number TDGC-2KM, shown in Figure 3.13. The variable power supplies vary the voltage output
by turning a dial on its top, with the voltage output displayed on a small screen. The voltage output
was limited to 110 Volts during experiments. For further details of the installation and procedures
refer to Appendix B.3.1.

Figure 3.13: AC Power supply for heating elements with output window and output knob.
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3.2.4 Description of Experiments
This section outlines the experiments performed to calculate the friction factor and Nusselt number
for twisted tape inserts. It includes details on the methodology, instrumentation, and the explored
twisted tape geometries. The twisted tape inserts were welded to the ends of 1.83 m long stainless-
steel pipes of 1” nominal diameter (26.67 cm) as shown in Figure 3.14 with the three main twisted
tape pitches studied. Three initial twisted tape geometries were studied for friction factor and heat
transfer. Table 3.4 provides a summary of the geometric parameters and experimental conditions
of the twisted tape inserts. The Reynolds numbers explored consisted of laminar, transitional, and
turbulent regimes. The twisted tape inserts have been shown to act as turbulent suppressors, thus a
Reynolds number of 3,000 is considered laminar in these geometries.

Figure 3.14: Welded twisted tape insert (Left) and twisted tape inserts with different pitches (Right).

Table 3.4: Geometric and experimental conditions of twisted tape inserts for friction factor and
Nusselt number experiments

Parameter (Unit) Value
Inner diameter, 𝐷 (mm) 26.67
Hydraulic diameter, 𝐷ℎ (mm) 15.05
Ratio of width and diameter, 𝑤/𝐷 (-) 0.95
Test section length, 𝐿 (m) 1.83
Twisted tape width, 𝑤 (mm) 25.4
Twisted tape thickness, 𝛿 (mm) 1.6
Inlet temperature, (𝑜C) ≈ 21
Pitch, 𝑦 (-) 1.9, 2.86, and 3.81
Reynolds numbers, 𝑅𝑒 (-) 3,000 - 48,000

The initial friction factor results revealed an intriguing phenomenon related to the width of the
twisted tape. This observation prompted further investigations, which are discussed in further
detail in Section 3.3.1. Subsequent friction factor experiments were conducted with additional
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twisted tape geometries to explore this phenomenon. Specifically, the width of the twisted tape was
varied, and four new twisted tapes with two different widths and two different pitches were studied.
Figure 3.15 illustrates the varying width configurations of the different twisted tape inserts. Table
3.5 summarizes the new geometric and experimental conditions of the four additional twisted tape
inserts for friction factor experiments.

Table 3.5: Geometric and experimental conditions of twisted tape inserts for friction factor exper-
iments with different widths

Parameter (Unit) Value
Inner diameter, 𝐷 (mm) 26.67
Hydraulic diameter, 𝐷ℎ (mm) 15.82 and 16.61
Test section length, 𝐿 (m) 1.83
Twisted tape width, 𝑤 (mm) 22.58 and 19.94
Ratio of width and diameter, 𝑤/𝐷 (-) 0.85 and 0.75
Twisted tape thickness, 𝛿 (mm) 1.6
Inlet temperature, (𝑜C) ≈ 21
Pitch, 𝑦 (-) 1.9 and 3.81
Reynolds numbers, 𝑅𝑒 (-) ≈ 3,000 - 48,000

Figure 3.15: Twisted tape inserts with varying widths and pitches.

The Fluids in Advanced Systems and Technology (FAST) Research Group at VCU has been
exploring additive manufacturing techniques to further explore the geometric characteristics of
passive heat transfer enhancements. Thus, in the efforts to push the boundaries encountered by
traditional manufacturing techniques, some of the geometries that were initially intended to study
were not feasible with current manufacturing techniques, i.e. tighter twisted tape pitches. To
overcome some of these shortcomings, additive manufacturing was explored to build twisted tape
test sections. A detailed description of the methodology derived and executed by the FAST Research
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Table 3.6: Geometric and experimental conditions of additively manufactured twisted tape inserts
for friction factor experiments.

Parameter (Unit) Model Measured
Inner diameter, 𝐷 (mm) 26.67 26.51
Test section length, 𝐿 (cm) 91.4 93.3
Twisted tape width, 𝑤 (mm) 26.67 26.51
Ratio of width and diameter, 𝑤/𝐷 (-) 1.0 1.0
Twisted tape thickness, 𝛿 (mm) 2.54 2.41
Pitch, 𝑦 (-) 2.86 2.86
Flange thickness, (mm) 20.32 21.03

Figure 3.16: Current methodology to create additively manufactured test sections of printing
different parts and gluing them together via UV light exposure to create longer test sections.

Group to obtain test sections that can be long enough to have fully developed flow and withstand
MSETF-1 operating conditions can be found in Appendix D with the current iteration and working
methodology in Appendix D.2. Figure 3.16 shows the current methodology of gluing small parts
together via UV light exposure to create test sections that are long enough to experience fully
developed flow.

Additive manufacturing technology is still in its developing stages, and further research is required
to fully explore its potential. For this work, only one geometry was explored to assess the fea-
sibility of this technology. The exploration of geometries otherwise unfeasible with traditional
manufacturing using additive manufacturing will be left for future work. Table 3.6 summarizes
the geometric parameters of the additively manufactured twisted tape insert for the 3D models and
the actual measured value. The 3D printing technique used to create the test section consists of
Stereolithography (SLA) printing, further discussion can be found in Appendix D, and this method
of printing requires a curing procedure once it has been printed. The curing procedure can cause
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small changes in the 3D printing as it is heat treated, thus a model and measured value are presented
in Table 3.6.

3.2.5 Calculations
This section discusses the major equations used to calculate the friction factor and Nusselt numbers.
The raw data obtained from LabVIEW had to be post-processed and analyzed to obtain the results
shown in Section 3.3. A detailed discussion of the post-processing methodology and discussions to
calculate friction factor and Nusselt number can be found in Appendices C.2 and C.3 respectively,
with uncertainty quantification in Appendices C.4.1 and C.4.2. A Matlab in-house code was
developed to post-process the data from LabVIEW to analyze the friction factor and heat transfer.

The friction factor was calculated based on the pressure drop obtained from the Omega Pressure
transducer. The following equation was used to calculate the Darcy friction factor:

𝑓 =
2 · Δ𝑃 · 𝐷
𝐿 · 𝜌 · 𝑉2 , (3.24)

where Δ𝑃 is the pressure drop, 𝜌 is the density of the water at bulk temperature, 𝐷 is the diameter
of the pipe and 𝑉 is the average velocity based on circular pipe geometry, Equation 3.2.

The twisting channel friction factor was calculated in a similar manner:

𝑓 ∗ =
2 · Δ𝑃 · 𝐷ℎ

𝐿∗ · 𝜌 · 𝑉∗2 , (3.25)

where 𝐿∗, and𝑉∗ are the adjusted length and velocity that accounts for the untwisting of the twisted
tape insert. The mean velocity was calculated based on Equation 3.14, and the adjusted length was
calculated based Equation 3.19.

For Nusselt number calculations, the heat transfer coefficient was calculated based on the energy
equation. The total heat transfer by convection, 𝑈𝐴, equals the enthalpy change of the fluid:

𝑈𝐴 · (𝑇𝑤 − 𝑇𝑏) = ¤𝑚 · 𝑐𝑃 · (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛), (3.26)

where 𝑇𝑤, 𝑇𝑏, 𝑇𝑖𝑛, and 𝑇𝑜𝑢𝑡 are the average temperatures obtained at steady state. Simplifying
Equation 3.26 yields:

𝑈𝐴 =
¤𝑚 · 𝑐𝑃 · (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

(𝑇𝑤 − 𝑇𝑏)
. (3.27)

The heat transfer coefficient, ℎ, that accounts for the conduction through the wall was defined as:
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1
ℎ · 𝐴𝑖

=
1

𝑈𝐴
− 𝑙𝑛(𝐷𝑜/𝐷)

2 · 𝜋 · 𝑘𝑠𝑠 · 𝐿ℎ𝑒𝑎𝑡𝑒𝑑

, (3.28)

where 𝐴𝑖 is the inner heated surface area of the pipe, 𝐷𝑜 is the outer diameter, and 𝑘𝑠𝑠 is the thermal
conductivity of stainless steel. Finally, the heat transfer coefficient was found with:

ℎ = (
1

𝑈𝐴
− 𝑙𝑛(𝐷𝑜/𝐷)

2 · 𝜋 · 𝑘𝑠𝑠 · 𝐿ℎ𝑒𝑎𝑡𝑒𝑑

)−1 · 1
𝜋 · 𝐷 · 𝐿ℎ𝑒𝑎𝑡𝑒𝑑

. (3.29)

The Nusselt number, in terms of empty pipe, was calculated by:

𝑁𝑢 =
ℎ · 𝐷
𝑘𝑤

, (3.30)

where 𝑘𝑤 is the thermal conductivity of water.

The channel flow Nusselt number was calculated with:

𝑁𝑢∗ =
ℎ · 𝐷ℎ

𝑘𝑤
. (3.31)

3.2.6 Experimental Procedure - An Overview
Friction factor and heat transfer experiments required multiple experimental procedures. These
procedures were developed through a literature review and through trial and error. Some of them
were developed by an exhausting number of error experiments and learning through some of the
overall physics governing the experimental loop, the data acquisition, and the instrumentation. This
led to major changes in MSETF-1. The initial version of MSETF-1 consisted of a continuous loop
with a single tank. The majority of the piping remained the same, but the single tank setup did not
allow for accurate heat transfer experiments. The outlet water temperature would create a sort of
feedback through the loop and would not allow for a steady state to occur in the test section. The
feedback was created by the heat up of the water mixing in the initial tank and propagating to the
rest of the loop. This would create a transient inlet water temperature and a true steady state was
not achievable. This led to the changes and the current version of MSETF-1 as briefly discussed in
Section 3.2.1.

In general, to obtain both the friction factor and heat transfer data, the system had to reach a steady
state. This consisted of adjusting the pump to a desired pre-known frequency and waiting for the
flow to reach a steady state by monitoring the flow meters. Afterward, through the LabVIEW
software, the data was monitored until it seemed to reach a steady state in which the oscillations
were random and not following a visible trajectory. Once the steady state was observed, data
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acquisition began by collecting the data through the LabVIEW software and documenting the flow
rate of the flow meters. This description is brief for simplicity, but further descriptions of the
operation of MSETF-1 such as degassing, filling up, and the different procedures to obtain the
experimental data can be found in Appendix B.

3.3 Results
Initial experimental data were taken in a circular pipe test section to qualify the experimental
loop, instrumentation, procedures, and post-processing codes were working properly by comparing
the data against well-known circular pipe friction factor correlations. These data are shown in
Figure 3.17 for friction factor with correlations from Moody [115], Filonenko [105], and Blasius
[116]. Figure 3.17 also plots the friction factor of a circular pipe test section made with additive
manufacturing to test the printing technique and ensure the connections between test sections were
assembled properly. The experimental data was plotted with ±2𝜎 error bars. The results shown in
this section consist of steady-state values calculated from the experiments, thus one does not need
to consider the Nyquist frequency.

Figure 3.17: Friction factor versus Reynolds number of measured stainless-steel test section (Mea-
sured - S.S.), additively manufactured test section (Measured - A.M.), and correlations from Moody
[115], Filonenko [105] and Blasius [116].

Figure 3.17 shows that the methodology, instrumentation, and codes are working accordingly as
all the data points for the stainless steel test section (Measured - S.S.) match well with the other
correlations at all Reynolds numbers. For the additively manufactured test section (Measured -
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A.M.) the data matches well in the turbulent regime, but the laminar data was lower than the
other experimental measured data and the correlations (Re ≤ 10,000). This low friction factor
can be attributed to different factors, such as the printing methodology and surface roughness of
the prints. The test sections were printed in the same orientation to maintain constant surface
roughness as previous work has shown different printing orientations change the surface roughness
[117]. Currently, the friction factor of the additively manufactured test section is compared with
the stainless-steel friction factor and correlations using the surface roughness of stainless steel. In
order to obtain more accurate comparisons, the quantification of the surface roughness of these test
sections is required, but this is left for future work.

Figure 3.18: Nusselt number versus Reynolds number of measured empty pipe with correlations
from Gnielinski [54], Sieder-Tate [118], and Dittus-Boelter [50].

In a similar manner, heat transfer experimental data were obtained on a circular empty pipe to
test the methodology, codes, instrumentation, and test procedures. The data were also compared
with well-known empty pipe correlations. These data are shown in Figure 3.18 with correlations
from Gnielinski [54], Dittus-Boelter [50] and Sieder-Tate [118] at their respective Reynolds number
operating range, in addition with Gnielinski’s correlation with±15% uncertainty. Experimental data
points fall outside the Reynolds number ranges of the correlations as those Reynolds numbers were
explored for the twisted tape inserts and validation data was required. The experimental data points
match within ±15% of Gnielinski’s correlation indicating the viability and accuracy of the flow
loop and instrumentation. As the Reynolds number increases the measured Nusselt number starts
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deviating from Gnielinski’s correlation, though it starts matching with Dittus-Boelter’s correlation.
This phenomenon might be attributed to the thermal loss encountered by the sticky side of surface
thermocouples. This thermal loss was not accounted for in Equation 3.28. Further work should
be done to quantify this value, but for the current experimental results, the impact was not as
meaningful as the data matches, within uncertainty, with the selected correlations at the explored
Reynolds numbers.

3.3.1 Friction Factor
The friction factor results presented in this section are expressed as Darcy friction factors, whereas
many correlations are based on Fanning friction factors. To convert the friction factor correlations
provided in Table 3.1, one can simply multiply them by four. Friction factor was obtained on
the first set of twisted tape inserts with pitches of 𝑦 = 1.9, 2.86, and 3.81 with data shown in
Figures 3.19 to 3.21 with selected friction factor correlations. The correlations consisted of two
experimental correlations, Manglik and Bergles [86, 87] and Lopina and Bergles [102], and two
analytically-derived correlations from Smithberg and Landis [93] and Sarma et al [97]. For all three
twisted tape pitches, the Manglik and Bergles correlation overpredicted the current experimental
data for all three pitches. The Lopina and Bergles’ correlation accurately predicts the pitch of
𝑦 =1.9 at the turbulent regime, but it seems the correlation is not as strongly dependent on the
pitch as by varying the pitch the correlation didn’t vary as consistently. For 𝑦 = 2.86 and 3.91,
it completely overpredicted the current data, with the former slightly overpredicting it more than
the Manglik and Bergles correlations. In the case of the two analytical correlations explored, both
of them underpredicted the measured experimental data for the three different pitches, but agreed
with each other.

Manglik and Bergles’ correlations [86, 87] follow a similar trend of the measured friction factor
throughout the different Reynolds numbers. The leading theory consisted of the fact that the
correlations don’t account for loose-fitting twisted tapes. Further work was performed with twisted
tapes that had smaller widths to explore this phenomenon of the over-prediction of loose-fitting
twisted tape insert’s friction factor. Friction factor data was obtained for twisted tapes with widths
of 𝑤/𝐷 = 0.85 and 0.75 for 𝑦 =1.9 and 3.81, with results shown in Figures 3.22 and 3.23. The
results from 𝑤/𝐷 = 0.95 consisted of the original data set collected shown in Figures 3.19 and
3.21. Figures 3.22 and 3.23 only plot a single Manglik and Bergles correlation as changing the
width didn’t change the calculated friction factor prediction. It can be observed that as the width
decreases the overall friction factor decreases, and this is not accounted for in the Manglik and
Bergles’ correlation.

An additively manufactured twisted tape insert with pitch 𝑦 =2.86 was printed and assembled to
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Figure 3.19: Friction factor versus Reynolds number of measured twisted tape with correlations
from Manglik and Bergles (M&B) [86, 87], Smithberg and Landis (S&L) [93], Sarma et al [97]
and Lopina and Bergles (L&B) [102] for a pitch of 𝑦 = 1.9.

collect friction factor for a tight-twisted tape insert geometry. The test section was printed with
the twisted tape insert attached to the walls of the circular tube, creating a perfect fit between
them. Figure 3.24 plots the friction factor data obtained from the additively manufactured twisted
tape and Manglik and Bergles’ correlation [86, 87]. For the tight-fitting twisted tape insert, the
Manglik and Bergles correlation completely matches the experimental data. This showed that
the correlation predicts friction factors for tight-fitting twisted tape inserts, but it fails to predict
loose-fitting twisted tape friction factor data.

Another method to calculate friction factor based on a twisting channel, 𝑓 ∗, was also explored
and considered. This was initially explored by Varava et al [100, 101] and Dedov et al [99]. It
also showed good promise in predicting loose-fitting twisted tape insert friction factor at turbulent
numbers [92]. Figure 3.25 plots the channel flow friction factor, 𝑓 ∗, versus channel flow Reynolds
number, 𝑅𝑒∗, measured for twisted tape inserts of width 𝑤/𝐷 = 0.95 with Filonenko’s correlation
[105]. This method also incorporates the hydraulic diameter of the twisted tape and circular
pipe. The experimental friction factor data collapses into a common form when accounting for
the hydraulic diameter and transforming the geometry into conventional channel flow, as shown in
Figure 3.25.

The modified channel flow friction factor matches well with the Filonenko correlation at the
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Figure 3.20: Friction factor versus Reynolds number of measured twisted tape with correlations
from Manglik and Bergles (M&B) [86, 87], Smithberg and Landis (S&L) [93], Sarma et al [97]
and Lopina and Bergles (L&B) [102] for a pitch of 𝑦 = 2.86.

modified Reynolds number, 𝑅𝑒∗ above 10,000. While at lower Reynolds numbers the correlation
underpredicts the current data. This methodology was capable of predicting friction factor of
the loose-fitting twisted tape inserts better than the other four correlations explored, Manglik
and Bergles [86, 87], Smithberg and Landis [93], Sarma et al [97], and Lopina and Bergles [102].
Figure 3.26 plots the channel flow friction factor, 𝑓 ∗, versus Reynolds number, 𝑅𝑒∗, for the different
widths, 𝑤/𝐷 = 0.95, 0.85, and 0.75, for the twisted tape pitches of 𝑦 =1.9 and 3.81. Similarly to the
data in Figure 3.25, all the experimental data collapses to a common form and matches well with
Filonenko’s correlation [105]. From this data set, it seems that Filonenko’s correlation starts under
predicting the experimental data at a lower Reynolds number, 𝑅𝑒∗ < 500. This data reinforces the
channel flow methodology for loose-fitting twisted tape inserts, especially at the turbulent regime.

Finally, the channel flow method was applied to the additively manufactured twisted tape insert
with friction factor data shown in Figure 3.27. At this point, it is unclear why the channel
flow methodology failed to match Filonenko’s correlation, but it perfectly matched Manglik and
Bergles’ correlations [86, 87] as shown in Figure 3.24. One possibility for the underprediction of the
channel flow correlation can be the surface roughness of the additively manufactured test section.
One possibility could be the incorporation of a correlation that includes the surface roughness of
the additively manufactured test section, but this is left out for future work. This shows a limitation
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Figure 3.21: Friction factor versus Reynolds number of measured twisted tape with correlations
from Manglik and Bergles (M&B) [86, 87], Smithberg and Landis (S&L) [93], Sarma et al [97]
and Lopina and Bergles (L&B) [102] for a pitch of 𝑦 = 3.81.

Figure 3.22: Friction factor versus Reynolds number of twisted tape inserts with 𝑦 = 1.9 and
varying widths, (𝑤/𝐷 = 0.95, 0.85, and 0.75) with Manglik and Bergles’ correlation [86, 87].
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Figure 3.23: Friction factor versus Reynolds number of twisted tape inserts with 𝑦 = 3.81 and
varying widths, (𝑤/𝐷 = 0.95, 0.85, and 0.75) with Manglik and Bergles’ correlation [86, 87].

Figure 3.24: Friction factor versus Reynolds of the additively manufactured test section of pitch
𝑦 = 2.86 with Manglik and Bergles’ correlation [86, 87].
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Figure 3.25: Friction factor versus Reynolds number using channel flow for the twisted tape inserts
with 𝑤/𝐷 = 0.95 with friction factor correlation from Filonenko [105].

Figure 3.26: Friction factor versus Reynolds number using channel flow methodology for different
widths, 𝑤, and pitch 𝑦. with Filonenko’s correlation [105].
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of the channel flow methodology, and further work should be performed to fully understand this
phenomenon.

Wiggins et al [92] suggested a modification to Manglik and Bergles’ laminar correlation [87] to
account for the friction factor at low Reynolds numbers for the channel flow methodology. They
used asymptotic matching [98] to combine the Manglik and Bergles correlation with the channel
flow method. This improved the channel flow predictions at low Reynolds numbers, 𝑅𝑒∗, but at
tighter twisted tape pitches, in their case 𝑦 =1.9, the new correlation overpredicted the experimental
data. With the current experimental data, it is clear that the channel flow method collapses all
friction factor data into a common form for loose-fitting twisted tape inserts, but it fails the capture
the friction factor for tight-fitting twisted tapes. This led this work to focus instead on adding a loose-
fitting factor to Manglik and Bergles’ correlations [86, 87], refer to Section 3.3.4. Additionally, it
is interesting to note that the channel flow friction factor does not increase with smaller pitches.

Figure 3.27: Friction factor versus Reynolds using channel flow method for the additively manu-
factured test section with Filonenko’s correlation [105].

3.3.2 Heat Transfer
Heat transfer experimental data were obtained on three twisted tape insert geometries, 𝑦 =1.9, 2.86,
and 3.81 with widths of 𝑤/𝐷 = 0.95. Heat transfer experiments required various data sets to not
only ensure the repeatability of the measured experimental data but also decrease the uncertainty
in the measurements. For further discussion and derivation of the uncertainty in the heat transfer
measurements please refer to Appendix C.3 and C.4.2. The heat transfer on the twisted tapes
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with smaller widths, 𝑤/𝐷 = 0.85 and 0.75, was left out for future work. In addition, for the heat
transfer data in the additively manufactured twisted tape insert, further work has to be done to
fully quantify the thermal conductivity of the resin. Collins et al [119] concluded that the lack of
thermophysical properties data in 3D printed materials created a challenge in accurately predicting
thermal performance when calculating heat transfer in 3D printed microchannels. Thus, this work
does not include heat transfer for the additively manufactured test sections and future work should
focus on accurately characterizing the important thermophysical properties of the resin used in heat
transfer experiments, specifically the thermal conductivity. In addition, study the effects of printing
direction with heat transfer.

Figure 3.28: Nusselt number versus Reynolds number of measured twisted tape insert with pitch
𝑦 = 1.9 with correlations from Manglik and Bergles (M&B) [86, 87], Hong and Bergles (H&B)
[103], Smithberg and Landis (S&L) [93], and Sarma et al [97].

Figures 3.28 to 3.30 plot the measured Nusselt number for the different twisted tape inserts with
four different correlations, Manglik and Bergles (M&B) [86, 87], Hong and Bergles (H&B) [103],
Smithberg and Landis (S&L) [93], and Sarma et al [97]. The correlations from Manglik and Bergles’
are plotted in their respective Reynolds number ranges, one laminar and one for transitional and
turbulent regimes. One clear observation of the correlations from Manglik and Bergles consists of
the discontinuity observed between the laminar and turbulent correlations, especially at the tighter
pitches. This can be observed by the trend of the laminar Nusselt number correlation [87], as
it tends to have a more pronounce upwards trend than the other correlations, more noticeable at
tighter twisted tape pitches, 𝑦.
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Figure 3.29: Nusselt number versus Reynolds number of measured twisted tape insert with pitch
𝑦 = 2.86 with correlations from Manglik and Bergles (M&B) [86, 87], Hong and Bergles (H&B)
[103], Smithberg and Landis (S&L) [93], and Sarma et al [97].

Manglik’s thesis [73] explored the heat transfer dependence between loose-fitting and tight-fitting
twisted tapes and showed no difference between the two heat transfer data. Manglik discusses how
the heat transfer fin-effects of the twisted tape insert were mitigated by isolating the twisted tape
from the heated walls to reduce conduction between the circular tube and the twisted tape. The
current work with loose-fitting twisted tape inserts didn’t properly isolate the twisted tapes from
the circular thus some conduction is expected between the tube walls and the twisted tape insert,
but the current methodology was not sensitive enough to measure those conduction effects. Low
Reynolds numbers are expected to have more dominant conduction effects between the circular
tubes and the twisted tape creating an additional fin effect, but this is not evident with the current
experimental results. It is not clear why the Nusselt number data at low Reynolds numbers follow
the trends from the other correlations. At the other pitches, 𝑦 = 1.9 and 3.81, the data matches
better with the selected correlations.

Hong and Bergles [103] obtained heat transfer data for twisted tape inserts using constant heat flux,
similar to wall boundary conditions as this experimental data, but the correlations significantly
underpredict the current experimental data. Smithberg and Landis [93] and Sarma et al [97]
follow similar Nusselt number trends as the current experimental data. The Smithberg and Landis
correlation [93] was accurate at the tighter pitch, 𝑦 =1.9, it was accurate at the turbulent regime
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Figure 3.30: Nusselt number versus Reynolds number of measured twisted tape insert with pitch
𝑦 = 3.81 with correlations from Manglik and Bergles (M&B) [86, 87], Hong and Bergles (H&B)
[103], Smithberg and Landis (S&L) [93], and Sarma et al [97].

for a pitch of 𝑦 =3.81, but it was consistently under-predicting for a pitch of 𝑦 =2.86. The Nusselt
number correlation from Sarma et al [97] has an interesting phenomenon for pitches of 𝑦 = 1.8
and 3.81, in which it under-predicts the current experimental data at low Reynolds numbers and
over-predicts at higher Reynolds numbers, but it is accurate in the transitional regime. While for
the pitch of 𝑦 = 2.86, it is accurate at higher Reynolds numbers while underpredicting the other
regimes.

The channel flow correlation was also applied for heat transfer in the three twisted tape inserts,
with data shown in Figure 3.31 with Dedov’s derived correlation for channel flow heat transfer
[99]. The Nusselt number experimental data collapses to a common form when transformed into
a channel flow geometry. Similar to previous observations with friction factor at this twisted tape
width, 𝑤/𝐷 = 0.95, the calculated Nusselt number matches well with the channel flow correlation
for values of 𝑅𝑒∗ > 10,000, while at low Reynolds numbers the correlation under predicts the
transformed Nusselt number data, 𝑁𝑢∗. In this transformed geometry, the transition between
laminar to turbulent is better observed. Further work should be performed in understanding the
channel flow behavior at the lower Reynolds numbers (𝑅𝑒∗ < 10, 000).

The channel flow Nusselt number correlation uses an experimentally derived coefficient in Equation
3.20. Dedov et al [99] and Varava et al [101] derived a 𝐶 coefficient equal to 0.2 applicable to
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Figure 3.31: Nusselt number versus Reynolds number of channel flow methodology with Dedov’s
derived correlation [99].

turbulent flows and was used in all Reynolds numbers in Figure 3.31. However, the channel flow
Nusselt number underpredicts the measured channel flow Nusselt number for all three twisted tape
insert geometries. As the Reynolds number decreases, the heat transfer effects due to the centrifugal
force in the twisted tape insert are expected to dominate when compared to the forced convection
heat transfer. However, in the laminar regime, Varava et al [100] reported a higher 𝐶 coefficient of
𝐶 = 0.47, indicating some variability of this weighting coefficient with Reynolds number. Due to
this, the 𝐶 coefficient was adjusted to 𝐶 = 0.6 for the laminar regime, as shown in Figure 3.32 to
better match the channel flow Nusselt number for 𝑅𝑒∗ < 10,000. This updated 𝐶 coefficient for the
centrifugal convection term better matches the experimental data for Reynolds numbers up to 𝑅𝑒∗ ≈
7,000. This further implies that the centrifugal force in the lower Reynolds number has a stronger
presence than in the turbulent regime. The transition that occurs between the lower Reynolds
numbers and the turbulent regime, in which the forced convection term dominates, requires further
studies and better understanding. This in order to group both channel flow correlations to a common
form to encompass the different Reynolds numbers.

3.3.3 Thermal Performance
Thermal performance factor, [, was calculated for three twisted tape insert geometries, 𝑦 = 1.91,
2.86, and 3.81 with a width of 𝑤/𝐷 = 0.95 utilizing Equation 3.23. The thermal performance factor
plots were divided into their respective fluids, with water shown in Figure 3.33 and air in Figure 3.34
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Figure 3.32: Nusselt number versus Reynolds number of channel flow methodology with Dedov’s
derived correlation [99] with modified 𝐶 coefficient at lower Reynolds numbers.

with data from the literature summarized in Table 3.3. The thermal performance factor calculated
for 𝑦 = 1.9 matches well with Murugesan’s data [108] for 𝑦 = 2, but the data are more dissimilar
at larger pitches. In addition, the phenomena observed in the current measured data in which at
lower Reynolds numbers the thermal performance factor is higher than at high Reynolds numbers
is not observed in Murugesan’s data. The dependence on the Reynolds number is not as clear
in Murugesan’s data, but their thermal performance factor is more dependent on the twisted tape
pitch. As with smaller pitches, the thermal performance factor increases. The current uncertainty
in the thermal performance factor, in Figure 3.33, does not show the dependence of the thermal
performance from the twisted tape pitch. Due to how uncertainty is propagated between values to
calculate the thermal performance factor uncertainty, refer to Appendix C.4.3, the uncertainty is
more or less constant throughout the different Reynolds numbers, or at least it seems to be constant.

At higher Reynolds number (Re > 10,000), the thermal performance factor is only slightly higher
than 1 for current data and Murugesan’s data [108], indicating a small enhancement over the smooth
pipe case when using water as a working fluid. Figure 3.34 shows the thermal performance factor
when air is a working fluid, and the majority of the thermal performance factor is slightly below
1. The exception is Naga Sarada’s data for thermal performance factor in air. The remaining data
indicate an overall decrease in thermal performance ([ < 1), for Re > 15,000 for all cases. This
may imply a negative benefit of using twisted tape inserts for fluids with low Prandtl numbers, but
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Figure 3.33: Measured thermal performance factor versus Reynolds number of twisted tape inserts
with Murugesan (Murug.) data [108] obtained with water as a working fluid.

Figure 3.34: Thermal Performance factor versus Reynolds number of twisted tape inserts obtained
using air as working fluid from Chokphoemphun et al (Chokph.) [109], Priyarungrod et al (Piry.)
[110], and Naga Sarada et al (N.S.) [111].
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a benefit when using high Prandtl number fluids, such as molten salts. Further work is required
to fully quantify and understand the thermal performance factor for twisted tape inserts at higher
Prandtl numbers.

3.3.4 Derivation of friction factor correlation factor
A great deal of effort has been carried out in deriving correlations for friction factor and Nusselt
number of twisted tape inserts. Manglik and Bergles [86, 87] derived the most widely used
correlations for friction factor and Nusselt number of twisted tape inserts. Section 3.3.1 shows how
their correlations over predict the friction factor of loose-fitting twisted tape inserts, (i.e. when
𝑤 ̸= 𝐷). This section discusses the derivation of a "loose-fitting" factor that can be added to the
Manglik and Bergles correlations in the form of:

𝑓 = 𝑓𝑀.𝐵. · 𝜙, (3.32)

where 𝑓𝑀.𝐵. is the asymptotically matched correlation from Equation 3.10 and 𝜙 is the adjusted
factor to account for loose-fitting twisted tape inserts.

A previous attempt was performed to change two components in Manglik and Bergles’ correlations:

(
𝜋

𝜋 − 4𝛿/𝐷
)𝑚 (3.33)

and

(
𝜋 + 2 − 2𝛿/𝐷
𝜋 − 4𝛿/𝐷

)𝑛, (3.34)

where 𝑚 and 𝑛 are exponents of different values.

These factors appear in various correlations found in the literature for friction factor and heat
transfer starting as early as 1961 with Ibragimov et al [120], with most of the correlations derived
afterward consisting of varying the exponents 𝑚 and 𝑛 to match individual experimental data. For
a full list of friction factor correlations with these components and different coefficients refer to
[73], with eleven of thirteen friction factor correlations changing the exponents 𝑚 and 𝑛 according
to their current results.

These factors can be derived by relating the overall area of the pipe and the actual cross-sectional
area of the pipe as well as the hydraulic diameter nondimensionalized by the diameter of the pipe.
Accounting for loose-fitting twisted tape inserts the new factors obtained were:
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(
𝜋 · 𝐷2

𝜋 · 𝐷2 − 4𝛿 · 𝑤
)𝑚, (3.35)

and

(
𝐷(𝜋 · 𝐷 + 2𝑤 − 2𝛿)

𝜋 · 𝐷2 − 4𝛿𝑤
)𝑛, (3.36)

with efforts focused in varying the 𝑚 and 𝑛 components to match experimental data with different
pitches, 𝑦, and widths, 𝑤. While preliminary work using this methodology showed initial success,
due to the fear of simply creating another correlation that is not applicable to all the parameters of
the twisted tape insert, the author decided to try a different route and focus on the 𝜙 component in
Equation 3.32.

This was done as a method in which, if the twisted tape insert consisted of a tight-fitting twisted
tape insert, the correlations derived by Manglik and Bergles would be applicable to the current
experimetnal data, as shown in Figure 3.24 with the tight-fitting twisted tape results. And in the
case in which the twisted tape insert consisted of a loose-fitting twisted tape insert, the user would
simply need to multiply the results by a loose-fitting twisted tape factor.

After different derivations and trial and error, the following 𝜙 factor was chosen:

𝜙 = (
𝜋 − 4𝛿𝑤/𝐷

𝐷ℎ

)𝑛−𝐷ℎ/𝐷 . (3.37)

The derivation follows a similar pattern to the efforts done previously in using the actual cross-
sectional area normalized by the hydraulic diameter instead of the pipe’s inner diameter.

The 𝑛 component was then varied and the Norm, defined as the length or distance between vectors,
versus the experimental data, was used to calculate the best 𝑛 value to fit the loose-fitting data.
Figure 3.35 plots the norm of the difference between the adjusted Manglik and Bergles correlations
and the experimental data summarized in Section 3.3.1.

From Figure 3.35 one can observe how the norms calculated behave in a similar pattern and have
a minimum close to 0.5. Figures 3.36 to 3.38 plot the Manglik and Bergles correlation with the
loose-fitting factor, 𝜙, with an exponent 𝑛 = 0.5, showing good agreement with current experimental
data for loose-fitting twisted tape inserts for different pitches and widths.

The adjusted correlation performs best for the pitch of 𝑦 = 2.86, Figure 3.37, as it matches all
Reynolds numbers. While for a pitch of 𝑦 =1.9, the tightest pitch is shown in Figure 3.36, the
adjusted correlation matches well at high Reynolds numbers (𝑅𝑒 > 10, 000) while at the laminar
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Figure 3.35: Norm versus exponent studied to add a width component to Manglik and Bergles
correlations [86, 87].

Figure 3.36: Friction factor versus Reynolds number of twisted tape inserts with pitch 𝑦 = 1.9 with
adjusted Manglik and Bergles correlation [86, 87] using 𝜙 in Equation 3.37 and 𝑛 = 0.5.
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Figure 3.37: Friction factor versus Reynolds number of twisted tape inserts with pitch 𝑦 = 2.86
with adjusted Manglik and Bergles correlation [86, 87] using 𝜙 in Equation 3.37 and 𝑛 = 0.5.

Figure 3.38: Friction factor versus Reynolds number of twisted tape inserts with pitch 𝑦 = 3.81
with adjusted Manglik and Bergles correlation [86, 87] using 𝜙 in Equation 3.37 and 𝑛 = 0.5.

region, it slightly overpredicts the data within the uncertainty of the experimental data. Finally, for
the pitch of 𝑦 = 3.81, Figure 3.38, the data matches well with all Reynolds numbers for the widths
of 𝑤/𝐷 = 0.95 and 0.85, but it consistently overpredicts the smallest width of 𝑤/𝐷 = 0.75, but,
again, within the uncertainty of the experimental data.
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3.4 Conclusion and Discussion
Friction factor, Nusselt number, and thermal performance data were collected and analyzed for a
variety of twisted tape insert geometries of interest. Friction factor data were obtained for eight
different twisted tape geometries, with one built using additive manufacturing technologies (refer
to Appendix D). The geometries consisted of twisted tape widths of 𝑤/𝐷 = 0.95, 0.85, and 0.75 for
twisted tape pitches of 𝑦 = 1.9 and 3.81, as well as a pitch of 𝑦 =2.86 for widths of 𝑤/𝐷 = 1.0 and
0.95. The friction factor correlation from Manglik and Bergles [86, 87] predicted well the friction
factor for the tight fitting twisted tape insert, the additively manufactured twisted tape insert of 𝑦 =
2.86 and 𝑤/𝐷 = 1.0, but it over predicted the rest of the twisted tape insert’s friction factor. The
friction factor was also observed to depend on the width of the twisted tape insert, 𝑤, something
not accounted for in the correlation. It was observed that with decreasing width, the friction factor
also decreased, which agrees with less surface contact with the fluid causes less drag and thus less
pressure loss. In general, the selected correlations also failed to consistently predict the friction
factor of the twisted tape inserts. The other experimentally-derived correlation, Lopina and Bergles
[102], matched well with the turbulent friction factor of a pitch of 𝑦 = 1.9, but the small dependence
on twisted tape pitch was observed as the rest of the predictions didn’t match the experimental data.
The analytically-derived correlations from Smithberg and Landis [93] and Sarma et al [95–97]
consistently underpredicted the friction factor data. It was theorized that the low prediction might
have been caused by the misunderstanding in the twisted tape parameter definitions, but the heat
transfer data showed relatively good agreement with the correlations thus this theory was scrapped.
There is an overwhelming amount of discrepancies between the literature on how to define different
twisted tape parameters, thus some confusion can be made when defining and calculating some of
these phenomena.

The channel flow methodology [99–101] was also used to predict the transformed friction factor, 𝑓 ∗,
for twisted tape inserts. Good agreement was observed with the loose-fitting twisted tape insert’s
friction factor data and Filonenko’s correlation [105] at high Reynolds numbers (𝑅𝑒∗ > 10, 000).
While at low Reynolds numbers, the correlation underpredicted the transformed experimental
data. In general, it was observed that the loose-fitting twisted tape transformed friction factor was
collapsing to a common form. Unfortunately, the tight-fitting twisted tape insert manufactured
using additive manufacturing failed to collapse to the same common form. The methodology was
adjusted to account for the same width-to-diameter ratio, 𝑤/𝐷 = 1.0, but Filonenko’s correlation
underpredicted the entirety of the data set. Further work on the roughness of the additively
manufactured test sections should be done to account for the surface roughness in the channel flow
methodology for this tight-fitting twisted tape insert.

Previous work by Wiggins et al [92] explored the possibility of adjusting Manglik and Bergles’
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laminar correlation [87] to better predict the laminar friction factor using the channel flow method-
ology. This work focused on exploring a different route, in which a factor (𝜙) was added to the
Manglik and Bergles’ laminar and turbulent correlations [86, 87] to be better applicable to loose-
fitting twisted tape inserts. Good agreement was observed, within the experimental uncertainty,
when the new factor was applied to the Manglik and Bergles correlations.

Nusselt number data was collected for twisted tapes of pitch 𝑦 = 1.9, 2.86, and 3.81, across Reynolds
numbers of 3,000 to 24,000. The experimental data were compared to leading Nusselt number
correlations to assess the performance of each prediction at laminar to turbulent Reynolds numbers
at varying pitches. While the correlations from Manglik and Bergles [86, 87] were obtained using
tight-fitting twisted tape inserts, it was found that their correlations were applicable to the current
loose-fitting twisted tape inserts for twisted tape pitches similar to those in which their experimental
correlations were derived from. This can be attributed to how Manglik and Bergles performed their
experiments by eliminating conduction from the pipes into the twisted tape insert and minimizing
heat transfer fin effects. This methodology of twisted tape insert installation also explains why
their friction factor correlation overpredicts the loose-fitting twisted tape insert data. While the
width of the twisted tapes Manglik and Bergles used is not a tight-fitting twisted tape (𝑤 < 𝐷), it
behaves as one due to the addition of the multiple buffers between the twisted tape and the circular
pipe. The current work allowed for some heat transfer fin effects as the twisted tape insert was not
isolated from the walls and some conduction was allowed to happen between the twisted tape and
the walls. Unfortunately, the current methodology was not sensitive enough to measure the heat
transfer fin effects that Manglik and Bergles were avoiding. The fin effects are more dominant at
lower Reynolds numbers, as the large temperature gradients allow for higher heat transfer through
conduction between the walls of the pipe and the twisted tape insert, but more measurements are
required to better understand this phenomenon. In addition, the current experimental methodology
is not sensitive enough to measure those conduction effects. This could provide reasoning for
some laminar experimental predictions of the Nusselt number to be higher than the correlations.
Although the Nusselt number correlations are lower in comparison with the experimental data
only for the pitches of 𝑦 = 2.86 and 3.81 at the low Reynolds numbers, the discrepancy cannot be
solely attributed to these fin effects. In addition, Manglik showed no perceptible difference when
measuring heat transfer between loose-fitting and tight-fitting twisted tape inserts [73]. In addition,
for the twisted tape pitch outside of their geometric bounds of applicability (𝑦 < 3), the laminar
correlation over predicting the current data, while the turbulent regime matched with current data.
The correlation from Hong and Bergles [103] was explored as it used similar boundary conditions,
specifically in the laminar regime, though it did not predict the current experimental work. The
analytical correlations of Smithberg and Landis [93] and Sarma et al [95–97] predicted the Nusselt
number trend in which no discontinuity was observed as the twisted tape inserts transitioned from
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their laminar to the turbulent regime, but agreement with current experimental data varied through
the different pitches.

The channel flow transformation [99–101] proved to be a good tool to predict turbulent Nusselt
number, 𝑁𝑢∗, for loose-fitting twisted tape inserts. The channel flow methodology collapsed the
experimental data to a common form independent of twisted tape pitch, as it used the hydraulic
diameter and adjusted Reynolds number, 𝑅𝑒∗ to describe and relate the data. When transformed
to channel flow, experimental data matched well with Dedov’s Nusselt number correlation [99] at
𝑅𝑒∗ > 10, 000. For the lower Reynolds number, an adjustment to the centrifugal convection term in
the channel flow methodology was provided. The𝐶 coefficient used by Dedov et al [99] and Varava
et al [101] was obtained from the experimental results in the turbulent regime. Varava et al [100]
reported a higher𝐶 coefficient at lower Reynolds numbers to better match their experimental results.
This work adjusted the 𝐶 coefficient to match current experimental data for 𝑅𝑒∗ < 8,000. This can
lead to prior knowledge in channel flow being applicable to the twisted tape insert geometry, such
as studies, data, and predictions for fouling and surface roughness.

Thermal performance factor, [, was calculated for the same three geometries and Reynolds numbers
of Nusselt number experimental data. Twisted tape inserts proved to improve heat transfer across
all Reynolds numbers when in comparison with a circular pipe geometry. Although, an increase of
thermal performance ([ > 1.0) was only observed for low Reynolds numbers (𝑅𝑒 < 10, 000). In
addition, a dependence of working fluid was observed for thermal performance prediction. In which
for higher Prandtl number fluids, an increase of thermal performance was observed implying the
benefits of using twisted tape inserts for high Prandtl number fluids (i.e. molten salts). Further work
should be done to better understand and quantify this Prandtl number dependence, in particular for
molten salt applications.

Additionally, the ambiguous transition between laminar and turbulent Reynolds numbers has been
an ongoing work and discussion throughout the literature. The channel flow transformation, and the
collapse of experimental data in both friction factor and Nusselt number, leads to the conclusion of
a critical Reynolds number not defined in circular pipe parameters, but defined by incorporating the
entire parameters of the twisted tape inserts. Thus, a critical turbulent Reynolds number is defined
in this work as 𝑅𝑒∗𝑐𝑟 = 10, 000 for twisted tape inserts. Though the offset from the laminar regime
is not clear from the current work, the channel flow methodology could provide further insight in
the fluid flow regimes to better determine and characterize those values.
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C h a p t e r 4

FLUID FLOW IN TWISTED TAPE INSERTS - POSITRON EMISSION

PARTICLE TRACKING

The further understanding of fluid flow in complex engineering heat transfer geometries can con-
tribute to their improved design and further optimization. With the advancements in computational
power, computational fluid dynamics (CFD) has emerged as a valuable tool for studying and
analyzing flow structures in these complex geometries by numerically solving the Navier-Stokes
equations. Direct numerical simulations (DNS) involve solving a discretized version of the Navier-
Stokes equations, but they can be computationally demanding as they require resolving all the fluid
flow scales, both spatial and temporal. Consequently, DNS can become computationally expen-
sive. To mitigate this computational cost, various turbulence modeling techniques that filter fluid
flow phenomena have been developed, but they necessitate rigorous validation, typically through
experimental data.

There are various techniques and instrumentation used to obtain experimental fluid flow data for
proper computational validation. These range in complexity from a hot wire probe [121] to a
combination of lasers and cameras [122]. Complications arise when the region of interest has a
complex geometry or access window, the flow is opaque, or the measuring technique causes fluid
flow alterations as it’s interrogating the flow. There are other methods of fluid flow measuring
techniques that do not need direct optical access and are non-intrusive, which consist of ultrasonics
[123], magnetic resonance [124], gamma ray tomography [125], radiography [126], or positron
emission particle tracking (PEPT) [127]. PEPT interrogates the flow velocity by tracking radiola-
belled fluid tracers through the detection of two coincident 511 keV gamma rays. Making it ideal
for complex geometries or opaque fluids as the gamma rays penetrate through the geometry. PEPT
is explored in this work as a method to calculate the velocity fields in twisted tape inserts.

Flow regimes within the twisted tape insert geometry have been theorized and found in literature,
in which the fluid flow is affected by different dominant flow phenomena. Manglik and Bergles
[86, 87] described four different flow regimes of the twisted tape insert, in which different flow
phenomena are dominant. These regions consist of a viscous flow, swirl flow, swirl-turbulent
transition, and turbulent swirl flow. In the viscous flow regime, the inertial and viscous forces
are balanced creating a longer effective flow path. In the second region, swirl flow, the addition
of the convective inertia force is balanced with the centrifugal and viscous forces. In the swirl-
turbulent transition region, turbulent fluctuations are forming, but the centrifugal forces suppress
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the fluctuations further. In the fourth region, the turbulent swirl flow, the main forces consist of
fluctuating velocities and centrifugal forces. This last region is characterized by swirl-induced
vortex mixing.

There has been little work done to further understand and quantify these regions. Experimental
fluid flow studies of twisted tape inserts are not as common in literature, with only a handful
of papers found. The complex geometry affects the visual access for most visual flow measuring
techniques. The first reported velocity data were obtained by Smithberg and Landis [93]. Smithberg
and Landis obtained axial velocity at the exit of the twisted tape insert’s geometry using static and
impulse probes in the air. They characterize the flow in two regions, a twisting boundary layer flow
and a helicoidal core flow modified by secondary circulation effects [93]. Smithberg and Landis
[93] define a "vortex mixing" in which both regions are constantly being mixed through a vortex
pattern which causes an increase in friction factor and pressure drop. Seymour [128] observed
the secondary flows created by the twisted tape insert using radioactive gas tracing. Backshall
and Landis [129] studied the boundary layer of the twisted tape insert and observed that the total
velocity follows the universal logarithmic velocity profile. Cazan and Aidun [130] used Laser
Doppler Velocimetry to study the flow in a twisted tape insert by varying the twisted tape pitch
and Reynolds number. Cazan and Aidun were focused on studying the swirl flow induced after a
short twisted tape insert, with the twisted tape consisting of only one pitch in length. They were
mainly focused on the swirl flow effects in the freestream flow caused by the twisted tape insert,
and not necessarily in the flow inside the twisted tape insert but in the downstream flow. In more
recent work, Wiggins et al [131] used PEPT to study the fluid flow 20 diameters downstream of
the entrance of the twisted tape insert and they observed that the flow was not fully developed.
Wiggins reported axial and radial velocities at 20 and 30 diameters. The turbulent kinetic energy
was measured from the average and instantaneous velocities from PEPT with noticeable regions
of high and low turbulent kinetic energy. PEPT was capable of detecting the secondary flows
previously predicted in experiments, with one additional secondary swirl observed in one channel
of the twisted tape insert.

As can be concluded from the limited fluid flow experimental data in twisted tape inserts, obtaining
velocity profiles in these geometries is complicated and complex with most experimental efforts
focused in flow studies after the twisted tape insert. Other efforts to obtain velocity structures in
twisted tape inserts consist of computational simulations, or computation fluid dynamics (CFD)
simulations. Though Clark [74] concludes that the majority of the efforts done through CFD are
specifically focused on thermal hydraulic design, i.e. determining the friction factor and Nusselt
number. In addition, most of the CFD work consists of using various turbulence models that
require further experimental validation and there is a lack of agreement between which turbulence
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model to use for the simulations. Though this is beyond the scope of the current work, the data
gathered should help provide insight into appropriate turbulence model selection and further CFD
validation. Furthermore, Clark et al [74, 85] identified secondary flow structures that arise with the
usage of the twisted tape inserts that can lead to local hot spots in the material. Secondary flows
were further confirmed by Wiggins et al [131, 132] using PEPT. These secondary flows resulted in
local lower heat transfer at the wall with higher surface temperatures.

This work focused on obtaining fluid flow data using PEPT at three different Reynolds numbers,
Re = 4,000, 8,000, and 17,700 for three different twisted tape geometries to further explore and
understand the different flow regions in twisted tape inserts. The Reynolds numbers were defined
as the circular pipe Reynolds numbers, Equation 3.3. Three different twisted tape geometries were
studied, the additively manufactured twisted tape insert of width 𝑤/𝐷 = 1.0, and two traditionally
manufactured twisted tape inserts with width of 𝑤/𝐷 = 0.95 and 0.85. Velocity contours of
the different twisted tape inserts were obtained to study the effects of the twisted tape width on
the velocity behavior. Azimuthally averaged velocity profiles were obtained which averaged the
velocity in both \ and 𝑧 dimensions. Velocity plots at three different angles were obtained to
further interrogate the flow and observe the influence of the twisted tape width on the velocities.
Finally, the vorticity and Reynolds stresses were obtained for the additively manufactured twisted
tape insert to further interrogate the flow. The vorticity allowed for the location of helical vortices
previously described in the literature and the identification of high vorticity regions near the twisted
tape insert. The turbulent kinetic energy was found to be higher near the walls of the circular pipe
and the twisted tape insert.

4.1 PEPT
Positron Emission Particle Tracking (PEPT) was initially postulated by Shaw in 1984 in a U.S.
Patent to study blood flow around the heart [133]. While little work has been done on this specific
application of PEPT, PEPT has been used extensively in studying flows in engineering applications,
specifically those that are too complex or opaque for other fluid flow measuring techniques.

PEPT works by the detection of two coincident 511 keV gamma rays. The detection is made by
an array of detectors housed in a positron emission tomography (PET) scanner. The collection of
the coincident gamma ray’s detection at a given time step can be used to create coincident lines.
Coincident lines are created based on the detection of gamma rays by the PET scanner as lines
connecting the location of detection. Coincident lines are grouped near the location of the tracer
and are used to determine the location of the tracer. The radiotracer consists of a macroscopic
particle coated through activation by a radioactive isotope, in this case, Fluorine-18 (18F), which
decays through positron emission. The positron travels through the medium before interacting with
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an electron, thus annihilating themselves and creating two back-to-back coincident gamma rays
that are detected by the PET scanner. The detections are collected together to find the location of
the radiotracer. This procedure is illustrated in Figure 4.1. Due to its uniqueness, complexity, and
novelty, a great deal of effort has been done to develop reconstruction methodologies of the raw
PET data. Six methodologies have been found in literature, the Birmingham method [127], the
Cape Town method [134], the Bergen method [135], the G-means method [136], the Spatiatemporal
B-spline reconstruction method [137], the feature point identification method [138], and a machine
learning clustering method [139]. Windows-Yule et al [140] recently compared the leading PEPT
reconstruction methodologies without a clear finding of which reconstruction method was the
"best." Each reconstruction algorithm proved to be efficient at specific tasks and depending on the
application, different algorithms were recommended. This work used the feature point identification
method (FPI), as a large number of particles were tracked, and it has been used previously in twisted
tape geometries [131].

Figure 4.1: PEPT description of positron annihilation, gamma ray detection, coincident lines
reconstruction and linking from Wiggins et al [141].

PEPT has been used in a variety of engineering geometries to provide further insight into their fluid
flow structures. P𝑒rez-Mohedano et al [142] used PEPT to study flow structures in a dishwasher
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with a priori knowledge of the number of particles. Wiggins [132] used the Lagrangian nature of the
PEPT data to study Lagrangian Structure Functions on pebble beds. Wiggins et al [143] used PEPT
to study wall-bounded flow and the turbulence characteristics of a circular pipe. Houston et al [144]
used PEPT to study the development length of a flow straightener. PEPT was used to calculate the
velocity fields inside two tanks with rotating impellers and the data was comparable to laser Doppler
anemometry data [145]. Chiti et al [145] discussed methods of treating the trajectory Lagrangian
data and turning it into Eulerian velocity fields. Their Eulerian spatial averaging methods were
used in this work for time-averaged results. Pianko-Oprych [146] compared PEPT results with
particle image velocimetry on a spinning blade turbine in a tank, showing good agreement between
both velocity measuring techniques. Savari et al [147] used the Lagrangian trajectories to further
calculate the turbulent kinetic energy, dissipation rate, and turbulent diffusion coefficients in a
similar geometry, a tank vessel with a rotating impeller. Similarly, Fishwick et al [148] used PEPT
to study the hydrodynamics of a propeller moving vertically in a vessel. PEPT has been used to
study multi-phase flows. Sommer et al [149] used PEPT to study the fluid-flow interactions created
by air bubbles in the tracer particles while Waters et al [150] used PEPT to follow particles in pulp
to help develop mathematical models in froth flotation. Easa and Barigou [151] compared PEPT
and CFD results in solid-liquid interactions for non-Newtonian fluids showing good comparisons
in the velocity profiles between the CFD and PEPT results. Perin et al [152] used Monte Carlo
simulations to study the ability of PEPT to measure flow behavior in turbulent multiphase flow.
PEPT has been used to interrogate fluid flow phenomena in different complex geometries and for
different applications, making it an ideal fluid flow measuring technique for twisted tape inserts.

4.2 Methodology - PEPT at VCU
This section describes the methodology used to run PEPT experiments at Virginia Commonwealth
University (VCU). The methodology greatly derives from the work done at the University of
Tennessee Knoxville.

4.2.1 PET Scanner - Mediso LFER
The Bioimaging and Applied Research Core (BARC) at VCU has a MultiScan Large Field of view
Extreme Resolution (LFER) large bore research PET/CT scanner originally used for imaging mice
or small primates [153]. Figure 4.2 shows the Mediso LFER Scanner at VCU in its original and
vertical configurations. The LFER is a scanner with a cylindrical field of view that houses a PET
and CT scanner that allows it to share the same field of view, as the CT camera and PET crystals can
move inside the scanner. The Mediso LFER was bought with two different extensions to hold the
small primates or mice, a Mobil Cell (depicted in Figure 4.2) and a monkey chair. The scanner can
pivot in different orientations allowing it to be vertical, horizontal, or at a given angle. When the
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Mediso LFER scanner was adjusted for PEPT experiments, its vertical configuration, the monkey
chair had to be plugged into the scanner. The PET scanner is arranged into 3 rings with 18 detectors
in each ring detectors made of lutetium yttrium oxyorthosilicate (LYSO) crystals. The individual
crystals consist of 1.59 mm × 1.59 mm crystals arranged in a 29 × 29 matrix array [141].

Figure 4.2: BARC’s Mediso LFER Scanner at VCU shared with the FAST research group at VCU
in its original configuration (Left) and the vertical configuration for PEPT experiments (Right).

4.2.2 Tracer Particles and Radiolabelling
The tracer particles consisted of OH-form anion exchange resin from BIO-RAD AG 1-X8 Anion
Exchange Resin, biotechnology grade, 100-200 mesh, with Part Number 1432445. The tracer
particles had bead size of 106 - 180 `m diameter and a density of approximately 1200 kg/m3.
Figure 4.3 shows the anion exchange resin used for the PEPT experiments next to the Fisher
Scientific Scale used to weigh the particles for the radiolabelling procedure. Further details on the
radiolabelling procedure can be found in Appendix E.2.

In order to test if the particles were proper tracers, the Stokes number was evaluated. The Stokes
number, 𝑆𝑡, is defined as the ratio between the relaxation time, 𝜏𝑅, of the particle relative to the
Kolmogorov time scale of the fluid, 𝜏[. [154] :

𝑆𝑡 =
𝜏𝑅

𝜏[
. (4.1)

Previous PEPT work done on wall-bounded flow defined Stokes number as [143]:
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Figure 4.3: BIO-RAD AG 1-X8 Anion Exchange Resin next to the Fisher Scientific Scale used to
weigh the particles.

𝑆𝑡 =
1

18
𝜌𝑝

𝜌 𝑓

(
𝑑𝑝

[
)2, (4.2)

where [ is the Kolmogorov length scale estimated to 80 `m. This gave a Stokes number of 0.33,
which is less than 1. Showing the capabilities of these tracers to follow the fluid in wall-bounded
flow. Different methods of calculating the Stokes number were found in literature, with one
dependent on the velocity of the fluid, 𝑉 , [155]:

𝑆𝑡 =
1
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a
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where 𝜌𝑝 and 𝜌 𝑓 are the density of the particle and the fluid, respectively, 𝑑𝑝 is the diameter of
the particle, and 𝐷 is the diameter of the pipe. Figure 4.4 plots the different Stokes numbers for
the two maximum and minimum diameters of the particles with relationship to Reynolds number
using Equation 4.3. The highest Reynolds number explored in this work is 𝑅𝑒 = 17,700, and based
on Figure 4.4, the Stokes number is << 1, showing that the particles follow the fluid motion like a
tracer.
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Figure 4.4: Stokes number versus Reynolds number of anion exchange resin with minimum and
maximum diameter using Equation 4.3.

Fluorine-18 (18F) was used to activate the radiotracers. The 18F ions were attached to the OH-form
anion resin’s ions through a process called radiolabelling. 18F was ordered a day prior to the
experiments from Sofie Biosciences, Inc. to arrive at 11:30 a.m. on the day of the experiment in
the form of an aqueous solution of volume less than 200 `L. This varied for each experiment, but
different methods to mitigate the inconsistency of 18F delivered were created. The success of the
radiolabelling greatly depended on the amount of volume received, as the higher concentration of
18F in the sample allowed for less 18F wasted and more activated particles. Further details can be
found in Appendix E.2.

One method to mitigate the inconsistency of the deliveries from Sofie consisted of an increase
in activity ordered. Initial 18F orders consisted of 30 mCi to arrive at 11:30 a.m., but as arrival
time was not guaranteed the order was increased to 35 mCi. Figure 4.5 shows a comparison of
the activity of 18F versus time. As average arrival times were close to 12:00 p.m., the order of 35
mCi would arrive close to the initial desired activity of 30 mCi. There is no current mitigation for
the inconsistency of the volume delivered. Unfortunately, this has been found to greatly impact
the success of the radiolabelling procedure and further impact the PEPT experiment. On one
occasion, a volume of 1 mL was delivered. This was handled by creating two solutions with lower
concentrations of particles. The results shown in this dissertation consist of data obtained from the
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delivery of 1 mL of 18F.

Figure 4.5: 18F activity comparison between the initial order activity of 30 mCi and the adjusted
order of 35 mCi.

18F has a half-life of 109.8 minutes and decays via positron and neutrino emission. The emitted
positron travels an average distance of 0.66 mm in water before annihilating with an electron [156]
creating two 511 keV gamma rays. The half-life allows for data collection to last in the range of
minutes to a couple of hours, with good radiolabelling practice, while short enough to allow for
clean up in a couple of days and avoid contamination with the instrumentation and equipment. In
addition, the short distance traveled by the positron in water allows for more accurate detection of
the physical location of the radiotracer [156].

4.2.3 PEPT Loop
An experimental flow loop was designed and built to perform PEPT experiments at VCU. The flow
loop had constraints of having a limited set of space as the Mediso LFER scanner was housed in a
small room initially intended to interrogate small primates or mice. The room consisted of a 3.04
by 4.12-meter room with ceilings of 2.23 meters tall, thus a large experimental facility similar to
MSETF-1 was not possible. In addition, the Mediso LFER scanner is currently owned by BARC
and the facility would have to be moved in order to accommodate other types of experiments. The
experimental loop had to be easily adjustable and transportable between locations. The locations
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consist of the Mediso LFER scanner room and a separate room used to check for leaks in the flow
loop and experimental conditions.

The experimental flow loop was designed and built to meet all those requirements [157]. The flow
loop was constructed using PVC pipe with a 1.5” nominal inner diameter (40.9 mm) with parts
connected using PVC unions for easy installation and disassembly. Figure 4.6 shows a schematic
of the experimental flow loop built to fit in the Mediso LFER scanner room.

Figure 4.6: PEPT flow loop schematic.

The PEPT loop circulates water using a Pentair SUPERFLOW VS variable speed control pump,
similar to MSETF-1, that has been modified to remove sections that could cause the radiotracers
to possibly get stuck. From the pump, the water traveled upward in a vertical pipe until it met a
90𝑜 elbow to a horizontal PVC pipe. An orifice plate flow meter and T-Type thermocouple were
located in this horizontal pipe. The orifice plate flow meter consisted of a TE-E-2 PTFE orifice
plate flow meter for a 1.5” nominal inner diameter pipe (40.9 mm). The orifice plate is connected
to an Omega 1 psi differential pressure transducer of Item Number PX409-001DWU5V. The orifice



83

plate flow meter was used rather than a turbine flow meter to prevent tracer losses by the turbine
flow meter. After the flow passed through the horizontal pipe with the thermocouple and orifice
plate, the water flow was directed upwards. For mass flow rates below the range of the orifice plate,
a low flow rate flow meter was employed to measure the flow, a King Instrument Company Part
Number 720501513W flow meter. Subsequently, the water flowed horizontally to a vent positioned
at the highest point of the loop to facilitate degassing of the system. The flow was then redirected
in a downward vertical manner towards the bore of the PET scanner, where the vertical test section
was located. After the flow passed through the test section, the flow traveled back up towards the
tank and the tracer injection line.

The flow loop was designed in a manner in which the water tank was isolated during the experiments.
It initially was used to fill up the flow loop, but for actual PEPT experiments, the flow would bypass
the tank. Next to the tank, the tracer injection line was located. This consisted of a T-connection
with two valves. This section was used to introduce the radiotracers into the loop without having
the need to use the tank. The tank was avoided as it was a location for tracers to settle down. In
this method, the tracers were constantly in circulation.

4.2.4 PEPT Loop Modifications
This section discusses the modifications done to the PEPT loop from its original design by Dr.
Cody Wiggins. Exploratory PEPT experiments were performed to test the capability of the current
facility to obtain significant data at low Reynolds numbers with the test sections summarized in
Table 3.4 and 3.5. The low mass flow rates experienced by the laminar regime of these twisted tape
inserts caused the majority of the tracer particles to get stuck or settle in different parts of the facility.
This led to very few particles passing through the field of view of the PET scanner. To mitigate this,
the test sections were increased to have a 1.5” nominal inner diameter (40.9 mm), with previous
test sections consisting of a 1” nominal inner diameter. This increase in inner diameter allowed for
larger mass flow rates that would allow particles to flow through the field of view while maintaining
a laminar regime in the twisted tape inserts. This also led to an increase in the development length
required to have a fully developed flow at the entrance of the twisted tape inserts’ test section. Due
to the limiting size of the scanner room, and the vertical orientation of the test sections, there was
not enough length to have a fully developed empty pipe flow before the twisted tape insert was
introduced. To overcome this, a flow straightener was added immediately downstream of the 90𝑜

elbow that feeds into the test section.

A flow straightener was built using the design from Laws [158] who observed a fully developed flow
within 5.5 diameters of two 90𝑜 elbow bends. Laws’ design was based on a plate with holes arranged
in a circular configuration. This design showed minimal pressure loss with small development
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lengths. The constructed flow straightener consisted of a similar hexagonal configuration with
holes arranged in a 1:6:12 ratio with a porosity of 53% [144]. Houston et al [144] collected PEPT
data downstream of the flow straightener from a partially closed valve and observed fully developed
flow around 4.5 diameters downstream of the flow straightener. Houston et al [144] described
the flow straightener as having a thickness of 6.35 mm, with a center hole diameter of 7 mm, an
inner ring diameter of 17.99 mm with holes of 6.65 mm, and an outer ring diameter of 30.00 mm,
with each hole in the outer ring having a size of 5.5 mm. Figure 4.7 shows the schematic of the
flow straightener designed by Houston et al [144] with a picture of the flow straightener mounted
between two flanges.

Figure 4.7: Flow straightener schematic designed by Houston et al [144] (Left), with flow straight-
ener mounted between flanges (Right).

The same flow straightener was repurposed for the modifications of the PEPT loop. The flow
straightener was installed 3 diameters (12 cm) from the 90𝑜 elbow and the flow traveled downstream
for 6.2 diameters (25.4 cm) before being introduced to the twisted tape insert geometries. Houston
et al [144] observed fully developed flow at 4.5 diameters from this flow straightener at a Reynolds
number of 37,700, a much higher Reynolds number than the Reynolds numbers explored in this
work and at a smaller distance than the updated design. Thus the flow was fully developed before
the twisted tape insert test section.

In addition, the overall length of the test section increased from 1.44 meters to 1.54 m to increase the
scanning window. Adjustments to the piping were done to reduce and increase different components
to accommodate the new length of the test section and the addition of the flow straightener upstream
of the test section. The new design had to have a maximum height of 2.16 m (5 cm lower than the
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ceiling of the scanner room). Figure 4.8 shows the before and after of the modifications done on the
PEPT loop. It also shows the limiting height the flow loop can extend before reaching the ceiling.

Figure 4.8: PEPT flow loop in scanner room before modifications (Left), and after modifications
(Right).

4.2.5 Description of Experiments
Initial PEPT exploratory experiments were performed with twisted tape inserts of the same geometry
as those for the friction factor experiments, summarized in Table 3.4. Unfortunately, the low
Reynolds numbers proved to be problematic as the majority of the particles were settling down or
getting stuck at various locations of the PEPT loop. Thus, these new test sections were manufactured
and tested. In addition, the original flow loop had to be redesigned to obtain fully developed pipe
flow at the entrance of the twisted tape inserts, further discussion on the modifications can be found
in Section 4.2.4.

Two test sections were manufactured using a clear PVC pipe of 1.5” nominal inner diameter (40.9
mm) and a new order of twisted tape inserts with larger widths (but keeping the same width-to-
diameter ratios 𝑤/𝐷 = 0.95 and 0.85). Instead of welding the twisted tape inserts to stainless-steel
pipes, as was previously done for the friction factor and Nusselt number experiments, a stainless
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steel plate of similar thickness as the twisted tape and length of 12.7 mm was welded to the end of
the twisted tape insert. The width of the plate was ≈ 44 mm (smaller than the outer diameter of
the PVC pipe). The PVC pipe was then cut to fit the stainless-steel plate in place with the twisted
tape insert inside the PVC pipe, with Figure 4.9 showing the two final twisted tape insert test
sections. Table 4.1 summarizes the geometric and experimental conditions of the new test sections
manufactured for PEPT experiments, with Reynolds number defined as the empty pipe Reynolds
number.

Table 4.1: Geometric and experimental conditions of twisted tape inserts for PEPT Experiments

Parameter (Unit) Value
Inner diameter, 𝐷 (mm) 40.9
Twisted tape width, 𝑤 (mm) 38.9 and 34.8
Ratio of width and diameter, 𝑤/𝐷 (-) 0.95 and 0.85
Test section length, 𝐿 (m) 1.55
Twisted tape thickness, 𝛿 (mm) 1.52
Inlet temperature, (𝑜C) ≈ 22
Pitch, 𝑦 (-) ≈ 2.42
Reynolds numbers, 𝑅𝑒 (-) 4,000, 8,000, and 17,700

Figure 4.9: Twisted tape inserts used for PEPT experiments with different widths (𝑤/𝐷 = 0.95 and
0.85).

Furthermore, PEPT experiments were conducted on the additively manufactured test section de-
scribed in Table 3.6. For this test section, only the Reynolds number of 17,700 is presented in this
work as experiments at the lower Reynolds numbers did not produce significant data. The lower
flow rates for this test section did not push enough particles to pass through the field of view of the
scanner. To ensure the additively manufactured test section was suitable for the PEPT experiments,
a smaller test section known as the Tesseract was 3D printed and subjected to a higher dose of
radiation than the ones experienced in the actual PEPT experiments. This was done to study the
effects of radiation in the gluing mechanism of the test section and verify that the material would
not fracture or become compromised due to exposure to gamma rays. It was essential to protect
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the Mediso LFER scanner, as the test sections are positioned at its center, and any breakage or
compromise could result in water damage. For further details on the Tesseract and the test done to
study the effects of the radiation on the additively manufactured parts, refer to Appendix D.3.

Figure 4.10: Additively manufactured twisted tape insert of pitch 𝑦 ≈ 2.42 for twisted tape
experiments (Left and Middle), and the test section installed in the PEPT loop (Right).

With the success of the Tesseract project and no observable damage or fractures that could pose
harm to the scanner, PEPT experiments were performed for the additively manufactured twisted
tape insert. Figure 4.10 shows the additively manufactured twisted tape inserts with it installed in
the PEPT loop.

4.2.6 Experimental Procedures - An Overview
The PEPT experimental procedures are complex and required multiple days to prepare, set up, and
clean up. This consisted of an entire week of experimental efforts. All experiments were performed
on Fridays with the preparation and setup occurring on Wednesday and Thursday. Finally, the clean-
up of the flow loop would occur on Mondays the week after the test to ensure the radioactivity of
the 18F had decayed. This section goes over important steps and procedures done to obtain the
experimental data. For a clear overview of the procedures, the different tasks are divided by days.

The Wednesday procedure consisted of building the flow loop in an adjacent room to the Mediso
LFER room to check the various unions and fittings of the PEPT flow loop. The flow loop was built
and filled with deionized water provided by VCU’s Sanger building. During this day, an operating
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test was carried out to ensure the desired flow rates to be tested on Friday were achievable by the
flow loop, as well as to determine the pump frequency required to achieve those flow rates. After
the pump frequencies were determined, the flow loop was drained and disassembled. This allowed
for the parts to dry out before being assembled in the scanner room.

The Thursday procedure consisted of building the flow loop in the Mediso LFER scanner room.
The Mediso LFER scanner had to be adjusted to its vertical bore configuration. In addition, the
water tank was filled with fresh deionized water. The water remained in the water tank for the
rest of the day, with the fill-up of the loop occurring the day of the experiments. This allowed
for purer deionized water to be used for the actual experiments. If the water used for PEPT was
not deionized, there was a high risk for the 18F to leak into the water. This would create random
radioactive spots in the water that would be confused by the code. Furthermore, the 18F order was
placed during this day to arrive at 11:30 a.m. the next day, Friday. Finally, the CT protocol in
the Mediso LFER scanner was used to ensure the test section was in its most vertical orientation.
This was initially done with a toolbox level, but true precision could not be achieved with cavemen
eyeballs and a bubble of air, thus a CT scan was taken to further check the straightness of the test
section. Figure 4.11 shows the CT scan obtained from a twisted tape insert test section to check for
the true level of the test section. In cases in which a true level was not achievable, the angle was
off by less than 0.5 mm in the 150 mm of field of view. This was estimated to be less than 0.2𝑜s.

On Friday, before the flow loop was filled with water a set of covers were placed around the scanner.
Initial procedures covered the entirety of the scanner to avoid any water spills getting inside the
scanner. This procedure was then changed to a form of "tent" that would be created between the
flow loop and the scanner. This was done as some of the vents were covered and would cause
overheating of the crystals when PET data was collected. When the crystals’ temperature would
reach near 100𝑜C, the crystals would automatically turn off and would stop detecting the gamma
rays. A figure of the procedure to create the tent in the scanner room is shown in Figure 4.12 with
the vents left without covers. After the flow loop and scanner were separated by the tent, the flow
loop was filled with water. Temperature measurements of the water were obtained to determine
the correct flow rates for the desired Reynolds numbers, as they are dependent on the water’s
temperature. The flow loop was constantly under supervision to ensure the fittings and unions
were watertight. The pump was then run at 1500 RPMs to degas the facility. This consisted of a
procedure known as "DJ-ing" the flow loop. The two valves next to the water tank were partially
opened and closed at random intervals to create a shock in the water and help any gas bubbles
escape. In cases where small bubbles would accumulate in the pump, the valves were continuously
partially closed and opened to remove further air bubbles. The water of the loop was maintained at
a maximum of 23 𝑜C. The high pump frequency of the degassing procedure would cause the water
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Figure 4.11: CT scan of twisted tape inserts with 3 different geometric views to check for vertical
straightness and unsure it was not leaning in any angle.

to heat up, thus a quick degassing methodology was required.

Once the flow loop was degassed and the desired flow rate was achieved, a baseline survey of the
room, flow loop, and the shielded lead blocks was taken with the Geiger Counter. This baseline
survey was used to ensure the activity had decayed back to background levels on Monday, as this
survey was done before the radiation arrived. The shielded lead blocks were known as "The Castle"
and are shown in Figure 4.13. The instrumentation to perform the radiolabelling was set up inside
the castle, Figure 4.14, which consisted of a centrifuge, DI water, Eppendorf, filter tubes and waste
bottle. For a detailed description of the radiolabelling procedure refer to Appendix E.2. After
the radiolabelling was performed, the radiotracers were inserted inside the flow loop through the
particle injection line.

The PEPT experiments started by running the LabVIEW software inside the Mediso LFER room
and initializing the PET data collection in the Nucline LFER’s Software. Table 4.2 summarizes
the different data acquisition target times for LabVIEW and the Nucline LFER Software for PEPT
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Figure 4.12: Procedure to protect the scanner from any water leaks while leaving the scanner vents
open; (a) initial with no covers, (b) covering the bore, (c) isolating loop from the scanner, (d) final
cover set up.

Figure 4.13: Shielded lead blocks, the castle, where the radiolabelling took place alongside the
counting well and GM Counter.

experiments. LabVIEW data acquisition times were kept at 90 seconds as the important data
collected from it consisted of the average temperature and the flow rate. Since the system was
not affected during data collection times, the 90 seconds were sufficient to extract the important
information. The target times of the Mediso were varied depending on which Reynolds number
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Figure 4.14: Instrumentation set up inside the castle to perform radiolabelling.

was tested. The low Reynolds numbers had an average data acquisition time of 2 minutes and 30
seconds, as with the low flow rate the radiotracers would begin to settle in the pump and get stuck
in the different fittings and valves across the loop. As time went by, fewer and fewer particles
were observed across the field of view of the scanner. Once the 4,000 Reynolds number test was
finished, the flow rate was increased and the valves were opened to allow any trapped particles to
get released. In addition, during this time, the flow loop was disturbed by tapping wrenches at
different locations, such as valves, corners, or T’s, to release any particles stuck in the flow loop.

Table 4.2: Summary of data acquisition times for PEPT experiments for twisted tape inserts.

Reynolds number LabVIEW Data Acquisition
Target Time (s)

Nucline LFER Software
Target Time (mm:ss)

4,000 90 2:30
8,000 90 5:00
17,700 90 5:00 - 20:00

The entire data collection consisted of a couple of hours, depending on how well the radiolabelling
was performed. After the final test was collected, the pump was turned OFF, the data transfer
from the Nucline LFER Software to the computer was started, and the experimentalists surveyed
themselves with the Geiger Counter before leaving the building.

On Monday, the clean-up consisted of collecting a survey to ensure all the activity had reached
background levels and performing a swipe test. After ensuring the activity was back in the
background, the loop was drained and disassembled. Finally, the data was added to the FAST
Research Group’s Google Drive and the Mediso LFER was adjusted to its original horizontal
configuration.
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4.3 Data Handling
PEPT requires a variety of data post- and pre-processing techniques and codes. Due to this, this
section describes some of the parameters chosen for the reconstruction of the PET raw data, as
it comes in list-mode files, through a C++ code, as well as the filtering and data manipulation
done afterward through Matlab and C++ codes. Different laptops were used for both the pre-and
post-processing, not to study the computational effects but due to the availability of working laptops.

4.3.1 M-PEPT
This section describes the steps done to obtain the tracer particle trajectories by running the C++
code MultiPEPT_V2.0.cpp (M-PEPT). M-PEPT is a code initially developed at the University of
Tennessee Knoxville [132, 159] to read raw PET data and reconstruct and link particle locations
through time. The reconstruction algorithms employed in the M-PEPT code allow it to track
any number of particles at a given time step [136, 138], a unique capability as previous PEPT
reconstruction algorithms required prior knowledge of the number of particles in the field of view.
This code uses image-processing techniques to identify the particles that pass through the field of
view of the PET scanner. The code requires multiple user inputs in order to fine-tune the different
techniques to locate and link the particles through different time steps. The M-PEPT code creates a
3-dimensional grid that is segmented into voxels. Voxels are the base 3-dimensional units in space
that are used to locate the particles. The locations of the detections in the PET scanner from the
511 keV gamma rays are used to create coincident lines between the detections. These are lines
that connect the paired locations in a straight line, since the two coincident 511 keV gamma rays
travel in opposite directions, back-to-back. The coincident lines are grouped into different time
steps, a user input, in order to estimate the location of the particle. Similar to intensity in an image,
the number of coincident lines in a voxel is used to estimate the location of the particle as a higher
number of coincident lines relates to a high probability of a particle in that voxel. The code then
fits 3 one-dimensional Gaussian normal probability curves in which the center is the location of
the particle to locate the particle location at a specific time step. The particle locations are then
linked based on the most-likely connection between particles across different time steps based on
a cost-effective matrix. A further summary of the inputs chosen for the M-PEPT code and their
function follows.

The initial parameters inputted in the M-PEPT code consisted of the voxel size and time discretiza-
tion for line density calculations. These were kept constant through the various experiments and
are summarized in Table 4.3. Initial studies were done to determine the optimal time and spatial
discretization, with the parameters in Table 4.3 determined as the optimal ones or the ones that
resulted in the largest linkage between particles. Consistency in this discretization was chosen to
remove any biases in the post-processing or over complications, as some of these parameters are
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used down the line and could cause confusion in the calculations, or further user error. Furthermore,
the option of Overlapping time steps was chosen to better locate the particle through different time
steps. The overlapping time step works by adding the original time step and the overlapping time
step as the new time step window to estimate the location of the particles, but the original time step
for line densities is the actual jump between time steps. These can be viewed as, in the case of a
Reynolds number of 4,000, the first 12 milliseconds are used to determine the initial location of the
particle (5 + 7 = 12), the next time step is from 5 to 17 milliseconds, the next time step is from 10
to 22 milliseconds, and so on until the collecting time of the PEPT experiment has come to an end.

Table 4.3: Spatial and temporal discretization used for the M-PEPT code dependent on Reynolds
number.

Reynolds number Voxel size
(mm)

Time step for
Line Density (msec)

Overlapping time
step (msec)

4,000 2 5 7
8,000 2 3 6
17,700 2 1.5 4.5

The next input consisted of the linking methodology of particles across time steps. The linking
methodology chosen was Munkres’s nearest neighbor based on the Kuhn-Munkres algorithm [160,
161]. This method consisted of creating a cost matrix of the displacement in the position of the
particles between time steps. A maximum velocity, an input by the user in the M-PEPT code,
was used to determine if the displacement between particles in the cost matrix was realistic or
not, thus creating links through time steps for particle pairs, a more detailed description of the
linking methodology can be found in Wiggins [132]. The next M-PEPT parameter consisted of
the detection method. Particles were detected based on image processing techniques in which the
density of coincident lines was analogous to pixel intensities in images, feature point identification
(FPI) [138]. FPI functions by tracing the coincident lines at a given time step and from the 3D
voxel mesh, it detects particle position based on the largest concentration of coincident lines in a
voxel or the largest intensity based on the nearest neighbors.

The next parameter consisted of the minimum peak voxel (MPV) value for time step consideration.
This parameter was a threshold of coincident lines crossings through a voxel to determine if there
are any particles observed at any given time step. In other words, to determine if the code was
going to search for a particle at a given time step or move on to the next time step. This value
was determined through a plot of coincident lines per time step, one of the outputs of the M-PEPT
code, to observe what was the peak grid element when no particle was passing through the field of
view. This value ranged between 4 and 7, depending on the test and the time the test was taken, or
the order of the test. As the 18F leached from the particles into the deionized water, the minimum
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peak voxel background would go higher, and the code would take longer to locate the particles, in
addition, it could identify false positive particle locations. The first tests required an MPV value of
4, while for the later tests, the value was raised to 6 or 7. Figure 4.15 shows the plot of peak grid
element versus time for the first 10 seconds of data to decide on an MPV value, in this case, the
value of 5 was used. To interpret the plot, the troughs are time steps in which no particle is passing
through the field of view, where some minimums occur as high as 4, which would cause the user to
select an MPV of 5.

Figure 4.15: Plot of peak grid element versus time (msec) of the first 10 seconds of data for a
twisted tape insert.

FPI further requires two inputs from the user, a particle intensity threshold and the number of voxel
neighbors to consider for particle detection. The particle intensity threshold value, a fraction value
between 0 to 1, was multiplied by the peak voxel value, and only voxels with higher values than
the result of this product were considered particles. The particle intensity value was the one that
varied the most between tests. When not enough particles were found, specifically at the end of
the field of view of the scanner, the particle intensity threshold was lower. While for cases in
which too many particles were found, the value was increased. The number of voxel of neighbors
consisted of how many voxel neighbors were going to be used to determine which voxel had the
particle in a high-density coincident line cloud. This parameter was not adjusted by the user and
remained the default value throughout all tests, in which the default value was 0.3. Finally, the
last input that was varied consisted of the maximum expected velocity that is used for the Munkres
nearest neighbor linking. This was heavily dependent on the Reynolds number and geometry of
the test section. For example, if the mean expected velocity was 0.5 𝑚/𝑠, the maximum velocity
was chosen as 1.5 𝑚/𝑠, as advised by the creator of the code. This was suggested in order to allow
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any fast-moving particles, in which the movement was physical, to be linked between time steps.
This would differentiate any fast-moving particles from those that had an unrealistic jump between
time steps.

4.3.2 Dewarping
Warping is a phenomenon observed in PET scanners, as noted by Moses [162], as a form of
astigmatism defect. This is created by the depth of interaction of the gamma rays in the LYSO
crystals. As the coincident gamma rays travel through the detectors they create a radial bias the
further away they are from the center. This occurs as the gamma rays enter through one crystal and
may cause no detection until it travels further in the crystal lattice until it is detected in a different
LYSO crystal. This requires a PET radial correction from the original trajectories outputted from
the M-PEPT code. To correct this warping phenomenon, calibration was done using point sources at
different radial locations within the Mediso LFER’s field of view. Further details on the dewarping
efforts of the Mediso LFER can be found in Wiggins et al [141]. The particle locations were
dewarped before the other post-processing techniques.

4.3.3 Filtering
Filtering and adjusting techniques were performed to properly analyze and interpret the PEPT
data. The first adjustment consisted of centering the data for proper Lagrangian and Eulerian data
analysis. After the dewarping, discussed above, the true center of the test section was found. This
was done using three different methods, as the true center of the field of view can be complicated
to find based on the raw PET data. Different methods have been discussed and theorized on how to
find the real center of the data set.

The first method to find the real center consisted of averaging all the 𝑥− and 𝑦− positions. This
method proved to be effective in most twisted tape experimental data, as any outlier particle position
that went out of the real geometry would be hidden within this average. Unfortunately, this method
doesn’t properly work in cases in which particles are unevenly distributed in the 𝑥− 𝑦 plane. This is
the case for data sets with geometries such as flow straighteners, as the flow is developing particles
might be biased in one direction which causes this method to be less effective in finding the true
center.

The second method consisted of obtaining the center based on the maximum and minimum 𝑥 and
𝑦. This work consisted of flows traveling in the 𝑧−direction, making the 𝑥 and 𝑦, the azimuthal
directions of the flow. This method provided a very biased center and it was prone to errors as
any false particle trajectory would lead to an erroneous estimated center. This method was used
as a guide and as an informant of particles that would be "detected" outside the geometry, but
the centering calculation was not based solely on this method. Any particles found outside the
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geometry were considered as false-positive from the M-PEPT code.

The third method consisted of obtaining a center based on the 2 subsequent maximum and min-
imum 𝑥 and 𝑦 positions. This means that the next two maximum and minimum, not taking into
consideration the ones used for the second method, were averaged and a different true center was
obtained from the difference. This method was devised as the possibility of one particle trajectory
affecting the maximum and minimum in the second method can occur frequently, but the possibility
of 3 false-positive trajectories that have gone outside the true geometry is less likely.

In reality, the true center was obtained based on the three methods. In the case in which there was
a bias in the data passing through a region in the 𝑥 − 𝑦 plane, methods two and three were used
to find the true center. In the case in which a particle trajectory was outside the real geometry, a
false positive, the first and third methods were considered to find the true center. In most cases,
all three methods were used together as they had a difference of less than 1 mm between them, in
cases without a bias in the 𝑥 − 𝑦 plane and no fake trajectories. Figure 4.16 shows the 𝑥 − 𝑦 plane of
the first 600 particle trajectories for the additively manufactured twisted tape insert before and after
the centering methodology. For this geometry, it is clear that the center of the field of view has
zero particles passing by since the twisted tape is rotating in the center. Figure 4.17 plots the same
particle trajectories in three dimensions before and after centering. The centering is less apparent
in Figure 4.17 than in Figure 4.16, but it is intended to show the centering in the three planes and
how the 𝑧 plane was unaffected from the centering of the data.

Figure 4.16: Plot of the centering methodology in the 𝑥 − 𝑦 plane for the additively manufactured
twisted tape insert before centering (Left) and after centering (Right) for 600 particle trajectories.

To facilitate the Eulerian frame of reference calculations, and observe the flow in its rotation frame
of reference, the position trajectories were untwisted. This was done through two steps. The new
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Figure 4.17: Particle trajectories in all three dimensions for twisted tape data before centering (Left)
and after centering (Right) for 600 particle trajectories.

𝑥 and 𝑦 untwisted positions were calculated based on:

𝑥𝑛𝑒𝑤 = 𝑥𝑜𝑙𝑑 · 𝑐𝑜𝑠(
𝜋 · 𝑧
𝐻

) + 𝑦𝑜𝑙𝑑 · 𝑠𝑖𝑛(
𝜋 · 𝑧
𝐻

), (4.4)

𝑦𝑛𝑒𝑤 = −𝑥𝑜𝑙𝑑 · 𝑠𝑖𝑛(
𝜋 · 𝑧
𝐻

) + 𝑦𝑜𝑙𝑑 · 𝑐𝑜𝑠(
𝜋 · 𝑧
𝐻

). (4.5)

The particle locations were rotated by a different angle in order to view it in a horizontal view
of the twisted tape insert. Figure 4.18 shows the untwisted particle trajectories for the additively
manufactured twisted tape insert after both rotations, with the addition of a horizontal dotted line
to represent the location of the twisted tape insert.

Wiggins [132] described the method used herein to obtain velocity and acceleration data from the
Lagrangian trajectories of the radiotracers. This was done via filtering and differentiation of the
trajectories through convolution with Gaussian kernels, as suggested by Mordant et al [163]. The
Gaussian kernels consisted of:

𝑘(𝜏) = 𝐴 · 𝑒𝑥𝑝(− 𝜏2

𝜎2 ), (4.6)

𝑘′(𝜏) = 𝐴′ · 𝜏 · 𝑒𝑥𝑝(− 𝜏2

𝜎2 ), (4.7)

𝑘′′(𝜏) = 𝐴′′(
2𝜏2

𝜎2 − 1) · 𝑒𝑥𝑝(− 𝜏2

𝜎2 ) + 𝐵. (4.8)
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Figure 4.18: Untwisted particle trajectories in the 𝑥 − 𝑦 plane for 300 particle trajectories for the
additively manufactured twisted tape insert, with a dotted line through the center to represent the
twisted tape insert.

The normalization constants were selected based on proper filtering through convolution operations
for Equation 4.6 and proper differentiation of simple functions for Equations 4.7 and 4.8, as
explained in Wiggins’ dissertation [132]. The uncertainty in the position is further propagated to
the uncertainty in the velocities through the convolution.

The kernel half-width filter, 𝜎, was adjusted by varying it from 0.5 to 3.5 in 0.5 increments to find
an optimal half-width filter. The optimal half-width filter consisted of one in which the data had
been smoothed out, but real motions and fluctuations of the trajectories remained. Berg et al [154]
suggested that the standard deviation of the velocity and acceleration versus the filter size will have
an "elbow" to represent a visual representation of this phenomenon. Figures 4.19 and 4.20 plot
the standard deviation of the velocity and acceleration, respectively, of the twisted tape trajectory
data, versus the half-width filter. While an "elbow" is not observed in the standard deviation of the
acceleration, one was observed in the velocity data of Figure 4.19. This elbow was observed, for
the twisted tape data, at approximately 𝜎 = 1.5-time steps. All twisted tape data presented herein
were filtered using a 𝜎 = 1.5 time steps half-width filter to smooth out the trajectories and calculate
velocity and acceleration. This was done as the last step for both twisted and untwisted particle
trajectory data.
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Figure 4.19: Standard deviation of the velocity versus filter width for twisted tape experiments.

Figure 4.20: Standard deviation versus filter width for twisted tape experiments.

4.3.4 Eulerian Calculations
Post-filtering and untwisting of the data, the time−averaged and 𝑧−averaged Eulerian calculations,
and contour plots were created based on the discretization of the geometry. This method consisted
of equally spaced data points created in the 𝑥 − 𝑦 plane. The averaging was done by averaging the
velocities based on the number of particles that passed through a specific region of interest [145],
based on Equation 4.9.

𝑉𝑘 (𝑖, 𝑗) =
Σ
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑛=1 𝑉𝑘

𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

, (4.9)
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where 𝑖, 𝑗 are the 𝑥 − 𝑦 spatial discretization regions, 𝑉 is the velocity in an arbitrary direction 𝑘 ,
where 𝑘 could be in the 𝑥, 𝑦, 𝑧, 𝑟 or \ direction, 𝑁 is the total number of particles that pass through
that specific region.

Additionally, the uncertainty of the velocity at each discretization region, 𝜎𝑉𝑘
(𝑖, 𝑗), was calculated

based on the individual velocity uncertainty of each particle at each time step, 𝜎𝑉𝑘
, that was

propagated from the uncertainty of the position through the convolution of the kernel filter. The
uncertainty at each spatial discretized cell was calculated based on Equation 4.10.

𝜎𝑉𝑘
(𝑖, 𝑗) =

√√
Σ
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑛=1 𝜎2
𝑉𝑘

𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

. (4.10)

4.3.5 Azimuthal Velocity Correction - Smaller widths
An interesting phenomenon was found in the Eulerian results for the twisted tape of width 𝑤/𝐷 =
0.85. This phenomenon consisted of particle trajectories not rotating with the twisted tape insert.
The small width of the twisted tape allowed for a section of the flow to go untwisted. As a result,
particle trajectories were found that would pass through the field of view outside the width of the
twisted tape insert. This resulted in particle trajectories not twisting with the flow. The untwisting
Matlab code does not differentiate between a particle rotating with the twisted tape and one that
is simply passing through. Due to this, the code would add a twisting effect to the particles that
would pass without twisting. The resulting Eulerian contour plots in the 𝑥, 𝑦, 𝑟 and \−directions
would result in biased velocity contours as the untwisted particles would gain artificial velocity due
to the twisting motion. A couple of techniques were developed to address this issue. The first one
consisted of removing the transaxial velocity based on the tangential velocity derived by Manglik
and Bergles [86, 87]. This velocity is defined as the 𝑥 and 𝑦 components of the real velocity of
the flow. Unfortunately, when the tangential velocity was removed from the 𝑥 and 𝑦−velocities,
it did not result in the same contour plots as observed in the other twisted tape inserts. The goal
was to obtain velocity contours that replicated the region where the twisted tape insert is located,
while not removing the real physical phenomena occurring in the gap. The second method obtained
the average 𝑉\ as a function of 𝑟 to subtract the mean velocity from the transaxial flow. A plot
of the mean \-velocity as a function of 𝑟 for the smaller width twisted tape insert is shown in
Figure 4.21. As can be observed, the 𝑉\ is higher as 𝑟 increases and approaches the wall. This
𝑉\ average was then used to adjust the 𝑥 and 𝑦 components based on Equations 4.11 and 4.12 in
the untwisted trajectories. The \−velocity shown in Figure 4.21 was obtained from the artificially
adjusted twisted velocity, which is different from the \−velocity shown in Figure 4.41. Further
discussion follows on the difference between the two methods in the results sections.
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Figure 4.21: Azimuthal average of 𝑉\ versus radius for twisted tape insert of 𝑤/𝐷 = 0.85 for
Reynolds number = 17,700 to adjust radial velocities.

𝑉𝑥,𝑛𝑒𝑤(𝑖, 𝑗) = 𝑉𝑥,𝑜𝑙𝑑(𝑖, 𝑗) +𝑉\,𝑚𝑒𝑎𝑛(𝑟) · 𝑦
𝑅
, (4.11)

𝑉𝑦,𝑛𝑒𝑤(𝑖, 𝑗) = 𝑉𝑦,𝑜𝑙𝑑(𝑖, 𝑗) −𝑉\,𝑚𝑒𝑎𝑛(𝑟) · 𝑥
𝑅
, (4.12)

4.4 Results
This section summarizes the results obtained from PEPT for the three different twisted tape inserts
(𝑤/𝐷 = 1.0, 0.95, and 0.85) for the different Reynolds numbers. The Reynolds numbers used in this
section consist of the circular pipe Reynolds numbers, similar to those in Equation 3.3. The Reynolds
numbers were 17,700, 8,000, and 4,000. The twisted tape inserts have been shown to suppress
turbulence, thus the 8,000 and 4,000 Reynolds numbers are considered to be in the transitional and
laminar regime for these geometries. This section is divided into different subsections, contour
plots, azimuthally averaged velocities, velocity profiles at different angles, vorticity, and Reynolds
stresses. The contour plots, Section 4.4.1, were obtained from the untwisted velocity trajectories
and averaged through time and space to obtain 2-D contour plots. These serve to provide further
insight into the velocity structures occurring at the twisted tape inserts. The azimuthally averaged
velocities, Section 4.4.2, were obtained from the twisting trajectories and averaged into radial bins.
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Previous work done on PEPT to average the radial components into equally area-spaced bins has
been explored for the geometry of a circular pipe, but this work focused on Eulerian discretization
summarized in Section 4.3.4. The velocity profiles at different angles 4.4.3 were obtained from the
contour plots in the twisting frame and linearly interpolated to match the radial and angle location.

Table 4.4: Summary of reconstruction results for each experiment, average estimated uncertainty in
position, average number of coincident lines used for detection and estimated activity per particle
in each experiment for additively manufactured test section (A.M.) and traditional.

Experiment No. of Traj. Δ x
(mm)

Δ y
(mm)

Δ z
(mm)

No. of
CL

Act. per Part.
(`𝐶𝑖/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)

A.M., Re = 17,700 7,173 0.73 0.73 0.58 27 12.80
𝑤/𝐷 = 0.95,
Re = 17,700 5,322 0.96 0.96 0.76 15 7.11

𝑤/𝐷 = 0.95,
Re = 8,000 321 0.79 0.79 0.61 23 7.27

𝑤/𝐷 = 0.95,
Re = 4,000 974 0.64 0.65 0.51 41 9.72

𝑤/𝐷 = 0.85,
Re = 17,700 1,474 0.55 0.55 0.42 54 25.6

𝑤/𝐷 = 0.85,
Re = 8,000 1,040 0.48 0.49 0.35 73 23.08

𝑤/𝐷 = 0.85,
Re = 4,000 422 0.38 0.38 0.29 118 27.98

Table 4.4 summarizes the reconstruction results for each experiment with the number of trajectories
reconstructed and filtered and the spatial uncertainty which is highly dependent on the average
number of coincident lines (No. of CL), (𝜎2 ∼ 1/

√
𝐶𝐿) [127]. The number of coincident lines

greatly affects the uncertainty of the location of the particle, as the higher number of coincident
lines found in a time step allows for a better approximation of the particle location at that point
in time. The number of radiolabelled particles, the amount of 18F that was able to attach to each
particle, the speed at which the particles are passing by the field of view, and the reconstruction
parameters greatly affect the number of coincident lines found. The M-PEPT reconstruction
parameters were kept at similar values for similar Reynolds numbers, but unfortunately, the volume
of 18F delivered was a bigger factor in how active the particles were created. The high uncertainty
in the test consisting of Reynolds number 17,700 for the twisted tape width of 𝑤/𝐷 = 0.95 is further
propagated in the results. The activity per particle and the number of particles passing through the
field of view are much lower than the saturation limits of the Mediso LFER scanner [153], thus the
dead time of the scanner did not affect the current results.

Figures 4.22 to 4.24 plot the velocity in the 𝑥, 𝑦 and 𝑧 direction obtained from 150 filtered trajectories
for a twisted tape width of 𝑤/𝐷 = 0.95 and Reynolds number of 8,000. The particles are traveling
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from left to right with the swirling motion of the twisted tape insert clearly observed as they
travel through the field of view of the scanner. Figures 4.22 to 4.24 plot the twisted instantaneous
velocities of the particles. The data from the twisted Lagrangian velocity differs from the contour
plots, as the velocity of the contour plots was obtained after the particle trajectories were untwisted
and adjusted to have the twisted tape match the 𝑥−axis.

Figure 4.22: Velocity in the 𝑥−direction for 150 filtered trajectories from twisted tape of width
𝑤/𝐷 = 0.95 at a Reynolds number of 8,000.

4.4.1 Contour Plots
This section shows the contour plots for the twisted tape inserts which are of great interest based
on literature [73, 74, 93]. In total, seven velocity contours are shown for the 𝑧−direction for the
seven different twisted tape conditions. Afterward, a selection of velocity contours in the 𝑥 and
𝑦−directions are shown in which interesting phenomena were observed. The contour plots show the
velocity data in the 𝑥−𝑦 planes with rotation of twist in the counter-clockwise direction. The first𝑉𝑧

contour plot consists of the additively manufactured twisted tape at a Reynolds number of 17,700,
shown in Figure 4.25, as a nondimensionalized velocity divided by the maximum velocity found in
the 𝑧− direction, 𝑉𝑧. All the𝑉𝑧 contour plots can be interpreted as the positive𝑉𝑧 flowing out of the
page. Figure 4.25 shows a clear distinction from where the twisted tape insert is located, horizontal
in the 𝑥−axis. The velocity contour also shows two larger velocities occurring opposite from one
another in the direction of the twist. These larger velocities have a form of tail that decreases in
width the further away it goes from the location of the twist. In addition, the tight-fitting twisted
tape (𝑤 = 𝐷) shows a clear distinction between the two semi-circles, with only small velocities
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Figure 4.23: Velocity in the 𝑦−direction for 150 filtered trajectories from twisted tape of width
𝑤/𝐷 = 0.95 at a Reynolds number of 8,000.

Figure 4.24: Velocity in the 𝑧−direction for 150 filtered trajectories from twisted tape of width
𝑤/𝐷 = 0.95 at a Reynolds number of 8,000.

(almost negligible) found at the width of the twisted tape. These are caused by the discretization
methods described in Section 4.3.4, as small sections that encompass the twisted tape might also
extend towards the flow. This is also a result of uncertainty in the trajectory reconstruction and
the methods used to calculate the center of the geometry and untwisting. This phenomenon was
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also observed in a PEPT twisted tape velocity paper from Wiggins et al [131]. In addition, the
clear distinction of the location of the twisted tape in comparison with the pipe allowed for better
resolution near the twisted tape region. This phenomenon would be less effective with the loose-
fitting twisted tapes (𝑤 ̸= 𝐷). An inflow region at the center of the pipe is also observed that was
previously described by Smithberg and Landis [93]. In this case, the inflow region was defined as
the lower 𝑧−velocities found near 𝑟 = 0. Smithberg and Landis used transaxial velocities to better
approximate the inflow region, associated with lower velocities in the 𝑧−direction.

Figure 4.25: Nondimensionalized velocity contour of 𝑉𝑧 for additively manufactured twisted tape
insert (𝑤/𝐷 = 1) at Re = 17,700.

Figure 4.26 plots the nondimensionalized velocity contour of 𝑉𝑧 for the loose-fitting twisted tape
insert for a width of 𝑤/𝐷 = 0.95, with a similar Reynolds number to the additively manufactured
twisted tape insert, Figure 4.25, Re = 17,700. The first thing to note is how the twisted tape width
makes it harder for the visualization of the twisted tape, as in Figure 4.26 the twisted tape appears
to be leaning to the side of the left wall. The two velocity structures that appear in the additively
manufactured twisted tape are also observed, but their shape is not as symmetric or as well defined.
For easier discussion, the regions are divided into their respective quadrants. In the case of the
loose-fitting twisted tape insert, the region that has the twisted tape touching the wall, the one
located in the third quadrant, has better-defined structures than its counterpart, the one in the first
quadrant. The one located in the first quadrant is experiencing the flow crossing between the two
semi-circles thus not allowing it to develop properly. This is further shown as a large 𝑧−velocity
near the right wall was formed.
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Figure 4.26: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.95 at Re = 17,700.

Figure 4.27: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.95 at Re = 8,000.

Velocity data was obtained at a Reynolds number of 8,000 and 4,000 for the twisted tape width of
𝑤/𝐷 = 0.95, with nondimensionalized velocity plots shown in Figures 4.27 and 4.28, respectively.
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Both data sets were obtained on two different experimental days, thus the exact geometry of the
twisted tape location was not matched, as small changes in the exact location of the twisted tape
are expected. The velocity contours between tests match in general shape, with the exception of
the exact location of the twisted tape insert. For a Reynolds number equal to 8,000, similar flow
structures are observed as the turbulent Reynolds number but not as dominant or pronounced as
those found in the higher Reynolds number, Re = 17,700. Smithberg and Landis [93] describe
these regions as "high-velocity islands." These islands decreased in size when comparing the two
Reynolds numbers. The high-velocity islands at the tail of the flow structure are smaller in size,
in quadrants II and IV. Though, the higher velocity structure in the third quadrant is better defined
and shaped than the one in the first quadrant. Further concluding that the twisted tape is resting
near one of the walls allowing for the creation of a semi-circular division between Quadrants II
and III, but allowing for flow to cross between semi-circles in Quadrants I and IV. In addition, the
inflow region at the center of the pipe that was observed for the Reynolds number of 17,700 further
decreased in size.

Figure 4.28: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.95 at Re = 4,000.

The twisted tape was harder to detect in the lower Reynolds number twisted tape data, as shown
in Figures 4.27 and 4.28 with the lack of clear distinction in the twisted tape insert. The twisted
tape thickness, 𝛿, consisted of 1.55 mm, and the size of the discretization element for both cases
was larger than half the thickness thus the spatial discretization near the twisted tape is not small
enough to completely separate the twisted tape with the flow near it. Smaller discretization
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sizes were explored, but the limited number of particles made it hard to recover significant data.
Thus for these plots, Figures 4.27 and 4.28, a clear distinction between the two semi-circles was
not accomplished and connections in the flow are observed. Nevertheless, the contours provide
important insight into the flow behavior at the lower Reynolds numbers. For the low Reynolds
number, the appearance of "low-velocity islands" are also observed. These occur in regions of the
flow that have lower velocities in comparison with their neighbors. Additionally, the inflow regions
also decrease in size with lower Reynolds numbers.

Figure 4.29: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.85 at Re = 17,700.

The 𝑧−velocity contour for the twisted tape width of 𝑤/𝐷 = 0.85 for a Reynolds number of 17,700
is shown in Figure 4.29. This plot shows the impact the width of the twisted tape insert has on
the overall velocity contour. The larger wall-to-twisted tape clearance allows for more flow to pass
between the two semi-circles. In addition, the exact location of the twisted tape with this width is
harder to identify. While some flow structures reach a zero velocity near the negative 𝑥−axis, this
is not the same case for the positive 𝑥−axis. The current averaging methodology in the 𝑧−direction
causes some discrepancy where the twisted tape location is as it is moving across the circular pipe.
Thus the discretization method and the vibrations that occur from the twisted tape, make it harder
to identify the twisted tape from the particle trajectories. In addition, the two separate velocity
structures found in the twisted tapes of width 𝑤/𝐷 = 1.0 and 0.95 are not as well defined in this
case. Both structures seem to have merged together as the gap between the twisted tape and the
inner diameter of the pipe was large enough. Additionally, the inflow region for this twisted tape
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insert is almost entirely gone. The overall flow contour expected from the previous flow velocity
contours differs from the ones of the tighter twisted tape inserts.

Figure 4.30: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.85 at Re = 8,000.

PEPT data was also obtained for the twisted tape width 𝑤/𝐷 = 0.85 at Reynolds numbers of
8,000 and 4,000, as shown in Figures 4.30 and 4.31 respectively. These plots also aid to show
how the velocity contours previously observed for the larger twisted tape width and the additively
manufactured twisted tape differ. One interesting thing to note consists of the velocity field near the
twisted tape and the walls of the pipe. The large velocity islands previously observed for the larger
widths of twisted tape inserts are not as well defined and formed in this geometry. More data should
be acquired in these geometries to further understand the effects of the loose-fitting twisted tape
inserts. Additionally, the inflow region is entirely gone. The overall contour plots for the 𝑧−velocity
for the smaller twisted tape widths are more uniform due to the disappearance of the large velocity
islands. The large velocity islands are not allowed to form in these geometries. Additionally, the
effects of twisted tape width are clearly observed on the different velocity contours.

The nondimensionalized velocity contours in the 𝑥 and 𝑦 direction for the additively manufactured
test section at a Reynolds number of 17,700 are shown in Figure 4.32. The velocity is normalized
by the maximum velocity in the 𝑧 direction to be consistent with the methodology of the𝑉𝑧 contour
plots. Figure 4.32 shows the complexity of the transaxial velocity of the twisted tape inserts. In
general, the larger magnitudes of velocity in the 𝑥 direction are observed near the twisted tape
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Figure 4.31: Nondimensionalized velocity contour of 𝑉𝑧 for twisted tape insert of width 𝑤/𝐷 =
0.85 at Re = 4,000.

insert. The 𝑥−velocity also shows oscillatory velocities in which the direction changes depending
on the location. While in the 𝑦−direction, no major velocities are observed, but instead a pattern is
observed for the flow direction. This𝑉𝑦 pattern in the contour plot is not observed when comparing
the velocity in the loose-fitting twisted tape inserts. Figure 4.33 plots the 𝑉𝑦 velocity for Reynolds
numbers of 4,000 and 8,000 for the twisted tape of width 𝑤/𝐷 = 0.95. The twisted tape insert is
not as clearly defined, or observed, in these contours as the ones from the 𝑧 Velocity, Figures 4.26
to 4.28, where a clear zero velocity is observed near the 𝑥−axis. Instead, the velocity magnitude is
already low enough near it that it blends with the current discretization technique, as explained in
the𝑉𝑧 contours above. Instead, focus is brought to what is physically occurring at the gaps between
the twisted tape insert and the pipe’s walls. The flow in the 𝑦−direction was of special interest due to
the observation of the high-velocity spots created by the gap of the twisted tape insert. The velocity
contours in the 𝑥−direction mainly showed the high velocities observed near the twisted tape that
further create inflow regions near the center of the twisted tape. Thus, a further focus was brought
to the velocity in the 𝑦−direction. The loose-fitting twisted tape creates a region in which the flow
is allowed to cross between the two semi-circles at higher velocities than the average transaxial
velocity, the red and blue regions in Figure 4.33. It is noted that the direction of the velocity is
greatly affected by the twisting motion, in which the velocity is negative on the right side (since
it is moving from the top semi-circle to the bottom semi-circle). The opposite is observed near
𝑥/𝑅 = −1, in which𝑉𝑦 is positive describing how the flow is moving from the bottom semi-circle to
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the top one. A similar phenomenon is observed in Figure 4.34, which plots the nondimensionalized
𝑉𝑦 contours for the twisted tape widths of 𝑤/𝐷 = 0.85 on the left side and 𝑤/𝐷 = 0.95 on the
right for a Reynolds number of 17,700. The contour plot for 𝑤/𝐷 = 0.85 was adjusted based on
the methodology described in Section 4.3.5, and even with the azimuthal correction, a positive 𝑉𝑦

is observed at 𝑥/𝑅 = −1. The effects that cause the azimuthal correction would have affected the
entire gap, creating high-velocity spots in different locations, but this was not observed. It is also
noted that the velocity pattern for𝑉𝑦 is not affected by the azimuthal correction, as the same pattern
of changes in velocity direction is observed for the smaller width twisted tape as the additively
manufactured velocity contour in Figure 4.32.

Figure 4.32: Nondimensionalized velocity contours of 𝑉𝑥 (Left) and 𝑉𝑦 (Right) for additively
manufactured twisted tape insert at Re = 17,700.

It is noted that the reason why the negative velocity is not observed at 𝑥/𝑅 = 1 is due to the twisted
tape resting on that side of the wall. This is further validated in the𝑉𝑧 contour plot shown in Figure
4.29 in which the velocity contour is not as continuous at that location. Additionally, the plot for
the width of 𝑤/𝐷 = 0.95 for Reynolds number of 17,700, Figure 4.34 further proves the point in
which in the occasion the twisted tape insert rests on one side of the wall, this will lead to the high
velocity only appearing in one location, (𝑥/𝑅 ≈ 1). This further causes higher velocities in the
transaxial direction when a loose-fitting twisted tape is used instead of a tight-fitting twisted tape.

Figure 4.35 plots the 𝑉𝑦 contour for the twisted tape insert of width 𝑤/𝐷 = 0.85 for the Reynolds
numbers of 4,000 on the left and 8,000 on the right. These two plots were also obtained by
subtracting the averaged \−velocity, as discussed in Section 4.3.5, and shown on the left side of
Figure 4.34. The velocity pattern is also observed in these plots even with the azimuthally average
correction. One thing that is observed in all the smaller width transaxial velocities, is that both loose-
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Figure 4.33: Nondimensionalized velocity contours of 𝑉𝑦 for the twisted tape width of 𝑤/𝐷 = 0.95
for Reynolds numbers of 4,000 (Left) and 8,000 (Right).

fitting twisted tape inserts have flow crossing between the two semi-circles and that the velocity
magnitude of this flow is consistently between 0.15 to 0.4 of the maximum 𝑧−velocity. This further
highlights the need to further understand the velocity fields that occur for smaller-width twisted
tape inserts, as that flow is hot spots occur due to the smaller twisted tape width. Furthermore, in
applications that consist of loose-fitting twisted tape inserts and the distance between the walls and
the twisted tape is large enough, there is a potential for larger transaxial velocities that were not
previously identified near the gap of the twisted tape insert. This could lead to further cold and
hot spots in the walls of the pipe at high heat flux environments, such as those in fusion or fission
reactors.

The final velocity contour shown herein consists of the velocity in the \−direction. Only two plots
are shown in Figure 4.36 for the additively manufactured twisted tape insert at a Reynolds number
of 17,700, plotted on the left, with the velocity obtained from the twisted tape of width 𝑤/𝐷 = 0.85
at a Reynolds number of 8,000, plotted on the right. The 8,000 Reynolds number was chosen as
it had the clearest representation of the phenomena on both sides of the gap between the twisted
tape and the inner diameter of the pipe. While a clear distinction and pattern are observed for the
additively manufactured twisted tape insert in which there is no flow crossing between the upper
and lower semi-circles, the same can’t be said of the counterpart. The \−velocity for the smaller
twisted tape width is dominated by the velocities occurring near the clearance of the twisted tape
insert.

A difference in the experimental contours was observed for the different geometries, as the flow
was allowed to cross between the semi-circles, resulting in great dependence on the twisted tape
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Figure 4.34: Nondimensionalized velocity contours of 𝑉𝑦 for the twisted tape width of 𝑤/𝐷 = 0.85
(Left) and 𝑤/𝐷 = 0.95 (Right) for Reynolds numbers of 17,700.

Figure 4.35: Nondimensionalized velocity contours of 𝑉𝑦 for the twisted tape width of 𝑤/𝐷 = 0.85
for Reynolds numbers of 4,000 (Left) and 8,000 (Right).

flow with the twisted tape width. The velocity contour plot of the additively manufactured twisted
tape insert is further compared with results found in the literature. Figure 4.37 shows the velocity
contour comparison for the axial velocity obtained from the additively manufactured test section
(𝑤/𝐷 = 1.0) at a Reynolds number of 17,700 and a velocity contour obtained from Smithberg and
Landis [93] at a Reynolds number of 140,000. The velocity contour for the additively manufactured
test section has a flipped 𝑥−axis and negative velocity (to maintain constant axis configuration) to
better match the swirl direction with the experiments from Smithberg and Landis [93]. The PEPT
results show a qualitatively similar flow pattern to the one observed by Smithberg and Landis. A
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Figure 4.36: Nondimensionalized velocity contours of 𝑉\ for the additively manufactured test
section for Reynolds number of 17,700 (Left) and the traditional twisted tape insert of width 𝑤/𝐷 =
0.85 (Right) for a Reynolds number of 8,000.

higher velocity was observed next to the twisted tape insert, with a lower velocity region at the
center of the pipe. Clark [74] noticed that this inflow region represents the secondary circulations
in the fluid and this secondary flow mixes the boundary layer with the freestream fluid. The
vortex flow is also responsible for the higher velocities observed near the twisted tape compared
to the region near the walls of the circular pipe. Smithberg and Landis suggest the inflow region
creates "high-velocity islands," as shown in their contour map. The high-velocity islands are higher
velocities compared to their surrounding area. While the PEPT contour plots observed in this work
do show the inflow vortex near the center of the twisted tape insert, it did not create the multiple
islands observed by Smithberg and Landis, but instead, it created a large single velocity island next
to the twisted tape in the direction of the flow. The flow velocity structures are not as grouped as
the ones observed by Smithberg and Landis. In addition, the higher velocities observed near the
twisted tape insert in comparison with the walls of the pipe can be observed by the PEPT results.

Clark [74] studied the effects the changing of the twisted tape pitch had on the velocity contour,
but concluded that the flow was not observed to be fully developed for any of the cases except for
the twisted tape of infinite pitch. Clark observed a dependence of the inflow structures observed
by Smithberg and Landis when varying the pitch of the twisted tape insert. With larger inflow
regions for the larger twisted tape pitch. Figure 4.38 shows the comparison of the same velocity
contour plot of the twisted tape insert with one of the many contour plots shown by Clark [74]
obtained through CFD and a velocity contour from Date [164] with a similar twisted tape pitch,
𝑦 = 2.25 obtained using a numerical simulation with their derived transport equations. In this case,
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Figure 4.37: Velocity contour of axial velocity (𝑉𝑧) for the additively manufactured twisted tape
insert (𝑤/𝐷 = 1.0) at a Reynolds number of 17,700 (Left) and the axial velocity contour from
Smithberg and Landis [93] at Re = 140,000 and pitch of 𝑦 = 5.15 (Right).

the contour plot of the additively manufactured test section is shown unflipped and unchanged.
The PEPT data compares better with Clark’s contour plot in the formation of the high-velocity
region as it expands across the entire semi-circle, while Date’s contour plot, shows a division of two
different high-velocity islands. A higher velocity island next to the twisted tape insert is observed
in both cases, though the computationally obtained velocity contours have a wider velocity island,
as observed in the results from Clark and Date. Though the location of the high-velocity island
in the case of Date’s results is shown to develop at a higher location, not as near the twisted tape
insert. The inflow region obtained by the PEPT data falls between the experimental data from
Smithberg and Landis [93] and the simulations from Clark [74] and Date [164], in terms of the
overall shape. Though it is noted that for the computational results, the inflow region is observed
to be off-centered when compared to the experimental results shown in this work and in Smithberg
and Landis [93].

4.4.2 Azimuthally - Averaged Velocities
Azimuthally averaged velocities were obtained by averaging the domain in 𝑧 and \ through time
and grouped into radial components. The data used in the azimuthally averaged velocities consisted
of the twisting velocities, the same ones shown in Figures 4.22 to 4.24. In addition, the azimuthal
average velocities’ uncertainties were obtained based on the least squares method, similar to the
uncertainty done for the friction factor and Nusselt number. Thus each radial data point is highly
dependent on the number of particles that pass through it, as well as the original uncertainty in
the position and velocity after the kernel filter was applied. Thus high uncertainties in Table 4.4
are propagated through the data and plotted in Figures 4.39 and 4.41. Data points that go beyond
𝑟/𝑅 ≈ 1 are caused by the discretization and the uncertainty in the particle location.
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Figure 4.38: Velocity contour of axial velocity (𝑉𝑧) for the additively manufactured twisted tape
insert (𝑤/𝐷 = 1.0) at a Reynolds number of 17,700 (Bottom) and the axial velocity contour from
Clark [74] at Re = 80,000 (Right) and Date [164] at Re = 1,200 (Left).

The 𝑧−velocities in Figure 4.39 and 4.40 were normalized by the maximum velocity in the azimuthal
average, 𝑉𝑧,𝑚𝑎𝑥 . This method collapsed the azimuthally average velocities into a common form.
Figure 4.39 plots the 𝑉𝑧 azimuthally averaged for the three twisted tape inserts at a Reynolds
number of 17,700. This plot shows how the azimuthally averaged 𝑧−velocity collapses together
at approximately 𝑟/𝑅 = 0.4 regardless of the width of the twisted tape. The major changes are
observed earlier in the velocity plot, which is contradicting what the author would have originally
expected. The 𝑧−velocity differs in shape as 𝑟/𝑅 approaches zero, since the geometry of the twisted
tape insert is similar across the different tests, this region was the one expected to match across
different twisted tape widths. This difference is attributed to the realization that the twisted tape
is not as consistent in its 𝑧 location as it is twisting in the pipe and it is not perfectly centered
throughout the geometry. This leads to velocities occurring near the center of the pipe that gets
averaged through the 𝑧 and \-directions. For the additively manufactured twisted tape insert, 𝑤/𝐷 =
1.0, the velocity does approach zero as 𝑟/𝑅 approaches 0. Additive manufacturing has proven to be
precise in its manufacturing and installation, while for traditional manufacturing the twisted tape
oscillates within the geometry in the 𝑧−direction. This leads to different parts of the twisted tape
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Figure 4.39: Averaged nondimensionalized azimuthal𝑉𝑧 for the three twisted tapes at Re = 17,700.

touching the walls at different 𝑧 and \ locations. This affects the 𝑧− velocity near the center of the
pipe as observed in the azimuthally averaged plot in Figure 4.39, while it can also create higher
transaxial velocities as discussed in Section 4.4.1. In addition, higher 𝑧−velocities were expected
for the smaller widths as 𝑟/𝑅 approached one, but this was not observed. It is concluded, that while
there is an increase in velocity at the gaps between the twisted tape and the circular pipe, as shown
in the contour plots, the high velocities are averaged with the rest of the velocities to a common
form similar to the tight fitting twisted tape insert.

This is further shown in Figure 4.40, which plots the azimuthally averaged 𝑉𝑧 for the rest of the
cases, twisted tape widths of 𝑤/𝐷 = 0.95 and 0.85 for Reynolds numbers of 8,000 and 4,000.
Similarly to Figure 4.39, the velocities collapse together at 𝑟/𝑅 ≈ 0.4 with the differences mainly
observed with the velocities near the center of the geometry. Figure 4.40 also shows how only one
velocity approaches zero at the center of the pipe, the 𝑤/𝐷 = 0.95 for a Reynolds number of 4,000.
It is unclear with the current data if this is artificial or the actual velocity. More data should be
gathered in these geometries to better understand the velocity near the twisted tape insert. The rest
of the average velocities approach 0.5 𝑉𝑧/𝑉𝑧,𝑚𝑎𝑥 as 𝑟/𝑅 approaches zero.

The final azimuthally average velocity plot consists of the \−velocity, shown in Figure 4.41. The
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Figure 4.40: Averaged nondimensionalized azimuthal 𝑉𝑧 for twisted tape widths 𝑤/𝐷 = 0.95 andd
0.85 at Re = 4,000 and 8,000.

\−velocities in this case were not corrected using the azimuthal correction of Section 4.3.5. For
this case, a different normalization value was chosen as the 𝑉𝑚𝑒𝑎𝑛 of the empty pipe velocity. This
empty pipe mean velocity is the same velocity used to define the Reynolds numbers. Normalizing
the \−velocity with the mean empty pipe velocity results in the data collapsing to a common form.
This is expected as the \−velocity is heavily dependent on the initial velocity before the twisted
tape insert. The normalized \-velocity has a similar trend for all twisted tapes as it travels from
the center of the pipe toward the pipe’s inner diameter. Additionally, the slope of the normalized
\−velocity is the same regardless of Reynolds number and twisted tape geometry. The 𝑉\ for the
loose-fitting twisted tape inserts of width 𝑤/𝐷 = 0.85 are the first to break the observed slope as
they start decreasing and trending downwards. The maximum 𝑉\ for these twisted tapes occurs at
approximately 𝑟/𝑅 ≈ 0.7. A similar trend is observed for the loose-fitting twisted tapes of width
𝑤/𝐷 = 0.95, but the velocity starts decreasing at 𝑟/𝑅 ≈ 0.8. The largest 𝑉\ observed consisted of
the additively manufactured test section, with the peak occurring at 𝑟/𝑅 ≈ 0.9. The maximum 𝑉\

for all cases doesn’t occur at the edge of the twisted tape insert’s width, but slightly earlier. For
the additively manufactured geometry, the velocity decreases due to the wall effects, but it is not
clear why the velocity decreases before the edge of the twisted tape insert in the loose-fitting cases.



119

Figure 4.41: Averaged nondimensionalized azimuthal 𝑉\ for the three twisted tape inserts of
different widths for the three different Reynolds numbers, Re = 17,700, 8,000, and 4,000.

Additionally, the large uncertainties in Figure 4.41 are mainly occurring for the twisted tape of
width 𝑤/𝐷 = 0.95 at Re = 17,700, as inspected individually the error bars are smaller in the other
cases. This large uncertainty is propagated from the initial large uncertainty in the position of the
particles by the M-PEPT code.

4.4.3 Velocity Profiles
In addition to the azimuthally average velocity plots shown in Section 4.4.2, velocity profiles were
obtained at three different angles across the semi-circle. This means that a line was drawn through
the contour plots in Section 4.4.1 at three different angles, 45𝑜, 90𝑜, and 135𝑜, to study the velocity
behavior dependent on \ and 𝑟. These angles were chosen as they interrogated the fluid flow in
equally distant locations. The highest velocities are not expected to occur in these regions. A
schematic showing the different angles used to describe the velocity profiles with respect to the
semi-circle is shown in Figure 4.42 to help visualize the velocity locations within the twisted tape
insert geometry. The velocity profiles were obtained at the gray dashed lines. Due to the two semi-
circles created in the twisted tape insert, the velocities were averaged between the two semi-circles.
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Thus the 45𝑜 angle contains both the 45𝑜 and the 225𝑜 angles since the 225𝑜 is located at a 45𝑜

from the horizontal plane opposite to the twisting direction. The 90𝑜 angle was also averaged with
the 270𝑜 angle and the 135𝑜 with the 315𝑜 angle.

Figure 4.42: Schematic describing the linear locations based on the counter-clockwise angles with
the red arrow in the direction of the twist.

Figure 4.43: Nondimensional 𝑧−velocity profiles for the additively manufactured twisted tape insert
(𝑤/𝐷 = 1.0) at Re = 17,700 for 45𝑜, 90𝑜, and 135𝑜 angles.

The nondimensionalized 𝑧−velocity for the additively manufactured twisted tape insert is shown
in 4.43 normalized by the maximum velocity in the 𝑧−direction. While the three velocities have
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a similar trend, the highest velocity was found to be in the 45𝑜 angle, or near the 45𝑜 angle, in
the direction of rotation. It is interesting to note that the velocity fields for the 90𝑜 and 135𝑜

angles follow the same trend as 𝑟 is increasing. This phenomenon, and the contour plots, show a
larger velocity is expected near the twisted tape insert in the direction of twist and it then becomes
\ independent. All three velocities plots are also skewed towards the wall. Meaning that the
maximum velocity occurs at a radial location 𝑟/𝑅 > 0.5. The maximum velocity occurs near 𝑟/𝑅 =
0.7 for the 45𝑜 and the 135𝑜 angles, while for the 90𝑜 angle it occurs near 𝑟/𝑅 = 0.6. Additionally,
the velocity is higher after the maximum velocity, or near the pipe’s wall, than near the center of the
geometry. This is contrary to what was observed in the contour plots, in which a higher velocity
was observed near the twisted tape insert. This is still true in the 𝑦−direction, but the inflow region
is in the radial location interpolated, thus it shows an increased velocity bias for the velocities near
the wall instead of the twisted tape.

Similar linear velocity data were obtained at the same angles for the loose-fitting twisted tape
inserts, with the velocity profiles for the same Reynolds number, Re = 17,700, shown in Figure
4.44 for the two different widths. The velocity profile of the twisted tape of width 𝑤/𝐷 = 0.95
follows a more similar trend to the one from the additively manufactured test section, in which a
clear rise and fall near the wall and twisted tape insert are observed, with a higher velocity found
for the 45𝑜 than for the other two angles interrogated. The velocity trend for the bigger width also
doesn’t fully match the same pattern observed for the additively manufactured twisted tape insert.
The shape is not as skewed towards the pipe’s wall, but instead, it seems to have a more symmetric
trend. Additionally, the location for the maximum velocity of each velocity profile is shifted closer
to the center of the geometry. For the 45𝑜 angle, the maximum velocity was found at 𝑟/𝑅 ≈ 0.6,
while for the 90𝑜 and 135𝑜 angles, it was found at 𝑟/𝑅 ≈ 0.5.

The smaller width velocity data, 𝑤/𝐷 = 0.85 does not follow the same trend as the larger width and
tight-fitting twisted tape insert. It is important to note, that these velocity profiles were obtained
with the corrected azimuthal velocity, but the correction only affects the 𝑥 and 𝑦−velocities. This
trend was also observed for the contour plots in Section 4.4.1, in which the 𝑧−velocity contour plot
was not showing the same velocity structures found for the tighter twisted tape inserts. Instead, the
velocity plots for the smaller width, 𝑤/𝐷 = 0.85, are almost indistinguishable from one another,
creating a smoother velocity profile that doesn’t seem to be dependent on the angle. In addition,
the velocity data for the smaller width has a flatter distribution with reaching a steady velocity, in
relationship to 𝑟/𝑅, at a smaller radial position (𝑟/𝑅 ≈ 0.15). The velocity profiles for all three
angles for the smaller-width twisted tape also show no clear velocity maximum.

The 𝑧−velocity profiles for the twisted tape insert of width 𝑤/𝐷 = 0.95 for Reynolds numbers of
4,000 and 8,000 are shown in Figure 4.45. Similarly to the velocity shown in Figure 4.44 for the
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Figure 4.44: Nondimensional 𝑧−velocity profiles for the twisted tape widths 𝑤/𝐷 = 0.95 and 0.85
at Re = 17,700 for 45𝑜, 90𝑜, and 135𝑜 angles.

same twisted tape width, a higher velocity was found at a 45𝑜 angle in comparison with the other
two angles independent of the Reynolds number. In addition, the same phenomenon was observed
in which the 90𝑜 and 135𝑜 angles velocity profiles follow the same trend between them. While it
wasn’t as clear in the contour plots, the velocity profiles show a more apparent difference between
the different Reynolds numbers. A higher velocity was observed near the twisted tape insert (𝑟/𝑅 <

0.5) for the 45𝑜 angles for both Reynolds numbers, Re = 4,000 and 8,000. Additionally, the location
of the maximum velocity is shifted closer to the center of the geometry, for the Reynolds number of
8,000 it is located at 𝑟/𝑅 ≈ 0.45, while for the Reynolds number of 4,000, it is located at 𝑟/𝑅 ≈ 0.4.
The velocity profiles for the 90𝑜 and 135𝑜 angles are flatter and not as skewed toward the pipe’s
wall as was previously observed. The velocity profiles start differing near the twisted tape insert
(𝑟/𝑅 approaches zero), this highlights how the movement of the twisted tape insert inside the pipe
creates further changes in the velocity fields.

The final 𝑧−velocity profiles are shown in Figure 4.46, for a twisted tape width of 𝑤/𝐷 = 0.85 at
Reynolds numbers of 8,000 and 4,000 for the same angles. This plot also shows how the velocity
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Figure 4.45: Nondimensional 𝑧−velocity profiles for the twisted tape width of 𝑤/𝐷 = 0.95 at Re =
8,000 and 4,000 for 45𝑜, 90𝑜, and 135𝑜 angles.

profiles for the smaller width, 𝑤/𝐷 = 0.85, have a flatter top than the previous velocity profiles.
The smaller width also creates a more uniform velocity profile across \, as the velocity profiles do
not show a higher velocity profile for the 45𝑜 angle compared to the 90𝑜 and 135𝑜 angles.

Similarly to the azimuthal plots, the exact location of the twisted tape insert for both loose-fitting
twisted tape inserts is not as apparent and clear as the additively manufactured twisted tape insert
as the velocity near the center of the pipe does not reach zero. This was previously explained
with how the twisted tape is moving around inside the pipe and through the 𝑧−averaging done to
calculate the Eulerian velocities the exact location of the twisted tape insert is lost. This location of
the twisted tape insert could be mitigated for PEPT experiments by adding supports to the twisted
tape to maintain a constant location as it travels through the pipe. This kind of work has been done
to study the friction factor and Nusselt number of twisted tape inserts, with the leading correlations
obtained using this exact method in their experiments. This is usually not how they are introduced
in the geometry and as it was concluded in Section 3, this creates a discrepancy when understanding
the true phenomena that occur in twisted tape inserts. While having a perfect twisted tape insert
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Figure 4.46: Nondimensional 𝑧−velocity profiles for the twisted tape width of 𝑤/𝐷 = 0.85 at Re =
8,000 and 4,000 for 45𝑜, 90𝑜, and 135𝑜 angles.

might be ideal for real scenarios, most fabrication techniques, using traditional manufacturing, of
twisted tape inserts create small variations between them and the method they are installed.

4.4.4 Vorticity
In order to better understand the vortices that occur in the twisted tape geometry, the vorticity in
the 𝑧−direction was calculated for the additively manufactured twisted tape insert, defined as:

𝑤 =
𝜕𝑉𝑦

𝜕𝑥
− 𝜕𝑉𝑥

𝜕𝑦
. (4.13)

Figure 4.47 compares the vorticity of the additively manufactured twisted tape insert with the
vorticity calculated by Wiggins et al [131] for a twisted tape insert of pitch 𝑦 = 3, Reynolds
number of 20,000 and 𝑤/𝐷 = 0.93. The plot from Wiggins et al [131] has inverted 𝑥 and 𝑦−axis
when compared to the current results which can lead to differences in the direction of the vorticity
compared between the two plots. While the vorticity magnitudes are different in the two twisted
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tape inserts, one thing to note is the regions of high vorticity. In both cases, the high vorticity
regions appear near the twisted tape insert. In addition, the vorticity observed by the additively
manufactured test section has a pattern behavior comparable with the one obtained by Wiggins et
al [131]. The gap created by the loose-fitting twisted tape insert further

Additionally, Wiggins et al reported the visualization of two secondary flows occurring in the top
half of the channel with a single one occurring in the bottom half. These secondary flows were
heavily dependent on the location of measuring flows

Figure 4.47: Vorticity with velocity quivers of additively manufactured twisted tape insert at Re =
17,700 (Left) with vorticity and velocity quivers from Wiggins et al [131] at Re = 20,000 (Right).

Two large regions of high vorticity are observed away from the twisted tape insert that allows
for the formation of helical vortices. These regions are highlighted in Figure 4.47. The same
helical vortices that Cazan and Aidun [130] observed in the free stream after the twisted tape insert.
In addition, Cazan and Aidun observed the helical vortices originated near the twisted tape and
drifted away toward the center of the semi-circle. It is theorized that the large 𝑧−velocities created
by the twisted tape insert observed in the contour plots, Figure 4.25, push the helical vortices to
be off-centered in the semi-circle towards the regions of lower 𝑧−velocity. The current data are
obtained at more than 20 diameters from the inlet, thus the formation of these helical vortices is
not captured, but their location away from the twisted tape insert is confirmed.

The vorticity in the smaller width twisted tape insert (𝑤/𝐷 = 0.85) was also calculated and shown
in Figure 4.48 for a Reynolds number of 4,000. The loose-fitting twisted tape insert creates a
pair of swirls that initiate at the gap of the twisted tape insert. The clockwise vortex (red circles
in the selection of Figure 4.48) that occurs is a direct creation of flow crossing between the two
semi-circles. The vortex travels and dissipates as it travels from the origin source of the gap of the
twisted tape insert. The red vortex then creates a counter-rotating vortex (the blue region to the
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right of the red one). The same phenomenon is observed on the opposite side of the twisted tape
insert (𝑟/𝑅 = 1), but not as pronounced as the highlighted one. The swirls that are occurring near
the twisted tape gap dominate the rest of the transaxial flow in the twisted tape insert. This was
observed in the contour plots in Section 4.4.1 and further highlighted by the disappearances of the
previously identified vortex regions in Figure 4.47.

Figure 4.48: Vorticity of the loose-fitting twisted tape insert of width 𝑤/𝐷 = 0.85 at Reynolds
number of 4,000.

This is further shown in Figure 4.49. Figure 4.49 plots the vorticity for the twisted tape insert of
width 𝑤/𝐷 = 0.85 at Reynolds numbers of 8,000 and 17,700, respectively. The vortices created
by the transfer between semi-circles are also observed at the higher Reynolds numbers in the same
regions. The same clockwise and counter-clockwise vortex is formed at the gap of the twisted tape
insert, but they are further propagated in the rest of the flow. While at the Reynolds number of
4,000, the vortices created by the gap between the twisted tape slowly dissipate to the rest of the
flow, the vortices created at higher Reynolds numbers seem to dominate and propagate to the rest of
the semi-circle geometry. The vortices previously observed for the additively manufactured twisted
tape insert at a Reynolds number of 17,700 completely disappear for the smallest width geometry at
the same Reynolds number. The loose-fitting twisted tape of width 𝑤/𝐷 = 0.85 creates a different
pattern of mixing, as the two competing effects of the swirling motion of the twisted tape insert and
the flow crossing between the two semi-circles are competing. It is interesting to note the change
of direction of rotation of the swirls changes as the Reynolds number increases.
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Figure 4.49: Vorticity of the loose-fitting twisted tape insert of width 𝑤/𝐷 = 0.85 at Reynolds
number of 8,000 (Left) and 17,700 (Right).

The secondary flow observed by Clark et al [74, 85] that resulted in higher wall temperatures, lower
localized heat transfer, and a thicker boundary layer was observed in the additively manufactured
twisted tape insert at two opposite locations that are further pushed by the high-velocity islands
created by the twisting motion. These secondary flows can result in localized hot spots in the
material as the flow is not allowed to properly mix with the rest of the flow in high heat flux
applications. The loose-fitting twisted tape insert of width 𝑤/𝐷 = 0.85 created secondary flows
close to the wall that further propagated to the rest of the half channel. The vorticity contour for the
Reynolds number of 4,000 shows that a transaxial flow separation is created by the flow crossing
from the opposite channel. This flow separation can lead to larger hot spots in the material than
those observed in the tighter twisted tape insert.

4.4.5 Reynolds Stresses and turbulent kinetic energy
Positron Emission Particle Tracking (PEPT) has been used previously to obtain Reynolds stresses
in a circular pipe [141, 143] by radially binning the geometry. This method was initially explored to
obtain Reynolds stresses and the turbulent kinetic energy of the twisted tape insert as a function of
radius. Unfortunately, the radial binning used does not properly interrogate the flow as the geometry
is not \ independent as it is in a circular pipe. Initial results did not show a clear representation of
the flow structures in the twisted tape insert. This resulted in the same methodology used to obtain
the contour plots in Section 4.4.1 to be implemented to obtain Reynolds stresses in the twisted tape
insert. The Reynolds stress in the 𝑧−direction is defined as:

𝑉𝑧(𝑡) = 𝑉𝑧 + 𝑣′𝑧, (4.14)
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where𝑉𝑧(𝑡) is the instantaneous velocity at time 𝑡,𝑉𝑧 is the averaged velocity, and 𝑣′𝑧 is the fluctuating
term of the velocity.

The turbulent kinetic energy was also explored for this work, which is defined as:

𝑘 =
1
2

((𝑣′𝑥)2 + (𝑣′𝑦)2 + (𝑣′𝑧)2), (4.15)

where the (𝑣′𝑥)2 and (𝑣′𝑦)2 were obtained using Equation 4.14, but for the 𝑥− and 𝑦−directions.

In this work, only the Reynolds stresses and turbulent kinetic energy of the additively manufactured
twisted tape insert are presented. Figure 4.50 plots the Reynolds stress 𝑣𝑧𝑣𝑧 nondimensionalized
by the maximum velocity in the 𝑧− direction with the turbulent kinetic energy nondimensionalized
by the maximum velocity. Fully convergence issues are expected in these results, as more data is
required to better converge higher statistical data. Only the results of the additively manufactured
twisted tape insert show any concluding remarks as these variables were observed to be more
dependent on the location of the twisted tape insert. A large region of high turbulent kinetic energy
was observed at the corners of the semi-circle. The same region of high turbulent kinetic energy
was observed by Wiggins et al [131] with loose-fitting twisted tape inserts. Higher turbulent kinetic
energy was also observed in locations near the wall of the circular pipe, this was also noted by
Wiggins et al [131], which agrees with higher turbulent kinetic energy near the walls for pipe flow.
These higher turbulent kinetic energy spots allow for better mixing of the flow.

Figure 4.50: Reynolds stresses 𝑣
′2
𝑧 (Left) and Turbulent Kinetic Energy, 𝑘 , (Right) for additively

manufactured twisted tape insert at Re = 17,700 normalized by the maximum 𝑉2
𝑧 .

The Reynolds stresses in the 𝑥 and 𝑦−directions are smaller in comparison with those in the
𝑧−direction, thus the contour of the Reynolds stress 𝑣

′2
𝑧 is qualitatively similar to the one of the
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turbulent kinetic energy. No main conclusions could be drawn from this experimental set for either
turbulent characteristics of interest. A much larger data set is required for a more meaningful
conclusion and analysis. This is left for future work.

4.5 Conclusion
Positron emission particle tracking has been used to interrogate the velocity fields of complex
geometry in a passive heat transfer enhancement technique, twisted tape inserts. Contour velocity
data shows a clear dependence on the width of the twisted tape, a parameter that has been neglected
in studying the majority of twisted tape insert experiments and computational efforts. Manglik
[73] mainly explores the velocity contours that arise when the thickness of the twisted tape insert
is varied in a non-twisting geometry. While the results show a clear flow pattern dependence, the
effects caused by the gap between the twisted tape insert and the circular pipe showed to be more
dominant in this work.

The velocity contours in Section 4.4.1 show a clear dependence in the velocity structures when
the twisted tape width is varied. The velocity contour for the additively manufactured twisted
tape insert represents the ideal scenario in which the perfect conditions of the twisted tape insert
are achieved and thus create a flow velocity pattern that has been compared with others found in
literature [74, 93, 164]. While the twisted tape width of 𝑤/𝐷 = 0.95 has qualitatively similar
velocity contours, the flow that crosses between the two semi-circles further affects the formation
of the large velocity islands and the inflow region previously described and identified in Smithberg
and Landis [93]. The inflow region was observed to be dependent on the Reynolds number as the
overall size of the inflow region increased with increased Reynolds number. Additionally, only a
single velocity island was observed through the PEPT results in a semi-circle region, instead of
the two main high-velocity islands observed by Smithberg and Landis. The same pattern in the
high-velocity islands was also observed for the twisted tape insert of width 𝑤/𝐷 = 0.95 across three
Reynolds numbers. Numerical simulations predict the creation of another velocity island further
away from the motion of the twist, which was not observed in the current experimental work.
Additionally, the large velocity islands and the inflow region are less apparent or as dominant in
the loose-fitting twisted tape insert of width 𝑤/𝐷 = 0.85. The large velocity islands and the inflow
region are not allowed to properly form due to the flow crossing between semi-circles. Additionally,
the velocity contours in the 𝑥 and 𝑦−directions showed a clear dependence on twisted tape width.
The highest velocities observed for the additively manufacturing twisted tape insert were observed
near the twisted tape, while for the loose-fitting twisted tape inserts, they were observed near the
gap of the twisted tape width.

The difference in flow patterns is further observed with the azimuthally averaged velocity profiles
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and the velocity profiles obtained at different angles. A higher velocity was found near the 45𝑜

angle for the additively manufactured twisted tape insert and the twisted tape of width 𝑤/𝐷 = 0.95,
but a flatter velocity profile was observed in the smaller width twisted tape insert 𝑤/𝐷 = 0.85.
Additionally, the \−velocity for all twisted tape inserts was observed to collapse to a common form
regardless of Reynolds number when normalized by the mean velocity of the empty pipe before the
twisted tape insert. This highlights that the main driving component of the \−velocity is the twisting
of the flow. The azimuthally averaged \−velocity also shows a decrease in velocity not occurring
at the edge of the twisted tape insert, but earlier in the geometry, which is counterintuitive to what
would be expected with the highest velocity occurring at 𝑟/𝑅 ≈ 𝑤/𝑅. While for the additively
manufactured twisted tape insert, the lower maximum \−velocity occurring before 𝑟/𝑅 = 𝑤/𝑅

agrees with the no-slip boundary condition occurring at the wall, this does not explain why the
velocity decreases before the end of the twisted tape. Instead, the velocity decreases due to the flow
crossing between the two semi-circles. Additionally, the large 𝑦−velocities observed in the contour
plots for the loose-fitting twisted tapes are not captured in the azimuthally averaged \−velocity,
thus while it is higher at certain locations it does not fully affect the azimuthally averaged 𝑉\ .

Manglik and Bergles [73, 86, 87] further predicted different flow structures and regimes of these
twisted tape inserts that occur as the Reynolds number increases. The current work did not show
or provide context for the differences in regimes that they initially predicted. The majority of the
flow structures were dominated by the twisting motion and the width of the twisted tape insert.
Future data should be collected in much lower Reynolds numbers. The Reynolds number of 4,000
provided a benchmark for the low Reynolds number, as the twisted tape inserts have been shown to
suppress turbulence, but the data did not provide a reliable conclusion for the different flow regimes
expected to have been observed.

The vorticity for the additively manufacturing twisted tape test section was similar to those observed
by Cazan and Aidun [130]. Though their results mainly focus on the study of the free stream flow
after the twisted tape insert, the formation of the swirling vortices in additive manufacturing agrees
with their vortices. Additionally, smaller vortices are observed created near the walls of the twisted
tape insert with opposite swirling motions highly dependent on the location of the twisted tape.
These high vortices create instabilities in the location of the twisted tape insert. While they do
not create changes in the location of the twisted tape insert in the additively manufactured test
section, they further affect the stationary location of the twisted tape insert in the loose-fitting
twisted tapes. The vorticity of the loose-fitting twisted tape insert of width 𝑤/𝐷 = 0.85 further
shows the creation of two swirls counter rotating swirls that are born due to the cross-flow through
the gap of the semi-circles. These small vortices propagate further into the geometry affecting the
overall transaxial velocity behavior.
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Finally, while Reynolds stresses and turbulent kinetic energy was obtained for the additively
manufactured twisted tape insert, it does not fully capture these turbulent characteristics of the flow.
Methodology previously done to obtain these quantities in a circular pipe was initially explored
with little success. PEPT is capable of calculating these quantities as they have been reported
previously in the literature [131, 141, 143]. The turbulent kinetic energy matches are qualitatively
similar to the one obtained by Wiggins et al [131] with high turbulent kinetic regions near the walls
of the pipe and at a corner near the twisted tape insert and the walls of the pipe. Unfortunately, a
larger data set is required to better capture this turbulence phenomenon.
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C h a p t e r 5

CONCLUSION AND DISCUSSION

In this work, a passive heat transfer enhancement technique was studied that is currently considered
for high heat flux applications, i.e. twisted tape inserts, in molten salt heat transfer systems. Molten
salts are currently sought in innovative energy applications due to their efficient heat transfer
properties and high operating temperatures. Unfortunately, these high operating temperatures, and
the corrosive nature of the molten salt, make it challenging to study the heat transfer systems of
these molten salts in laboratory settings. Additionally, the cost alone of buying large quantities
of the molten salt required for accurate heat transfer studies exceeds the budgetary constraints
of an early-stage university laboratory setup. That is without considering the high price tag of
components and instrumentation that can withstand the operating temperatures of the molten salts.
Initial heat transfer experiments that used molten salts typically focused on a simple geometry, a
circular pipe. Initial results of the heat transfer characteristics of the molten salts led engineers to
believe that molten salts had a unique heat transfer behavior, as Nusselt number predictions did not
match conventional correlations. This was later dismissed as the lack of accurate thermophysical
properties of the molten salts and the formation of the resistive layer were the cause of the inaccurate
Nusselt number calculations. Due to this, surrogate fluids were sought that mimic heat transfer
characteristics of molten salts at lower temperatures to explore more complex geometries.

Water was found to be a surrogate fluid for five molten salts, LiF - NaF - KF (FLiNaK), NaNO3

- KNO3, NaNO3 - NaNO2 - KNO3, LiCl - KCl, and NaF - NaBF4, for heat transfer experiments.
Water matched the Prandtl number, a nondimensional number that quantifies the thermophysical
properties of a fluid, of these molten salts at lower operating temperatures. The distortions that arise
when using a surrogate fluid were studied, with the conclusion that the distortions were heavily
dependent on the uncertainty of the thermophysical properties of the molten salt. For the largest
distortion, water as a surrogate for NaNO3 - KNO3, the uncertainty in the thermophysical properties
of the molten salt trumped or matched the distortion itself. Therefore, with improved quantification
of the uncertainty in the thermophysical properties, the distortion might decrease. Further studies
on the effects of improved uncertainty should be done to better quantify the overall distortion.

Additionally, a methodology for the propagation of the Prandtl number distortions to Nusselt
number experimental data was done. The distortion in the Prandtl number was propagated to
Nusselt number experimental data in a one-to-one relationship for a nonconservative analysis.
The resulting Nusselt number probabilities showed smaller bandwidths than the experimental
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uncertainty for NaNO3 - NaNO2 - KNO3 and NaF - NaBF4, while for NaNO3 - KNO3 it skewed
to lower Nusselt numbers. This methodology proved the further feasibility of water as a surrogate
fluid for these molten salts and showed a method of nonconservative interpretation of the Prandtl
number distortions propagated to the Nusselt number experimental data. In reality, the distortion
probabilities depicted in Figures 2.17 to 2.19 are expected to decrease when propagated accordingly
with Prandtl number and Nusselt number relationships.

The thermal performance and fluid flow of twisted tape inserts were studied using water as a
surrogate fluid. Friction factor data was collected for eight different twisted tape geometries of
varying pitch, 𝑦, and width, 𝑤/𝐷, at Reynolds numbers ranging from ≈ 3,000 to 40,000. Relevant
friction factor correlations failed to accurately predict the current experimental data, with the
correlation for Manglik and Bergles [86, 87] accurately predicting the friction factor of a tight-
fitting twisted tape insert 𝑤/𝐷 = 1.0. This led to the derivation of a factor to be added to the
Manglik and Bergles correlations to account for loose-fitting twisted tape inserts. Initial work was
done to develop correlations based on the hydraulic diameter of the twisted tape insert, to better
account for the loose-fitting geometry, but matching exponents in the correlation would simply
create another correlation in the countless out there which are only applicable to specific operating
conditions. Thus, the addition of the factor to Manglik and Bergles correlation was chosen to better
account for the wide range in their correlation with the addition of the current one and further
account for loose-fitting twisted tape insert data. Friction factor predictions with the adjusted
correlations matched with the experimental data across the seven loose-fitting twisted tapes, within
experimental uncertainty.

Nusselt number data was obtained for three twisted tape inserts for pitches 𝑦 = 1.9, 2.86, and 3.81
and width 𝑤/𝐷 = 0.95, at Reynolds numbers ranging from ≈ 3,000 to 24,000. Correlations found
in the literature varied in the overall prediction of the experimental data. The most widely used
correlations for heat transfer in twisted tape inserts describe a big jump in the transition between
the laminar regime to the turbulent regime, with larger discontinuity for tighter pitches. This was
not observed in the current experimental data, and the same shape of the data was observed for
analytically derived correlations. The majority of the correlations isolate the fin effects created by
the conduction between the walls of the pipe and the twisted tape insert. The current methodology
is not sensitive enough to account for the fin effects observed in the data.

A channel flow methodology was explored as a method to predict friction factor and Nusselt number
in the twisted tape inserts. The friction factor collapsed to a common form for all loose-fitting
twisted tape inserts, while for the tight-fitting twisted tape insert (𝑤/𝐷 = 1.0), it failed to transform
the friction factor to the same common form. The Nusselt number data also collapsed to a common
form, regardless of the twisted tape pitch. The channel flow methodology can provide further
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insights into the overall physics that is occurring inside these twisted tape inserts. The theorized
jump in the Nusselt number data was observed for the channel flow transformation, though not as
dependent on twisted tape pitch as all the data collapsed together to a common form. The treatment
of channel flow for twisted tape inserts can lead to further applications of fouling and roughness in
channel flow to be suitable for twisted tape inserts, as these behaviors are not fully understood in
twisted tape insert geometries.

In addition, thermal performance was calculated for the three twisted tape inserts of width 𝑤/𝐷 =
0.95. Unfortunately, the uncertainty between both the friction factor and Nusselt number further
propagated to the thermal performance for which no clear difference was observed between the
three pitches. Literature has reported an increase in thermal performance with tighter twisted tape
pitches, but this was not concluded in the current work. An increase in thermal performance was
observed at lower Reynolds numbers for the three twisted tape inserts. Additionally, the thermal
performance was observed to be dependent on the fluid used. Lower Prandtl number fluids showed
lower thermal performance across all Reynolds numbers, with the exception of one study found in
the literature. Further reinforcing the benefits of twisted tape inserts for high Prandtl number fluids,
such as molten salts.

Fluid flow studies done using positron emission particle tracking on twisted tape inserts revealed
interesting phenomena in the underlying flow structures. Three twisted tape inserts were studied
with similar twisted tape pitch of 𝑦 ≈ 2.8, at Reynolds numbers of 17,700, 8,000, and 4,000. These
Reynolds numbers encompassed the laminar, transitional, and turbulent regime in the twisted tape
inserts. The fluid flow contours for the twisted tape insert of a width of 𝑤/𝐷 = 1.0 agreed with
those previously reported in literature [68, 93, 131, 164]. High-velocity islands were reported near
the twisted tape insert created by the rotation of the flow with the addition of an inflow region
found at the center of the twisted tape insert. These two flow structures were heavily dependent on
the width of the twisted tape insert, as they completely disappeared for the smallest width, 𝑤/𝐷 =
0.85. This behavior impacted the velocity profiles obtained across the different twisted inserts. The
twisted tape inserts of width 𝑤/𝐷 = 1.0 and 0.95 reported higher velocities occurring near the 45𝑜

angle, while the twisted tape width of 𝑤/𝐷 = 0.85 had a better mix in the fluid flow as the velocity
profiles had a similar behavior across the three different angles studied. The transaxial velocity,
𝑉\ , of the twisted tape insert was governed by the twisting motion of the twisted tape insert, as
all azimuthally averaged \−velocities collapsed together when normalized by the mean flow of the
empty pipe prior to the twisted tape insert.

The two locations of the vortices observed in the free stream flow after the twisted tape insert by
Cazan and Aidun [130] were found in the twisted tape flow. The regions of high vorticity in the
twisted tape insert were located near the twisted tape insert creating instabilities in the location
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of the twisted tape insert further noted in the loose-fitting twisted tape inserts. Additionally, the
vortices observed for the loose-fitting twisted tape insert of 𝑤/𝐷 = 0.85 showed the stream-like
vortices emerging at the gap of the twisted tape insert with the walls. These vortices propagated
through the rest of the geometry influencing the overall flow structures at the higher Reynolds
numbers.

5.1 Summary of findings
In short, the following summarizes the key findings of this work:

• Water showed to be a proper surrogate fluid for heat transfer experiments for five different
molten salts.

• A methodology to quantify the distortions that occur between the surrogate fluid and molten
salt was developed and further applied to experimental data.

• The distortions observed between water and the five molten salts can be mitigated with more
accurate thermophysical properties of the molten salts.

• A channel flow transformation of the twisted tape insert geometry can provide further in-
sight into the underlying fluid flow phenomena occurring to further understand fouling and
roughness in twisted tape inserts.

• A factor that accounts for loose-fitting twisted tape inserts was added to the most widely used
friction factor correlations with good agreement with current experimental data.

• The Nusselt number channel flow correlation requires a 𝐶 coefficient for the centrifugal
component of the overall Nusselt number. Current experimental data showed an under-
prediction at lower Reynolds for the original correlation, and the 𝐶 coefficient was adjusted
to better match current experimental data.

• A critical Reynolds number of the turbulent region was defined based on the hydraulic
diameter and the channel flow velocity, 𝑅𝑒𝑐𝑟 = 𝑅𝑒∗ = 10,000.

• Twisted tape inserts improve the thermal performance of heat exchangers, especially at low
Reynolds numbers.

• Twisted tape width showed to be a crucial geometric parameter in the overall friction factor
and fluid flow characteristics of twisted tape inserts. Something that only a handful of papers
in the literature have explored thus far.
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• The gap between the twisted tape insert and the circular pipe can create vortices that affect
the overall flow structures.

In general, it is recommended that if a twisted tape insert is to be used in a heat exchanger, the
overall twisted tape width should closely match the inner diameter of the pipe for better tight-fitting
geometry. This will avoid unwanted flow structures that arise from the flow crossing between the
two semi-circles and the fin effects created by the contact between the twisted tape and the walls at
high heat flux environments will further improve the heat transfer.

5.2 Future Work
Future work is suggested herein as a path forward in the three main topics covered in this work.
Based on the current findings and conclusions, future work is presented as a way to keep curiosity
going for future researchers.

For the surrogate fluids work, the distortion propagation that was used in this work between the
Prandtl number and Nusselt number should be studied further. This type of effort could only be
done through molten salt heat transfer experiments and through the comparison of the predicted
Nusselt number from the surrogate fluid and the actual molten salt result. On a trip to the Molten
Salt Workshop hosted by Oak Ridge National Laboratory in the Fall of 2022, the author found out
that is exactly what the molten salt reactor start-up company TerraPower is working on. TerraPower
has studied different chloride salt heat transfer phenomena using surrogate fluids and is currently
working on large integral effects testing facility to further study the predictions done by the surrogate
fluids [165]. In addition, understanding the chemical effects of the molten salts are important to
accurately implement the heat transfer results using surrogate fluids, but this is left for future work.
Further work should be done in the collection of thermophysical properties with similar molar
compositions and temperature ranges.

The additively manufactured test sections require further testing for accurate heat transfer results.
The methodology described in this work, of the surface thermocouples for wall temperatures, was
devised with the additively manufactured test sections in mind. Further work in the quantification
of the thermal conductivity of the resin is required for accurate heat transfer measurements. The
majority of heat transfer results reported in the literature with additive manufacturing components
concluded that the lack of knowledge of the thermophysical properties of the resin was the leading
factor to the lack of agreement with traditional correlations. With the proper groundwork, the
FAST Research Group can possibly create and design heat transfer test sections that have never
been developed before, with the ability to test the friction factor, heat transfer, and even fluid flow
(through PEPT) of these novel geometries.



137

5.3 Final remarks
The work summarized in this dissertation comprised four years of work at Virginia Commonwealth
University (VCU) for the FAST Research Group with the help of various bright-minded individuals
at different stages of the four years. The author can’t express enough gratitude towards his colleagues
who kept pushing in different stages of this work. To my advisor, Dr. Carasik, thank you for helping
me push through some crazy ideas and for guiding me with topics to cover. To Dr. Cody S. Wiggins,
my time as a fellow PEPTer was short, but I hope I made you proud with some of my work and
findings. PEPT was far more complex and complicated than I ever imagined. I will always cherish
the long days working in the development, construction, and testing of MSETF-1 and you sparking
an interest in baseball in me. To the entire FAST-Research group, teaching and learning with you
all has been a pleasure. Thank you for making work interesting and challenging.

To whomever reads this thesis, thank you for your time and attention. Muchas gracias a todos.
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A p p e n d i x A

NONDIMENSIONALIZING, SCALING, AND OTHER SURROGATE FLUIDS

To show the viability of surrogate fluids, this Appendix focuses on nondimensionalizing the con-
servation equations and discussing the effects of using surrogate fluids for molten salt heat transfer
experiments, distortions. This appendix consists of work published under Cabral et al [8].

A.1 Nondimensionalizing the Conservation Equations
This section describes the methodology used to nondimensionalize the conservation equations to
obtain parameters of interest, such as the Reynolds and Prandtl numbers.

The first equation to be nondimensionalized consists of the momentum equation of the Navier-
Stokes equations:

𝜌 · (
𝜕
−→
𝑉

𝜕𝑡
+
−→
𝑉 ∇−→𝑉 ) = −∇𝑃 + ` · ∇−→𝑉

2
+ 𝜌 · 𝑔. (A.1)

To nondimensionalize it, a set of nondimensional quantities are introduced, defined by an asterisk
(∗):

𝑉∗ =
−→
𝑉

𝑈0
; 𝑃∗ =

𝑃

𝜌 ·𝑈2
0

; ∇∗ = ∇ · 𝐿𝐶 ; 𝑡∗ =
𝑡 ·𝑈0

𝐿𝐶

; 𝑔∗ =
𝑔

𝑔𝐶
, (A.2)

where𝑈0 is the free stream velocity, 𝐿𝐶 is a characteristic length and 𝑔𝐶 is a gravitational constant.
Substituting Equation A.2 into Equation A.1 yields:

𝜌 · (
𝜕𝑉∗

𝜕𝑡∗
𝑈2

0
𝐿𝐶

+
𝑈2

0
𝐿𝐶

𝑉∗∇∗𝑉∗) = −∇
∗

𝐿𝑐

𝑃∗𝜌𝑈2
0 +

`∇∗2

𝐿2
𝑐

𝑉∗𝑈0 + 𝜌𝑔∗𝑔𝐶 . (A.3)

Multiplying both sides by the factor of 𝐿𝐶/𝜌𝑈
2
0 :

𝜕𝑉∗

𝜕𝑡∗
+𝑉∗∇∗𝑉∗ = −∇∗𝑃∗ +

`∇∗2

𝐿𝑐𝜌𝑈0
𝑉∗ + 𝑔∗

𝑔𝐶𝐿𝐶

𝑈2
0

. (A.4)

From Equation A.4, nondimensional numbers: Euler, 𝐸𝑢, Reynolds, 𝑅𝑒, and Froude, 𝐹𝑟 , are
introduced:
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𝜕𝑉∗

𝜕𝑡∗
+𝑉∗∇∗𝑉∗ = −∇∗ · 𝐸𝑢 +

∇∗2𝑉∗

𝑅𝑒
+

𝑔∗

𝐹𝑟2 . (A.5)

Reynolds number is defined in Equation 2.2, while the Euler and Froude number are:

𝐸𝑢 =
𝑃

𝜌𝑈2
0

= 𝑃∗; 𝐹𝑟 =
𝑈0√
𝑔𝐶𝐿𝐶

. (A.6)

The energy equation is defined as:

𝜌 · 𝑐𝑃 · (
𝜕𝑇

𝜕𝑡
+
−→
𝑉 · ∇𝑇) = 𝑘∇2𝑇, (A.7)

where 𝑐𝑃 and 𝑘 are the specific heat and thermal conductivity of the fluid,and 𝑇 is the temperature.
Using similar nondimensional quantities as Equation A.2, and adding:

\∗ =
𝑇 − 𝑇 𝑓

𝑇𝑖 − 𝑇 𝑓

, (A.8)

where 𝑇𝑖 and 𝑇 𝑓 are arbitrary initial and final temperatures. Substituting the variables yields:

𝜌𝑐𝑃𝑈0

𝐿𝐶

(
𝜕\∗(𝑇𝑖 − 𝑇 𝑓 )

𝜕𝑡∗
+𝑉∗∇∗\∗(𝑇𝑖 − 𝑇 𝑓 )) =

𝑘

𝐿2
𝑐

∇∗2\∗(𝑇𝑖 − 𝑇 𝑓 ). (A.9)

Multiplying by a factor of 𝐿𝐶/𝜌𝑈0𝑐𝑃(𝑇𝑖 − 𝑇 𝑓 ) leads to a simplified version:

𝜕\∗

𝜕𝑡∗
+𝑉∗∇∗\∗ =

𝑘

𝐿𝐶𝑈0𝜌𝑐𝑃
∇∗2\∗. (A.10)

Substituting for the Reynolds and Prandtl number definitions yields:

𝜕\∗

𝜕𝑡∗
+𝑉∗∇∗\∗ =

1
𝑅𝑒 · 𝑃𝑟∇

∗2\∗. (A.11)

Noting that Equations A.5 and A.11 simplify to the nondimensional numbers of interest, shows that
by properly applying the nondimensional quantities, Equations A.2 and A.8, selecting fluids with
similar thermophysical properties, 𝑃𝑟, and operating conditions, 𝑅𝑒, a surrogate fluid can properly
mimic behaviours of interest in molten salt systems.
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A.2 Scaling Techniques
To study heat transfer systems in laboratory settings, the components are typically scaled down to
reduce overall costs. The components are often too large for laboratory environments and operate
and conditions that can be expensive to build, maintain and operate. This motivates the use of
scaled components and surrogate fluids. Scaling down a prototypical heat transfer component can
be complicated, and if not done properly, the experiment could yield results that are not applicable
and useful to the intended design. On the other hand, the scaled down component can also be
over-complicated to account for all the physical phenomena occurring. Zuber [166] highlights the
current trend of over-complicated heat transfer research has become overly complex resulting in a
loss in a deeper understanding of the physics involved.

To scale down heat transfer components, the desired physical phenomena to be investigated has to be
identified in order to scale it down appropriately. Yadigaroglu and Zeller [36] and an OECD Nuclear
Energy Agency report [7] describe four main scaling techniques for heat transfer experiments. More
recently, two additional scaling techniques have also been found in literature, with a total of six
scaling techniques:

• Linear scaling - This is the simplest scaling technique and is done by nondimensionalizing
the mass, momentum, and energy equations. It conserves all length ratios, but causes time
distortions between the original component and the experimental facility.

• Volumetric scaling - Also known as time-perserving scaling, this takes into consideration the
time distortions and focuses on perserving the flow lengths by reducing the areas, volumes,
flow rates, and power proportionally.

• Time distorted scaling - This technique was developed by Ishii and Kataoka [167] for a
natural circulation loop under single- and two-phase flows. It couples the driving forces for
natural and heat transfer processes.

• Hierarchical two-tiered scaling - This technique can simulate the interaction between com-
ponents of a nuclear power plant or any thermal-fluid system.

• Fractional scaling analysis - This technique focuses on the temporal scaling of a system of
an integral approach while including initial and boundary conditions of interest and can be
applied to interacting components [168].

• Dynamical system scaling - This technique uses both Hierarchical two-tiered scaling and
the fractional scaling analysis that accounts for the dynamic response of the system when
performing scaling analyses [169].
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A.3 Pumping and Heating Power Ratios
Pumping and heating power ratios were calculated between the surrogate fluid, water, and five
different molten salts in Section 2.2. This section goes over the derivation to calculate the pumping
and heating power ratios for the model example discussed in Section 2.2.

Pumping power is defined as:

𝑄𝑝 = ¤𝑉 · Δ𝑃 = ¤𝑉 · 𝜌 · 𝑔 · 𝐻, (A.12)

where ¤𝑉 is the volumetric flow rate and 𝐻 is the pumping head. The volumetric flow rate was
obtained by multiplying the velocity and the cross-sectional area, 𝐴𝑥𝑠, of the geometry. The velocity
was obtained based on the Reynolds number based on Equation 2.2:

𝑉 =
𝑅𝑒 · `
𝜌 · 𝐷ℎ

(A.13)

The friction factor and pressure drop are used to calculate the pumping head, 𝐻:

𝐻 =
𝑓 · 𝐿 · 𝑉2

2 · 𝐷ℎ · 𝐻
=

𝑓 · 𝐿 · 𝑅𝑒2 · `2

2 · 𝐷3
ℎ
· 𝑔 · 𝜌2

. (A.14)

Equation A.14 simplifies the calculations for the pumping head as the nondimensional number, 𝑅𝑒,
can be used between the surrogate fluid and molten salt.

Plugging Equation A.14 into A.12 with the volumetric flow rate substituted with velocity and cross
sectional area yields:

𝑄𝑝 =
𝑓 · 𝐿 · 𝑅𝑒3 · `3 · 𝐴𝑥𝑠

2 · 𝐷3
ℎ
𝜌2

. (A.15)

The pumping power ratio between surrogate fluids, 𝑠 𝑓 , and molten, 𝑚𝑠, was obtained by using
Equation A.15. Based on the scaling technique, factors were cancelled between each other. The
friction factor and Reynolds number were similar between the surrogate fluid and molten salt, and
due to the linear scaling technique the cross sectional area was the same. This leads to a pumping
power ratio only dependent on thermophysical properties:

𝑄𝑝,𝑟 =
`3
𝑠 𝑓

· 𝜌2
𝑚𝑠

`3
𝑚𝑠 · 𝜌2

𝑠 𝑓

. (A.16)
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A similar derivation can be done for the heating power ratio. It started with the heating power
equation:

𝑄ℎ = ¤𝑚 · 𝑐𝑃 · Δ𝑇, (A.17)

where ¤𝑚 is the mass flow rate:

¤𝑚 = 𝑉 · 𝐴𝑥𝑠 · 𝜌 =
𝑅𝑒 · ` · 𝐴𝑥𝑠

𝐷ℎ

. (A.18)

Equation A.18 was plugged in Equation A.17 to calculate the heating power ratio:

𝑄ℎ,𝑟 =
`𝑠 𝑓 · 𝑐𝑃,𝑠 𝑓 · Δ𝑇𝑠 𝑓
`𝑚𝑠 · 𝑐𝑃,𝑚𝑠 · Δ𝑇𝑚𝑠

. (A.19)

The only unknown factors in Equation A.19 are the Δ𝑇 for both surrogate fluid and molten salt.
Bardet and Peterson [31] estimated this ratio based on scaling analysis for buoyancy driven flows.
They equated the Grashof numbers and concluded that the temperature difference was equal to the
ratio of thermal expansion, 𝛽, giving this relation:

𝛽𝑚𝑠

𝛽𝑠 𝑓
=
Δ𝑇𝑠 𝑓

Δ𝑇𝑚𝑠

≈
𝑇𝑠 𝑓

𝑇𝑚𝑠

, (A.20)

which allows for a simplification in Equation A.19:

𝑄ℎ,𝑟 =
`𝑠 𝑓 · 𝑐𝑃,𝑠 𝑓 · 𝑇𝑠 𝑓
`𝑚𝑠 · 𝑐𝑃,𝑚𝑠 · 𝑇𝑚𝑠

. (A.21)

Equations A.16 and A.21 were used to calculate the pumping and heating power ratio as a function
of Prandtl number and are plotted in Figures A.1 and A.2. Figure A.1 shows that throughout the
various Prandtl numbers that match between water and the different molten salts, the pumping power
ratio remains lower than unity and relatively constant with small increases. Equation A.16 is only
dependent on thermophysical properties of the fluids, while eliminating all geometric parameters
as it was linearly scaled, thus the pumping power ratio curves in Figure A.1 are not universal but
only applicable to the specific model example discussed in Section 2.2.

The heating power ratios calculated shown in Figure A.2 have a different behavior than the pumping
power ratios. The heating power ratio between water and the other molten salts increases with
decreasing Prandtl number. A trend is observed when comparing both the pumping and heating
power ratios for water and the molten salts, in which at higher Prandtl numbers the ratios are
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Figure A.1: Pumping power ratios of molten salts with water.

Figure A.2: Heating power ratios of molten salts with water.

smaller. Concluding that when using water to scale down heat transfer components for molten salt
applications, water is more efficient at higher Prandtl numbers.

A.4 Other surrogate fluids
This work also focused on scaling other types of surrogate fluids to match Prandtl number ranges
outside of water’s Prandtl number range. These surrogate fluids consist of Dowtherm A, Freezium
60, and Zitrec S-25. Previous work [8] matched these surrogate fluids with the molten salts: LiF -
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BeF2 (FLiBe), NaF - BeF2, LiF - NaF - BeF2, Li2CO3 - Na2CO3 - K2CO3 (LiNaK), NaF - ZrF4,
and KF - ZrF4. Figure A.3 plots the Prandtl numbers of the proposed surrogate fluids with the
molten salts. Similarly to Figure 2.1, the temperatures of the molten salts are on the top x-axis and
the surrogate fluids in the bottom x-axis.

Figure A.3: Comparison of Prandtl numbers between molten salts (top horizontal axis) and surro-
gate fluids (bottom horizontal axis).

Dowtherm A was used to match the Prandtl numbers of FLiBe, NaF - BeF2, LiF - NaF - BeF2,
and LiNaK as it has been explored previously in literature [32, 33, 35]. Freezium 60 and Zitrec
S-25 were explored as surrogate fluids that can match the Prandtl number range in which water and
Dowtherm A have a discontinuity between them. Freezium 60 and Zitrec S-25 were used to match
the Prandtl numbers of NaF - ZrF4, and KF - ZrF4. Figures A.4 and A.5 plots the Prandtl numbers
of the molten salts with their respective surrogate fluid.

Prandtl number distortions are plotted in Figure A.6 between the surrogate fluids, Dowtherm A,
Freezium 60, and Zitrec S-25, with their respective molten salt paired. The distortions are similar
to the ones shown in Figure 2.15, the distortions obtained from water, but with lower magnitudes.
This shows the possibilities of using other types of heat transfer fluids to study scaled down molten
salt components and can be done in an accurate manner.
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Figure A.4: Prandtl numbers for molten salts and Dowtherm A.
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Figure A.5: Prandtl numbers for molten salts and Freezium 60 and Zitrec S-25.
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Figure A.6: Prandtl number distortions between the surrogate fluids and molten salts.
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A p p e n d i x B

PROCEDURES FOR PRESSURE DROP AND HEAT TRANSFER

EXPERIMENTS

This section consists of procedures done to run the pressure drop and heat transfer experiments
using MSETF-1. These procedures consisted of fill up and drain the loop, and the experimental
acquisition procedure. A schematic of MSETF-1 is shown in Figure 3.3 to properly guide through
the procedures. Figure 3.3 shows the bulk of the experimental loop, though for pressure drop
experiments the Mixing Section was removed to allow for proper pressure drop measurements of
the Test Section.

To start the procedures, the common valve configuration consisted of:

• Throttle Valve: OPEN;

• Connecting Tank Valve: OPEN;

• Filling Valve: OPEN;

• Vent Valve: CLOSED;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

The valve configuration changes according to different procedures and scenarios, but this configu-
ration was the normal operating configuration.

B.1 Filling Up and Degassing
MSETF-1 uses deionized water as its operating fluid. Water was chosen as a surrogate fluid for
molten salt scaled down heat transfer experiment, for more information refer to Section 2.2. To
start the filling up procedure, the following valve configuration was required:

• Throttle Valve: OPEN;

• Connecting Tank Valve: OPEN;

• Filling Valve: CLOSED;
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• Vent Valve: OPEN;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

Figure B.1: Water filter system located in autoclave room of East Engineering Hall E1242 at VCU

In order to fill up MSETF-1, at the time of the pressure drop and heat transfer tests, buckets of
deionized water were carried from the autoclave room in East Engineering Hall in room E1242. The
buckets were filled using filter Getinge Group Series S100 shown in Figure B.1. Once the buckets
were brought into MSETF-1’s room, East Engineering room E1251, the water was introduced to
MSETF-1 via the Outlet Tank-2. The water then filled up the Inlet Tank through the Connecting
Valve. Once the Inlet Tank was filled, the Filling Valve was opened, to fill the pump with water.
The Vent Valve was Open during this procedure to allow for air to escape MSETF-1. The pump
was turned on to approximately 1000 RPM’s once it had been filled. The Vent Valve was kept open
until water started to exit the valve. MSETF-1 was considered full when Outlet Tank-1 was full and
Inlet Tank had a capacity of at least 50 gallons.

To ensure MSETF-1 was water solid, or degassed, the pump was run at its highest frequency, 3450
RPM, with the Throttle Valve partially closed and opened to "shock" the system and to help any
stuck bubbles get loose and flow out of the system. This was done with water flowing through the
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three tanks, which created a closed loop. As MSETF-1 was degassing, small bubbles accumulated
in the Vent Valve, the user got rid of the excess bubbles by slightly opening the Vent Valve.

B.2 Pressure Drop
The MSETF-1 fill up and degassing procedure had to be done prior to starting the pressure drop
procedure.

The following valve configuration was required to start the pressure drop experiments:

• Throttle Valve: OPEN;

• Connecting Tank Valve: OPEN;

• Filling Valve: OPEN;

• Vent Valve: CLOSED;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

The pressure water lines were bled while the pump was turned off. This procedure removed any air
left inside the water lines. This was done by untightening the nuts near the pressure transducer and
allowing water to flow until it became a steady stream and all the air was purged. This procedure
was required for both pressure lines connecting to the differential pressure transducer.

Once the pressure lines had been bled, a zero test was run with the pump turned off. This was
considered a zero-pressure reading and was intended to remove any small discrepancies and biases
that occur by an uneven test section. The test sections were up to six feet long and small height
discrepancies were captured by the pressure transducer when the friction factor was calculated.
For further details on the data handling of this zero-pressure can be found in Appendix C.2. The
zero-pressure drop test was run for 90 seconds at 1 kHz frequency.

After the zero-pressure test, the full range of experimental tests were performed while the users filled
out a table similar to Table B.1 (just an example, not actual experimental data). The experiments
were run for 30 seconds at a frequency of 1 kHz. Using this procedure, the users were able to repeat
different experimental sets by matching the pump frequency and bulk temperature.

Once experiments were concluded, the pump was turned off and the data was analyzed and
transferred to the FAST Research Group’s Google Drive.
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Table B.1: Example of test parameters written by experimentalists during a pressure drop test

Test
Number

Bulk
Temperature

(𝑜𝐶)

Flow Rate
1 (GPM)

Flow Rate
2 (GPM)

Pump
Frequency

(RPM)
1 21 1.11 1.13 800
2 21 1.42 1.41 900

B.3 Heat Transfer
Heat transfer procedures were divided into two sections: preparation and procedure. This was due
to the sensitivity of performing these tests.

B.3.1 Heat Transfer - Preparation
The MSETF-1 fill up and degassing procedure had to be done prior to starting the heat transfer
procedure and preparation.

To start the heat transfer preparation, the following configuration of valves was required:

• Throttle Valve: OPEN;

• Connecting Tank Valve: OPEN;

• Filling Valve: OPEN;

• Vent Valve: CLOSED;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

As shown in Figure 3.3, the in-house mixer was placed downstream of the test section and before
the outlet temperatures. The configuration of thermocouples was crucial for successful heat transfer
experiments. An incorrect configuration of thermocouples or bad thermal contact with the wall had
an impact on the heat transfer coefficient calculations. MSETF-1 used a combination of surface
and submerged T-Type thermocouples with the following configuration:

• Inlet thermocouples: 2

• Outlet thermocouples: 3

• Wall/Surface thermocouples: 10-11
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A comparison between a surface and submerged thermocouple is shown in Figure 3.12. The
submerged thermocouple had a metallic rod that interrogated the fluid temperature, while the
surface thermocouple had an insulation layer and an adhesive side for easy installation into surfaces.
The surface thermocouple had a flat junction making it ideal for surface temperature measurements.

The multiple inlet and outlet thermocouples were used to further reduce the uncertainty, further
discussion can be found in Appendix C.4.2. The thermocouples were placed in different radial
locations to better interrogate the fluid temperature. A plot of the inlet temperatures (𝑇𝑖𝑛,𝐴 and𝑇𝑖𝑛,𝐵)
and outlet temperatures (𝑇𝑜𝑢𝑡,𝐴, 𝑇𝑜𝑢𝑡,𝐵, and𝑇𝑜𝑢𝑡,𝐶) is shown in Figure B.2 with a radial configuration
of the thermocouples in relationship with the pipe. The experimental results shown on the right
of Figure B.2 show that the temperatures were independent of the radial location (fully mixed
temperature profile) for both the inlet and outlet temperatures. While the inlet temperature was
steady, the outlet temperature had oscillations. However, the amplitudes of the oscillation were
less than 1 𝑜 C (the uncertainty of the thermocouple), therefore the oscillations were found to be
acceptable. The thermocouple configuration shown in Figure B.2 was varied by radial location
and submerged thermocouple, creating more statistically different tests. The thermocouple order
was varied between: middle, low, high, low, high, middle, low, high, low, high, and middle (eleven
thermocouples). Statistically different tests were obtained by varying the surface thermocouple
location by changing the highs and the lows (while maintaining their number equivalent to each
other).

Figure B.2: Comparison between center and varied surface thermocouple configuration (Left) with
a data set (Right)

The surface thermocouple locations were also varied. Initial tests done with the surface thermo-
couples consisted of the same angle location, in a horizontal manner at the center of the pipe,
evenly spaced six inches from each other. Unfortunately, that configuration yielded low heat trans-
fer coefficient calculations on the benchmark test, an empty pipe. The calculated heat transfer
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coefficient was consistently lower than the heat transfer coefficient obtained from an empty pipe
Nusselt number correlations. A different approach was then taken, in which the angle where the
surface thermocouple was placed varied. This allowed to better interrogate the real overall wall
temperature. A comparison of the angle configuration change between the center and varied surface
thermocouple locations is shown in Figure B.3.

Figure B.3: Radial configuration of thermocouples (Left) with a data set (Right)

The surface thermocouples were designed with an adhesive side and an insulated side. The adhesive
side was used to connect the surface thermocouple to the wall, but extra layers of insulation were
required to further insulate and isolate the surface thermocouple from reading the temperature
of the heaters and not the temperature of the wall. The insulation layers consisted of one layer
of electrical tape and one layer of Saint-Gobain heat-resistant fiberglass tape. The size of the
insulation layers varied, but their requirement consisted of fully covering the thermocouple junction.
The thermocouple cover was also trimmed down from its original rectangular shape to an oval,
decreasing the overall footprint of the thermocouple to only the essential sections of an adhesive
side, an insulation side, the thermocouple wire, and the thermocouple junction. In addition, a small
gap (5 mm) was left open from the heaters on top of the surface thermocouple junction. This was
performed to ensure the temperature measured by the surface thermocouple was interrogating the
wall’s temperature and not the heaters’ temperature. This was done as no amount of insulation tape
between the thermocouple and the heaters prevented the reading of the heaters. A schematic of this
configuration is shown in Figure B.4.

The test section was cleaned using isopropyl alcohol to remove any impurities and dirt from the
surface of the test section before installing the heaters and thermocouples. Ten heaters were
wrapped around the test section. The heaters were wrapped one by one, with tension of the heaters
kept constant by wrapping it with the same Fiberglass Tape. The heaters were wrapped at both
ends and installed simultaneously with the surface thermocouples.
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Figure B.4: Methodology to set up surface thermocouple on the side of the tube wall with different
tapes and with the heaters.

A series of checks were done before collecting experimental data to ensure the spacing of the
thermocouples was correct, there was good thermal contact between the wall and the thermocouples,
and the heaters were locked in the correct place.

To check for adequate spacing between the thermocouple junction and the heaters as well as good
thermal contact, the pump was turned on to a low flow rate (between 1 to 3 GPM), with the water
allowed to circulate around MSETF-1 (the Connecting Valve Open). The heaters are turned ON
with 70 Volts from the AC Power Suppliers. The temperature of the wall thermocouples was
monitored and checked using the DAQ Assistant in LabVIEW. The temperature was monitored
until a steady state was reached with the current flow rate. This was achieved due to the low heat
supplied and the large amount of water in MSETF-1, causing a steady state to be achievable at low
flow rate and power input. Once a steady state was achieved, the flow rate was increased to a range
between 3 to 5 GPM (almost double the original), this caused the wall temperatures to decrease.
Any temperature reading from the thermocouples that did not decrease either had incorrect thermal
contact or was reading the temperature of the heaters. Adjustments were made accordingly. This
consisted of re-taping the thermocouple or the heaters. Finally, the flow was increased to a range
between 5 to 7 GPM to ensure all wall thermocouples were reading the wall temperature properly.
Any adjustments were made accordingly.

The last check consisted of ensuring the heaters are locked in place. This was done by circulating
water through MSETF-1 at a low flow rate (between 1 to 2 GPM) and turning on the heaters to
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supply 110 Volts. The low flow and high-voltage input caused the heaters to burn the fiberglass
tapes and lock the fiberglass tapes in place. Smoking of the fiberglass tape occured on this stage.
Once smoking was complete, the heaters had been locked in place.

Once heaters had been locked in place, thermocouples had been ensured to have good thermal
contact and were reading the temperature of the walls, heat transfer experiments began. The water
of the loop was also monitored until it reached room temperature, or if it was necessary, a small
amount of ice was added to cool down.

Fiberglass insulation was used to insulate the mixing section to ensure no heat was lost from the last
heater to the temperature measurement location. Initial heat transfer tests consisted of insulating
the whole test section, but this caused issues with the current configuration of the thermocouples.
Experiments were run between insulated and non-insulated test sections showed no difference in
the wall temperatures due to the insulation in the wall thermocouples and the heaters.

B.3.2 Heat Transfer - Procedure
The heat transfer experimental procedure started by ensuring the water was at room temperature,
and the Inlet Tank and Outlet Tank-1 were full. The following valve configuration were required:

• Throttle Valve: OPEN;

• Connecting Tank Valve: CLOSED;

• Filling Valve: OPEN;

• Vent Valve: CLOSED;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

Due to the time-sensitivity of the heat transfer tests, prior knowledge of the desired flow rates
for the experiments was required before starting. To start the test, a zero test was obtained with
MSETF-1 at a steady state and pump turned OFF with all AC voltage suppliers turned off too.
The Connecting Tank Valve was also closed to create an open loop system to achieve temperature
steady state. This also removed the feedback from the outlet temperature mixing with the inlet
temperature. Further discussion of the data analysis of the zero-test can be found in Appendix C.3.
The zero test consisted of 90 second at 100 Hz. The lower data collection frequency was due to the
NI-9213 filtering and lowering data acquisition nature of the NI module.
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The tests started by turning on the heaters to 110 Volts and allowing the wall temperatures to rise.
Once the wall temperatures had reached approximately 60 𝑜𝐶 (this occurred within seconds) the
pump was turned ON to the desired flow rate. The overall temperatures were monitored using
the DAQ Assistant until a steady state of all the wall, inlet and outlet temperatures were reached.
Once a steady state was observed, the users waited for 30 seconds to ensure the system behaved
accordingly (the thermocouples remained in place and it was a true steady state). After the waiting
period, data was collected for 30 seconds at 100 Hz.

After the test, the water level of the Inlet Tank was checked to determine if enough water was
left for another experimental run. If there was enough water to run another test, the pump was
adjusted to achieve the new flow rate. The temperature of the system was monitored with the DAQ
Assistant until a new steady state was obtained. The same procedure was performed, in which a 30
second waiting period was done to ensure a true steady state had been achieved and the system was
behaving accordingly. Afterward, the data collection began.

Tests were run in a similar manner as long as the water level in the Inlet Tank was at operating
height (higher than the tank fitting). This was done to ensure the pump was constantly filled with
water and data acquisition could perform smoothly. If this was not the case, and the water level
in Inlet Tank was not high enough, the Connecting Tank Valve was opened to let water fall from
Outlet Tank-2. The AC power supplies were turned OFF and the pump was kept ON to remove
all the heat from the walls. Afterwards, three to five gallons of water were drained by opening the
Calibration Valve and stored in water buckets. The water was replaced with fresh deionized ice
from the autoclave room.

The water was allowed to circulate through MSETF-1 to properly mix and reach room temperature.
Water or ice were added to further decrease the water temperature accordingly. Once the water had
reached a steady state and was at room temperature, the pump was turned OFF and the Connecting
Tank Valve was closed. A new set of experiments at new flow rates were ran.

After all heat transfer experiments planned were completed, the pump was turned OFF, all the
heaters unplugged, and data analysis began.

B.4 Draining MSETF-1
Draining MSETF-1 was an important component of MSETF-1’s operation and maintenance. This
was done to keep fresh deionized water in MSETF-1 to obtain accurate and repeatable measure-
ments.

The valve configuration at the start of the draining procedure consisted of:

• Throttle Valve: OPEN;
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• Connecting Tank Valve: OPEN;

• Filling Valve: OPEN;

• Vent Valve: CLOSED;

• Drain Valve: CLOSED;

• Calibration Valve: CLOSED.

The draining procedure started by draining water from the Outlet Tank-1 into buckets by opening
the Calibration Valve. Once the Outlet Tank-1 was drained, the Throttle Valve was closed, a hose
was connected to the end of the Calibration Valve section, and the pump was used to drain the Inlet
Tank. The pump was used until the water level approached the outlet tank fitting of the Inlet Tank.
Once it was low, the pump was turned OFF and the water was drained via the Drain Valve with
buckets collecting the remaining water. Any amount of water left in the system was removed via
water vacuums.
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A p p e n d i x C

DATA HANDLING AND UNCERTAINTY QUANTIFICATION FOR

PRESSURE DROP AND HEAT TRANSFER

The following sections discuss the processes for data handling, post-processing, and uncertainty
quantification for the pressure drop and heat transfer experiments. Procedures on how to obtain the
data and instrumentation required can be found in Appendix B. This appendix focuses on the steps
done to obtain the desired friction factor and heat transfer data from the LabVIEW output files. A
variety of codes have been created in both Matlab and Python by different FAST Researchers that
use either ’.xlsx’ or ’.lvm’ files. This procedure only focuses on the ’.xlsx’ files.

C.1 Thermophysical Properties of Water
NIST water properties [170] were used to create a code that calculated the thermophysical properties
of water based on temperature. The water properties were downloaded from the website in tabulated
form and using the line-fitting feature in Excel, different correlations were used to estimate the
thermophysical properties of water at different temperatures. The plots from the NIST values are
shown in Figures C.1 to C.5. The polynomial best fit curves were coded into a Matlab code function,
𝑊𝑎𝑡𝑒𝑟𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠.𝑚, which would output the different water properties at an input temperature in
𝑜𝐶.

Figure C.1: Density of water obtained from NIST with polynomial fit from Excel
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Figure C.2: Dynamic Viscosity of water obtained from NIST iwth polynomial fit from Excel

Figure C.3: Kinematic Viscosity of water obtained from NIST with polynomial fit from Excel

C.2 Isothermal Pressure Drop
A Matlab code was developed for the pressure drop post processing. The code consists of a main
code, 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝐷𝑟𝑜𝑝_𝑚𝑎𝑖𝑛.𝑚, which read all files and averaged the important parameters to feed
into Matlab function, 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛_𝐹𝑎𝑐𝑡𝑜𝑟.𝑚, that does the overall friction factor calculations based
on the bulk water temperature calculated from 𝑊𝑎𝑡𝑒𝑟𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠.𝑚, described in the previous
section.

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝐷𝑟𝑜𝑝_𝑚𝑎𝑖𝑛.𝑚 asked the user for the folder in which the raw pressure drop files were
located. The code then counted the number of files that have the correct file extension, ’.xlsx,’ and
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Figure C.4: Thermal conductivity obtained from NIST with polynomial fit from Excel

Figure C.5: Thermal diffusivity of water obtained from NIST with polynomial fit from Excel

reads the first file or the ’zero-test.’ The zero-test was used to account for any height misalignment
in the test section. The pressure drop at the laminar region was low enough that any height
misalignment caused inconsistencies in the friction factor calculations. The averaged zero pressure
was defined as psid0.

The code defined the various experimental inputs, such as inner diameter, 𝐷, test section length,
𝐿, extra length between pressure taps and test section, 𝐿𝑒𝑥𝑡𝑟𝑎, and whether the test configuration
had a twisted tape or a mixing section. Afterward, the user defined the volume flow rates collected
manually from the flow meters.



190

The code looped through the various ’.xlsx’ files in order to individually average the values across
the different files. It calculated a bulk temperature by averaging the inlet and outlet temperatures,
𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 , through time. The bulk temperature was calculated by:

𝑇𝑏𝑢𝑙𝑘 =
𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛

2
. (C.1)

The averaged pressure drop, defined as 𝑝𝑠𝑖𝑑, the averaged zero pressure, 𝑝𝑠𝑖𝑑0, and the volume flow
rate, ¤𝑉 , and geometric configurations are sent to the friction factor function, 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛_𝐹𝑎𝑐𝑡𝑜𝑟.𝑚.

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛_𝐹𝑎𝑐𝑡𝑜𝑟.𝑚 then calculated the thermophysical properties of water at bulk temperature
using the WaterProperties.m code. The thermophysical properties calculated consisted of the
kinematic viscosity, a, the density, 𝜌, the thermal diffusivity, 𝛼, and the dynamic viscosity, `. The
velocity was then calculated based on the following equation:

𝑢 =
¤𝑉

15850 · 𝜋 · (𝐷2 )2
, (C.2)

where 15850 is a conversion from gallons per minute to 𝑚3/𝑠. Using this velocity, the Reynolds
number was calculated based on the empty pipe dimensions using Equation 2.2

The extra length between the test section and the pressure taps was accounted for using Moody’s
turbulent correlation [115] of friction factor based on the Reynolds number:

𝑓𝑒𝑥𝑡𝑟𝑎 =


64
𝑅𝑒
, if 𝑅𝑒𝐷 ≤ 3, 000

0.0055 · (1 + (20000·𝜖
𝐷

+ 1𝑒6
𝑅𝑒𝐷

)1/3), if 𝑅𝑒𝐷 > 3, 000.
(C.3)

The pressure drop from the extra length was estimated by:

Δ𝑃𝑒𝑥𝑡𝑟𝑎 =
𝜌 · 𝑢2 · 𝐿𝑒𝑥𝑡𝑟𝑎 · 𝑓𝑒𝑥𝑡𝑟𝑎

2 · 𝐷 · 𝐹𝑎𝑐𝑡𝑜𝑟 , (C.4)

where 𝐹𝑎𝑐𝑡𝑜𝑟 was used to change the pressure from Pascals to pounds per square inch. The actual
pressure drop of the test section, Δ𝑃𝑡.𝑠. was then calculated by:

Δ𝑃𝑡.𝑠. = (𝑝𝑠𝑖𝑑 − 𝑝𝑠𝑖𝑑0 − Δ𝑃𝑒𝑥𝑡𝑟𝑎) · 𝐹𝑎𝑐𝑡𝑜𝑟. (C.5)

The friction factor was finally calculated by:
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𝑓 =
2 · Δ𝑃𝑡.𝑠. · 𝐷
𝐿 · 𝜌 · 𝑢2 . (C.6)

The channel flow friction factor for the twisted tape was calculated by:

𝑓 ∗ =
2 · Δ𝑃𝑡.𝑠. · 𝐷ℎ

𝐿 · 𝜌 · 𝑢∗2 , (C.7)

where 𝐷ℎ is the hydraulic diameter, and 𝑢∗2 is the channel flow velocity derived in Section 3.2.5.

C.3 Heat Transfer
Similarly, to the pressure drop codes, a main code was written using Matlab, HeatTransfer_ main.m,
that averages the individual test data and transfers it to a function, Heat_Transfer.m.

HeatTransfer_main.m asked the user for the folder where the ’.xlsx’ test files were located and
counted the total number of files in the folder. The zero test is used to account for small temperature
differences in the isothermal conditions. These values tended to be extremely small due to the
calibration of the thermocouples. The code then calculated a zero bulk temperature, 𝑇𝑏,0, zero wall
temperature to bulk difference, 𝑇𝑤𝑏,0, and zero outlet vs inlet temperature, 𝑑𝑇0.

The code then defined the experimental inputs, as well as the user adjusted for different parameters.
The main variables that were adjusted consisted of the heated length, 𝐿ℎ𝑒𝑎𝑡𝑒𝑑 , and the volumetric
flow rate, ¤𝑉 . The heated length, 𝐿ℎ𝑒𝑎𝑡𝑒𝑑 , and the overall test section length, 𝐿, varied due to the
heaters shrinking in size, causing changes in the overall length. The main code then calculated the
average inlet and outlet temperatures from the five submerged thermocouples, 𝑇𝑖𝑛,𝐴, 𝑇𝑖𝑛,𝐵, 𝑇𝑜𝑢𝑡,𝐴,
𝑇𝑜𝑢𝑡,𝐵, and 𝑇𝑜𝑢𝑡,𝐶 , based on the following equations:

𝑇𝑖𝑛 =
𝑇𝑖𝑛,𝐴 + 𝑇𝑖𝑛,𝐵

2
, (C.8)

𝑇𝑜𝑢𝑡 =
𝑇𝑜𝑢𝑡,𝐴 + 𝑇𝑜𝑢𝑡,𝐵 + 𝑇𝑜𝑢𝑡,𝐶

3
. (C.9)

The average wall temperature was obtained from averaging the wall surface thermocouples:

𝑇𝑤 =
1

𝑁𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒

𝑁𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒∑︁
𝑖=1

𝑇𝑤,𝑖 . (C.10)

HeatTransfer_ main.mthen provided the averaged and zero values to the function, Heat_Transfer.m.
The function obtained the thermophysical properties of water using the bulk temperature from the
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WaterProperties.m code. It then calculated the velocity from the flow based on Equation C.2 and
Reynolds number from Equation 2.2. The mass flow rate was calculated by:

¤𝑚 =
¤𝑉 · 𝜌

15850
. (C.11)

The overall heat transfer, 𝑈𝐴, from convection was calculated using Equation 3.26, simplifying it
further and accounting for zero measured values yields:

𝑈𝐴 =
¤𝑚 · 𝑐𝑃 · (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 − 𝑑𝑇0)

(𝑇𝑤 − 𝑇𝑏 − 𝑇𝑤𝑏,0)
. (C.12)

Equation C.12 is similar to Equation 3.27 with the addition to the zero value measurement. The
convective heat transfer coefficient, ℎ is defined in Equation 3.28 and is further simplified using
algebra to calculate it based on:

The heat transfer coefficient that accounts for the conduction through the wall is defined as:

ℎ = (
1

𝑈𝐴
− 𝑙𝑛(𝐷𝑜/𝐷)

2 · 𝜋 · 𝑘𝑠𝑠 · 𝐿ℎ𝑒𝑎𝑡𝑒𝑑

)−1 · 1
𝜋 · 𝐷 · 𝐿ℎ𝑒𝑎𝑡𝑒𝑑

. (C.13)

C.4 Uncertainty Quantification
Uncertainty for pressure drop, heat transfer, and thermal performance factor was quantified using
least squared method [52]. Initial studies of uncertainty showed that the largest sources of uncer-
tainty were attributed to flow meters, pressure transducer, and in the case of heat transfer to the
thermocouple uncertainty. For pressure drop tests, a single test was used for the plots presented
in this document, but multiple tests were performed to ensure repeatability. In the case of heat
transfer, the uncertainty grew up with Reynolds number, thus the higher Reynolds number Nusselt
number data required more statistically independent tests.

This section goes over the uncertainty quantification for pressure drop, heat transfer and the
thermal performance. The first set of uncertainty that was used for all calculations consisted of
the uncertainty from the flow meters. The uncertainty of the flow meters was calculated based
on two phenomena, the uncertainty provided by NIST (3% of the volumetric flow rate, 𝜎 ¤𝑉,1)
and the uncertainty shown in the flow meter’s screen ( ±0.01𝐺𝑃𝑀 , 𝜎 ¤𝑉,2). The uncertainties
were combined to obtain an overall volumetric flow rate uncertainty. Since they were statistically
different quantities, they can be combined via:

𝜎2
¤𝑉 = 𝜎2

¤𝑉,1 + 𝜎2
¤𝑉,2 = (0.03 · ¤𝑉)2 + (0.02)2. (C.14)
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The uncertainty of the volumetric flow rate can be used to calculate the uncertainty of the velocity:

𝜎2
𝑢 = (𝜎 ¤𝑉 · 𝜕𝑢

𝜕 ¤𝑉
)2 = (𝜎 ¤𝑉 · 1

15850 · 𝜋 · (𝐷/2)2 )2. (C.15)

C.4.1 Pressure Drop
For pressure drop uncertainty, the uncertainty of the pressure transducer was obtained based on the
number of samples, 𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠:

𝜎2
Δ𝑃 =

𝜎2
𝑝𝑠𝑖𝑑

𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠

, (C.16)

where 𝜎2
𝑝𝑠𝑖𝑑

was the standard deviation of the pressure transducer signal.

The overall uncertainty of the friction factor was obtained by combining the uncertainty of the flow
meters and the pressure transducer:

𝜎2
𝑓 = (𝜎Δ𝑃 · 𝜕 𝑓

𝜕Δ𝑃
)2 + (𝜎𝑢 ·

𝜕 𝑓

𝜕𝑢
)2 = (𝜎Δ𝑃 · 2 · 𝐷

𝐿 · 𝜌 · 𝑢2 )2 + (𝜎𝑢 ·
4Δ𝑃 · 𝐷
𝐿 · 𝜌 · 𝑢3 )2. (C.17)

C.4.2 Heat Transfer
The uncertainty quantification for the heat transfer coefficient was more complex than the pressure
drop uncertainty. To start, the uncertainty for each thermocouple, 𝜎𝑇𝐶,𝑋 , was calculated based
on the accuracy of the thermocouple, 𝜎𝑇𝐶 , and the standard deviation divided by the number of
samples. The uncertainty for each thermocouple was calculated based on the following equation:

𝜎2
𝑇𝐶,𝑋 = 𝜎2

𝑇𝐶 +
𝜎2
𝑡𝑒𝑚𝑝,𝑋

𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠

, (C.18)

where 𝑋 corresponds to any of the thermocouples used, submerged or surface. The inlet temperature
overall uncertainty was quantified based:

𝜎2
𝑇𝑖𝑛

= (𝜎𝑇𝑖𝑛,𝐴 ·
𝜕𝑇𝑖𝑛

𝜕𝑇𝑖𝑛,𝐴
)2 + (𝜎𝑇𝑖𝑛,𝐵 · 𝜕𝑇𝑖𝑛

𝜕𝑇𝑖𝑛,𝐵
)2 = (

𝜎𝑇𝑖𝑛,𝐴

2
)2 + (

𝜎𝑇𝑖𝑛,𝐵

2
)2. (C.19)

The overall outlet temperature uncertainty was calculated by:

𝜎2
𝑇𝑜𝑢𝑡

= (𝜎𝑇𝑜𝑢𝑡,𝐴·
𝜕𝑇𝑜𝑢𝑡

𝜕𝑇𝑜𝑢𝑡,𝐴
)2 + (𝜎𝑇𝑜𝑢𝑡,𝐵 · 𝜕𝑇𝑜𝑢𝑡

𝜕𝑇𝑜𝑢𝑡,𝐵
)2 + (𝜎𝑇𝑜𝑢𝑡,𝐶 · 𝜕𝑇𝑜𝑢𝑡

𝜕𝑇𝑜𝑢𝑡,𝐶
)2

= (
𝜎𝑇𝑜𝑢𝑡,𝐴

3
)2 + (

𝜎𝑇𝑜𝑢𝑡,𝐵

3
)2 + (

𝜎𝑇𝑜𝑢𝑡,𝐶

3
)2.

(C.20)
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The inlet and outlet uncertainty was quantified by the following relationship:

𝜎2
𝑇𝑖𝑛,𝑇𝑜𝑢𝑡

= 𝜎2
𝑇𝑖𝑛

+ 𝜎2
𝑇𝑜𝑢𝑡

. (C.21)

The overall uncertainty in the wall was quantified by:

𝜎2
𝑇𝑊

=
𝑁𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒∑︁

𝑖=1
(

𝜎𝑇𝑊,𝑖

𝑁𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒

)2. (C.22)

The uncertainty in the bulk temperature was defined as:

𝜎2
𝑇𝑏

= (
𝜎𝑇𝑖𝑛

2
)2 + (

𝜎𝑇𝑜𝑢𝑡

2
)2. (C.23)

The final temperature related uncertainty was defined between the difference of the bulk to wall
temperatures:

𝜎2
𝑇𝑤 ,𝑇𝑏

= 𝜎2
𝑇𝑊

+ 𝜎2
𝑇𝑏
. (C.24)

The uncertainty in the mass flow rate, 𝜎 ¤𝑚, was obtained from the volumetric flow rate uncertainty
in Equation C.14:

𝜎2
¤𝑚 = (𝜎 ¤𝑉 · 𝜕 ¤𝑚

𝜕 ¤𝑉
)2 = (𝜎 ¤𝑉 · 𝜌

15850
)2. (C.25)

The uncertainty in 𝑈𝐴 from Equation C.12 was defined as:

𝜎2
𝑈𝐴 = (𝜎 ¤𝑚 · 𝜕𝑈𝐴

𝜕 ¤𝑚 )2 + (𝜎𝑇𝑖𝑛,𝑇𝑜𝑢𝑡 ·
𝜕𝑈𝐴

𝜕𝑇𝑖𝑛𝑇𝑜𝑢𝑡
)2 + (𝜎𝑇𝑊 ,𝑇𝑏 ·

𝜕𝑈𝐴

𝜕𝑇𝑊𝑇𝑏
)2, (C.26)

where:
𝜕𝑈𝐴

𝜕 ¤𝑚 =
𝑐𝑃 · (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 − 𝑑𝑇0)

(𝑇𝑊 − 𝑇𝑏 − 𝑇𝑤𝑏,0)
, (C.27)

𝜕𝑈𝐴

𝜕𝑇𝑖𝑛𝑇𝑜𝑢𝑡
=

¤𝑚 · 𝑐𝑃
(𝑇𝑊 − 𝑇𝑏 − 𝑇𝑤𝑏,0)

, (C.28)

and

𝜕𝑈𝐴

𝜕𝑇𝑊𝑇𝑏
=

¤𝑚 · 𝑐𝑃 · (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 − 𝑑𝑇0)
(𝑇𝑊 − 𝑇𝑏 − 𝑇𝑤𝑏,0)2 . (C.29)
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For mathematical simplicity in the uncertainty calculations, a variable was defined as 𝑓𝑣𝑎𝑙 :

𝑓𝑣𝑎𝑙 =
1

ℎ · 𝐴𝑖

. (C.30)

The uncertainty in 𝑓𝑣𝑎𝑙 was calculated by using the following equation:

𝜎2
𝑓𝑣𝑎𝑙

= (𝜎𝑈𝐴 · 𝜕 𝑓𝑣𝑎𝑙
𝜕𝑈𝐴

)2 + (𝜎𝐿ℎ𝑒𝑎𝑡𝑒𝑑
· 𝜕 𝑓𝑣𝑎𝑙

𝜕𝐿ℎ𝑒𝑎𝑡𝑒𝑑

)2, (C.31)

where:

𝜕 𝑓𝑣𝑎𝑙

𝜕𝑈𝐴
= − 1

𝑈𝐴2 , (C.32)

and

𝜕 𝑓𝑣𝑎𝑙

𝜕𝐿ℎ𝑒𝑎𝑡𝑒𝑑

= − 𝑙𝑛(𝐷0/𝐷)
2 · 𝜋 · 𝑘𝑠𝑠 · 𝐿2

ℎ𝑒𝑎𝑡𝑒𝑑

. (C.33)

Finally, the uncertainty in the heat transfer coefficient was estimated by:

𝜎2
ℎ = (𝜎 𝑓𝑣𝑎𝑙 ·

𝜕ℎ

𝜕 𝑓𝑣𝑎𝑙
)2 + (𝜎2

𝐴𝑖
· 𝜕ℎ

𝜕𝐴𝑖

)2, (C.34)

where:

𝜕ℎ

𝜕 𝑓𝑣𝑎𝑙
= − 1

𝐴𝑖 · 𝑓 2
𝑣𝑎𝑙

, (C.35)

𝜕ℎ

𝜕𝐴𝑖

= − 1
𝐴2
𝑖
· 𝑓𝑣𝑎𝑙

, (C.36)

and

𝜎2
𝐴𝑖

= (𝜎𝐿𝑒𝑥𝑡𝑟𝑎
· 𝜕𝐴𝑖

𝜕𝐿𝑒𝑥𝑡𝑟𝑎

)2. (C.37)

Where:

𝜕𝐴𝑖

𝜕𝐿𝑒𝑥𝑡𝑟𝑎

= 𝜋 · 𝐷. (C.38)
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Finally, the uncertainty from the heat transfer coefficient, 𝜎ℎ, was used to calculate the uncertainty
in the Nusselt number:

𝜎2
𝑁𝑢 = (𝜎ℎ ·

𝜕𝑁𝑢

𝜕ℎ
)2, (C.39)

where:

𝜕𝑁𝑢

𝜕ℎ
=

𝐷

𝑘𝑤
. (C.40)

Equation C.39 was used to obtain the uncertainty in the Nusselt number for a single test. From this
uncertainty, a series of statistically independent tests where run to decrease the overall uncertainty
across different Reynolds numbers. The final uncertainty for each Nusselt number was calculated
based on:

𝜎2
𝑁𝑢,𝑡𝑜𝑡𝑎𝑙 =

𝑁𝑡𝑒𝑠𝑡𝑠∑︁
𝑖=1

(
𝜎𝑁𝑢

𝑁𝑡𝑒𝑠𝑡𝑠

)2. (C.41)

C.4.3 Thermal Performance
To calculate the uncertainty in the thermal performance, four sets of uncertainty and data were
required, based on the equation of thermal performance in Equation C.42. Where the friction factor
and Nusselt number of the non-modified geometry ( 𝑓0 and 𝑁𝑢0) are compared with the heat transfer
enhancement ( 𝑓 and 𝑁𝑢). In which, in order to be adequately quantified, the variables have to have
similar Reynolds numbers.

[ =
𝑁𝑢/𝑁𝑢0

( 𝑓 / 𝑓0)1/3 . (C.42)

The first set of uncertainty quantified comes from the friction factor uncertainty, Equation C.17.
To simplify the calculation, dummy variables were chosen. In this case the uncertainty in friction
factor was calculated based on the following variable:

𝑓

𝑓0
= 𝑓𝑣𝑎𝑙2, (C.43)

where the partial derivatives in terms of the variable, 𝑓𝑣𝑎𝑙2, were defined as:

𝜕 𝑓𝑣𝑎𝑙2

𝜕 𝑓0
= − 𝑓

𝑓 2
0
, (C.44)
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and

𝜕 𝑓𝑣𝑎𝑙2

𝜕 𝑓
= − 1

𝑓0
. (C.45)

For an overall uncertainty in the friction factor component:

𝜎2
𝑓𝑣𝑎𝑙2

= (
𝜕 𝑓𝑣𝑎𝑙2

𝜕 𝑓0
· 𝜎 𝑓0)2 + (

𝜕 𝑓𝑣𝑎𝑙2

𝜕 𝑓
· 𝜎 𝑓 )2. (C.46)

Similarly, a dummy variable was chosen for the Nusselt number portion:

𝑁𝑢

𝑁𝑢0
= 𝑓𝑣𝑎𝑙3. (C.47)

With partial derivatives of the Nusselt number defined as:

𝜕 𝑓𝑣𝑎𝑙3

𝜕𝑁𝑢
=

1
𝑁𝑢0

, (C.48)

and

𝜕 𝑓𝑣𝑎𝑙3

𝜕𝑁𝑢0
= − 𝑁𝑢

𝑁𝑢2
0
. (C.49)

With the total uncertainty of 𝑓𝑣𝑎𝑙3 defined as:

𝜎2
𝑓𝑣𝑎𝑙3

= (
𝜕 𝑓𝑣𝑎𝑙3

𝜕𝑁𝑢
· 𝜎𝑁𝑢)2 + (

𝜕 𝑓𝑣𝑎𝑙3

𝜕𝑁𝑢0
· 𝜎𝑁𝑢0)2. (C.50)

Equation C.46 and Equation C.50 are used to calculate the overall uncertainty in the Thermal
Performance Factor:

𝜎2
[ = (𝜎2

𝑓𝑣𝑎𝑙3
· 1

( 𝑓 / 𝑓0)1/3 )2 + (𝜎2
𝑓𝑣𝑎𝑙3

· (
−1
3

· 𝑁𝑢/𝑁𝑢0

( 𝑓 / 𝑓0)4/3 ))2. (C.51)



198

A p p e n d i x D

ADDITIVE MANUFACTURING METHODOLOGY

Additive manufacturing was explored as a method to fabricate geometries otherwise complicated
with traditional manufacturing techniques due to material limitations [171]. The additive manu-
factured test sections were designed to be easily installed and tested in MSETF-1. The test sections
had to be water tight, as it was MSETF-1’s working fluid, capable to withstand high flow rates
without fractures, maintain structural integrity at high temperatures, and have enough length to be
fully developed hydrodynamic flow.

A method of "print and test" was done to address the different issues independently, similar to a
"guess and check" strategy. This method was chosen as manufacturing 3D parts in large numbers
is different than traditional manufacturing [172, 173]. This section goes through the details of each
test iteration and further details can be found in [174]. Plastic materials were chosen to create the
3D printed test sections to keep costs accessible in comparison with metallic 3D printing.

D.1 Past Trials
This section is intended to show past failures and iterations in order to guide future experimental
efforts in this area. The author believes that failures from the efforts done to obtain working
additively manufactured test sections can be informative.

The first section built consisted of a 15.2 cm long test section with a twisted tape insert with 25.4
mm inner diameter and flanges on each end for easy installation in MSETF-1. The test section
was printed using Fused Deposition Modeling (FDM) as it is one of the most popular printing
techniques [175]. FDM has two different printing materials, ABS and PLA, the test section was
printed using ABS as it is more heat resistant than PLA. The first test section was installed in
MSETF-1 as shown in Figure D.1, but it didn’t perform as expected as water went through the
material. A different printing technique was then chosen, Stereolithography (SLA).

SLA was chosen as it was water tight [176]. A similar test section was printed using SLA with
Formlabs standard resin. The test section was checked for water tightness and afterwards it was
subjected to a constant heat flux applied by wrapping heaters around it until the wall temperature
reached 70 𝑜𝐶. As the material reached the high temperatures, smoke was observed coming from
the inside of the test section. After it cooled down, the wall started to fracture. The smoke and
fracture are shown in Figure D.2. While the temperature didn’t reach Formlabs standard resin’s
melting point (73 𝑜𝐶), it didn’t cause material problems. The printing material was then chosen to
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Figure D.1: FDM printed test section installed in MSETF-1 with water droplets.

Formlabs high temperature resin.

Figure D.2: SLA printed test section with smoke (Left) and fracture (Right).

With a printing material established, the next task consisted of creating a test section that was
long enough to have fully developed flow. In order to create long test sections to achieve fully
developed flow a methodology had to be developed as commercial 3D printers have a maximum
printing volume. Test sections had to be printed in the same orientation to maintain constant surface
roughness as previous work showed that printing orientation changes the surface roughness [117].
The first method to connect the test sections consisted of a coupling mechanism that had normal
and inverted threaded threading so multiple test sections could be locked in together. This coupling
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mechanism allowed for a smooth transition between printed pieces, as can be shown in Figure D.3
obtained by a CT scan of the coupling mechanism.

Figure D.3: CT scan showing coupling mechanism to create a smooth transition between printed
pieces.

A set of empty pipe and twisted tape test sections were printed using this coupling mechanism and
they were installed in MSETF-1, as shown in Figure D.4. Preliminary data were obtained using this
locking mechanism with good agreement with established empty pipe correlations from Moody
(using stainless-steel pipe’s roughness) [115], Filonenko [105], and Blasius [116]. This data set
was obtained with 12 individual test sections of 15.24 cm long with an inner diameter of 2.67 cm,
with 11 connections.

The coupling mechanism proved to be effective, but it had long installation procedure, and the
multiple connections meant the probability of leaking was very high. The experimentalists had
to balance between tightening the coupling mechanism enough to make it water tight while not
damaging the threads used to lock the test sections together. This proved to be more complex
than initially thought out. Thus a final coupling mechanism consisting of gluing was designed and
implemented.

D.2 Current Model
The current iteration consists of "gluing" the test sections together after they have been 3D printed
individually and cured. Similar designs to the previous versions were used as starting points. The
connection points consisted of male-female connections. Taking advantage of the SLA printing
methodology, the male-female sides of two test sections were "glued" together by adding resin
between the connection locations and then subjected to UV light for curing. This method was
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Figure D.4: Individual coupling mechanism test sections (Left and Middle) and installed in MSETF-
1 (Right).

Figure D.5: Friction factor comparison between additively manufactured test section (AM), tradi-
tional stainless-steel pipe (S.S.) and correlations [105, 115, 116].

tested using a mock-up section that represented the connection in a smaller scale. The scaled parts
are shown in Figure D.6 with a UV lamp to cure the resin and unite the parts.
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Figure D.6: Schematic showing the current design to build test sections with locations of where
the additional resin was added (Left), and the curing of the parts togehter (Right).

Once the "gluing" mechanism was successful and was proven to be water proof, the design was
incorporated to the actual test sections. A box was designed to glue multiple test section simulta-
neously by having two orifices at the top of the box where UV lamps rested. A set of mirrors were
placed at the bottom to reflect UV light back to the "gluing" parts. While the mirrors aided for a
more uniform curing of the test sections, the test sections were also rotated constantly to improve
the overall curing. The curing box is shown in Figure D.7

Figure D.7: Schematic of the curing box with location of mirrors, UV Lamp, and test section (Left)
and the box curing together test sections (Right).

Longer test sections were then manufactured using this methodology. The curing technique proved
to be extremely valuable as any leaks were fixed by adding more resin and further curing the section
under UV light. The final design consisted of building the test section as one complete piece. Three
different designs were created to build the overall test section. The first one consisted of the middle
parts, the same repeating design glued together to build the middle of the test section. A schematic
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of the middle test section is shown in Figure D.8

Figure D.8: Schematic of the middle parts with units in centimeters.

The second and third part of the test section consisted of the endings. The flanges were 3D printed
with the overall test sections connected to one female or one male connection on the opposite side
of the flange. The flange was designed to match commercial flanges bought for MSETF-1 for easy
installation and removal. This overall method was used to create the test sections currently studied
for friction factor and Positron Emission Particle Tracking.

D.3 Additive Manufacturing and PEPT
Flow distribution in additive manufactured parts was studied using Positron Emission Particle
Tracking (PEPT), Section 4. The novelty of using additive manufacturing with a flow visualization
tool such as PEPT required the validation that 3D printed parts would be capable to withstand
the gamma radiation produced from the decay of the radiotracers Section 4.2. There is a limited
amount of work previously done combining radiation and additive manufactured. The majority
of the work found for additive manufactured parts subjected to radiation focused on the medical
field for radiation oncology [177]. With other studies focused on space applications [178, 179] or
shielding [180]. Unfortunately, the studies focused primarily on FDM printing or direct ink 3D
printing, with a lack of studies using SLA.

While the overall radiation exposure to the material is low during PEPT experiments, a methodology
to test the initial integrity of the 3D printing material and the "gluing" mechanism was designed.
An SLA box with a puzzle-piece connection was 3D printed as shown in Figure D.10. The box
was referred as the Tesseract as the image of the box under UV radiation to glue the puzzle piece
together resembled that of the Tesseract of the Marvel Cinematic Universe, MCU. The box was
designed with a hole on top to insert the aqueous radiation, while the bottom part was "glued" in
a similar fashion as the test sections. This methodology was chosen to study both the effects of
radiation in a fully cured section and in a "glued" section to mimic experimental conditions. A
schematic of the radiation box is shown in Figure D.11.
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Figure D.9: Schematic of the endings of the test sections with flanges with units in centimeters.

The testing criteria consisted on whether the 3D printed box would leak after a long exposure to the
radiation. While a lot of different mechanical tests could and should be done to fully understand
the mechanical changes that occur due to the gamma radiation, but those kind of studies were left
for future work. This study was to ensure the integrity of the parts was not compromised. This to
guarantee that the test sections would not leak during tests and cause damage to the Mediso LFER
scanner or cause undesired disturbances in the flow.

Figure D.12 shows the set up for the radiation test. The whole configuration, shield and syringe
holder, was placed inside the scanner room (to limit radiation to the surrounding areas). The 3D
printed box was placed inside a shield with paper towels in the bottom and filled with deionized
water. The F-18 arrived in a syringe, and it was directly administered to the box through the hole
on the top. Afterwards, the syringe was placed in the syringe holder.
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Figure D.10: Radiation box pre-gluing (Left) and while gluind (Right).

Figure D.11: Detailed schematic of radiation box with dimensions in millimeters.

The steps done for the radiation test were as follows:
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Figure D.12: Radiation test set up with 3D printed radiation box, shield, and syringe holder.

1. The F-18 was picked up in a shielded shipping cask, or lunch box;

2. The shield lunch box was brought inside the Mediso LFER room and placed as close to the
set up as possible;

3. The shield lunch box was opened;

4. The F-18 was immediately administered into the radiation box;

5. The syringe was placed in the syringe holder;

6. The experimentalists ran from the room and the door was closed;

7. The experimentalists returned 3 days later to check on the status of the box and proceed with
radiation safety paperwork and clean up.

In total, 30 mCi of aqueous F-18 were administered to the 3D printed box. This was more than
expected in normal PEPT experiments as on average 10 mCi are actually administered to the entire
loop. After the experiment, the integrity of the box remained the same and it was still water-tight,
allowing for actual PEPT experiments to be performed in the additive manufactured parts.
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A p p e n d i x E

PEPT AT VIRGINIA COMMONWEALTH UNIVERSITY

Positron Emission Particle Tracking (PEPT) is a fluid flow visualization technique that focuses
on tracking a radiotracer through a field of view of a PET Scanner. PEPT was introduced and
developed at Virginia Commonwealth University (VCU) through the efforts of Dr. Cody Wiggins.
PEPT has been possible thanks to the partnership between the FAST Research Group led by Dr.
Lane B. Carasik and the The Bioimaging and Applied Research Core (BARC) at VCU. This in the
hopes of the continue usage of the Mediso LFER scanner and explore further capabilities within
the University.

E.1 Mediso LFER - Software
This section describes the methodology and sequence of events to collect PET data from the
Nucline Software. Figure E.1 shows the Nucline Software window to create a new protocol to
collect PET Data. The option of "New" is selected which props open a window to input the name
of the study, with a detailed description given to the name of the data set, and further select which
Study Information was selected. In this case, a Study Information had already been created that
accommodated the PEPT data acquisition set up of a vertical configuration.

E.2 Radiolabelling
Radiolabelling consisted of the methodology chosen to activate the OH anion resin particles with the
18F aqueous solution bought from Sofie Biosciences, Inc. This section describes the radiolabelling
practice at VCU initially developed by Dr. Cody Wiggins. A brief introduction to this technique is
already discussed in Section 4.2.2, with one major change of the activity ordered from 30 mCi to
35 mCi to adjust for the varied time delivery from Sofie Biosciences.

Additionally, a couple of changes have been done to the procedure initially designed by Dr. Cody
Wiggins. The first change consists of the order in which Glycerin is added to the particles to allow
for more interaction between the Glycerin and the activated radiotracers before they are introduced
to the PEPT flow loop. The second consists of the re-fill of the Transportation Vile in the case in
which particles remained stuck in the vile after the injection.

The radiolabelling procedure started by preparing the particle solution. This was done by measuring
25 to 50 mg of the OH anion exchange solution described in Section 4.2.2 using a scale. This
gave approximately 50,000 to 100,000 particles, as approximately 2,000 particles weighted one
milligram. The particles were added to a conical Eppenderdof Tube labeled X with 200 `L already
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in it. The particles were kept in open air as little as possible, thus after being measured they were
immediately submerged in the deionized water.

The desired concentrations were between 50 to 75 particles per `L. Depending on the amount of
particles measured, as exactly 25 or 50 mg measured was not exact but an approximate, deionized
water was added to tube A using a 20 - 200 `L Pipettor to obtain the desired concentration.

Tube A and the rest of the radiolabelling materials such as deionized water, sharps container, needle,
filter tube labeled B, centrifuge, cylindrical tube labeled C (transportation vile), Eppendorf tubes,
and a waste container were placed inside the castle.

Once the 18F was delivered, in the form of a syringe, the detector was calibrated based on the
current time, 𝑇𝑐𝑢𝑟𝑟𝑒𝑛𝑡 , the calibrated time, 𝑇𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 , the decay time constant of the 18F, _, and the
ordered activity, 𝐴0:

𝐴(𝑡) = 𝐴0 · 𝑒−_·(𝑇𝑐𝑢𝑟𝑟𝑒𝑛𝑡−𝑇𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑). (E.1)

The usual calibration time consisted of 11:30 a.m. with an activity of 30 or 35 mCi.

After the detector was calibrated, the needle was connected to the syringe and the 18F was added
to the tube filter, tube B. Afterwards, the activity left in the syringe was measured as some activity
was always left in the syringe. Finally, the syringe and needle were then placed under a shield
intended for syringes.

The particles are introduced to the 18F by inserting 20 `L of the concentration from tube A in to
tube B the filter tube. At this point, the "marinating" of the particles occurred. This consisted of
21 minutes in which the particles and the 18F were allowed to bond. Every 3 minutes the particles
were agitated to increase the ionic bonding. The 21 minutes to activate, "marinate", the particle was
chosen to allow the bonding between the 18F and the OH anion resin while the time was minimal
to reduce the decay of the 18F.

After the marinating of the particles, the next step consisted of washing of the particles. This
consisted of removing the extra 18F that did not bond to the particles. To do this, an initial
concentration activity was measured and then tube B was placed in the centrifuge. The centrifuge
was set to 5080 RCF for 40 seconds. After the centrifuge stopped, 200 `L were added to the filter,
the filter was then placed in a separate shield to measure the waste water.

This initial wash determined how well the radiolabelling procedure was executed. A good radio-
labelling procedure consisted of a measured initial waste water lower than 1 mCi. In some cases,
half of the activity was lost in the first wash. This was later determined to occur with 18F aqueous
solutions larger than 200 `L.
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After the activity of the waste water was measured, the waste water was removed from tube B using
the Eppendorf. The washing procedure was then repeated until the waste water activity was lower
than 500 `Ci. This meant the majority of the 18F was now attached to the particles.

The next step consisted of transferring the particles to tube C, the transportation vial. Before the
particles were transferred, a few drops of Glycerin were added to transportation vial. The particles
were transferred using the Eppendorf. Afterwards, 200 `L were added to the filter to collect any
particles left in the filter and tube B. This was then added to tube C. This procedure was repeated
until tube C had 1000 `L.

The activity of tube C was measured before the particles were added to the flow loop. The particles
were added to the flow loop by dropping the particles in tube C through the particle injection line.
Afterwards, the activity of tube C was measured. If the activity was higher than 1 mCi, 200 `L
of deionized water were added to tube C. The tube was then shacked and added to the flow loop
through the particle injection line. The activity of tube C was then measured a final time.

Once the radiolabelling procedure was done, the PET and LabVIEW data were collected.
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