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ABSTRACT

Due to the complexity of fluid-thermal interactions, heat transfer effects in two-phase fluid
systems are not thoroughly understood. One area of particular interest is how large-scale two-phase flow
structures, such as vapor slugs, interact with small nucleating bubbles on a heated surface. A research
team in the Multiscale Thermal Fluids and Energy Lab at Penn State is interested in expanding knowledge
in this area by conducting experimental research on local heat transfer in two-phase slug flow. Several
research questions are of interest:
•
•
•

How does the wake of a large vapor slug interact with nucleating bubbles on a heated
surface? How does an incline of the channel affect these interactions?
How does the spacing between vapor slugs affect their interactions with nucleating vapor
bubbles?
How does vapor slug length develop along a heated channel? How does the incline of the
channel affect this development?

The answers to these fundamental questions have practical applications in heat exchanger design
for power generation systems, water desalination processes, and refrigeration systems. To enable this
research, an experimental facility was developed in this thesis research project that is capable of creating
the desired two-phase flow conditions. The system is composed of multiple components which provide
fluid storage, filtering, pumping, metering, heating, boiling, and pressurization. A preliminary adiabatic
test section was installed in order to demonstrate the functionality of the facility. Future research
conducted with this facility will involve the development of a more complex test section designed to
observe specific flow boiling phenomena.
This thesis presents design-related details and choices associated with the development and
construction of this facility. Design schematics and specific component selections are described in detail.
Operating procedures are presented to ensure the safe operation of the system. Preliminary shadowgraph
imagery of slug flow produced by the system is presented. The paper concludes with recommendations
for future development and research goals for the experimental facility.
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Chapter 1
Introduction
This thesis is primarily concerned with the design-related decisions associated with the
development of an experimental facility that generates precisely controlled two-phase liquid-vapor flows.
The Two-Phase Flow Visualization (TPFV) Facility serves as enabling infrastructure for future studies of
flow-boiling heat transfer. The facility successfully produces two-phase flow, which can be passed
through any test section installed in the system for the study of any particular two-phase fluid phenomena.
The purpose of this chapter is to introduce the motivation and objectives of the research project and to
explain background research in support of an understanding of the phenomena that will be studied using
the TPFV Facility. This chapter also introduces the content of the remainder of the thesis.

1.1 Project Motivation and Objectives
The current research project is motivated by an interest in a more thorough understanding of the
interactions between large- and small-scale two-phase flow features in boiling flows. Numerous open
research questions persist in two-phase flow and heat transfer, which prompts an investigation of
fundamental phenomena. It is the goal of the research team to use the TPFV Facility developed in this
thesis to observe and better understand a multitude of phenomena, such as:
•

•
•

How does the wake of large-scale vapor structures interact with nucleating bubbles on a
superheated surface? How are these interactions affected by channel incline? How does the
spacing between vapor slugs affect these interactions?
How does vapor slug length in two-phase flow develop along a heated channel? How does the
incline of the channel affect this development?
How can ultrasonic waves be used to affect vapor bubble development and subsequent heat
transfer effects?
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The fundamental research findings associated with the outcomes of these questions will provide a
better understanding of how two-phase flows exchange heat; this will inform many practical applications.
Any improvements that can be made to the design and efficiency of heat exchangers in power generation
applications can provide economic and environmental benefits as a result of more efficient system
processes. The improvement of evaporators in refrigeration systems could provide similar benefits. Solar
absorption refrigeration systems have the potential to provide desired cooling while simultaneously
reducing electricity demands [1]; improvements in heat transfer in this type of system would encourage
its development and widespread use.
While many research paths are possible, the primary interest of the research team is on locally
enhanced heat transfer in two-phase slug flow. It is suspected that the turbulent wakes that follow large
slug bubbles may cause premature shearing of nucleating bubbles on the superheated walls of a given
channel, enhancing boiling heat transfer. Another possible outcome is that intense mixing in the wake of
vapor slugs may reduce near-wall liquid superheat, suppressing boiling.
To study this primary interest, the preliminary test section installed in the TPFV Facility will be
replaced by a square test section that enables the generation and observation of nucleate boiling and heat
transfer on channel walls. This will be accomplished by designing the test section with a glass window on
one side for the capture of high-speed visual imagery and a sapphire window on the other side for the
capture of thermal imagery on the surface of the sapphire. The infrared-transparent sapphire will be
coated with an infrared-opaque thin conductive film that provides heat for nucleate boiling on the walls.
The thermal imagery of captured by an infrared camera, coupled with simultaneous visualization of the
flow, will serve as the primary means by which data is collected to meet the primary research interest.
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1.2 Literature Review
In this section, two-phase slug flow and nucleate pool boiling will be independently discussed.
Then a discussion of recent research into boiling effects in slug flows will substantiate the need for further
research on this flow pattern.
Slug flow
Two-phase channel flow introduces significant complexity compared with single phase flow.
Because two phases are present, various flow patterns can emerge based upon the working fluids, flow
rates of each phase in the channel, geometry, and operating conditions [2]. This literature review will
specifically focus on two-phase liquid-vapor flows.
The particular flow pattern present in a channel is described by Ghiaasiaan [2] as a function of the
volumetric flow rate of vapor (QG) and the volumetric flow rate of liquid moving through the channel.
Assuming that a constant volumetric flow rate of liquid moves through a channel, a gradual increase of
QG from zero will yield a range of flow patterns. The orientation of the channel, whether vertical or
horizontal, impacts the flow patterns that develop; Ghiaasiaan provides a summary of these flow patterns
[2]. Figure 1 and Figure 2 show the range of flow patterns that are present in horizontal and vertical
channel orientations, respectively, as QG is varied. The current study focuses on only one of these flow
patterns in each orientation. The flow pattern analyzed is known as slug flow; Figure 1 and Figure 2 show
what this pattern looks like in each orientation.
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Figure 1. Two-phase flow patterns in vertical channels. Ghiaasiaan [2].

Figure 2. Two-phase flow patterns in horizontal channels. Ghiaasiaan [2].

It is useful to define particular features within slug flow for the purpose of reference. In this
study, the large bubbles of vapor that dominate the flow will be referred to as vapor slugs. The motion of
vapor slugs in a vertical channel is a result of either buoyant forces or buoyant forces and the
pressurization of the surrounding liquid by an external pump. Vertical vapor slugs often take on a bullet
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shape, and the thin liquid layer that defines the edges of the slug is referred to as a falling film. The liquid
segments that occupy the spaces between vapor slugs are referred to as liquid slugs. In addition, there are
small vapor bubbles that exist within liquid slugs. These bubbles, referred to as slug bubbles, are usually
generated by turbulence in the trailing end of a vapor slug, which shears them off from large vapor slugs.
Various studies have brought about a better understanding of the characteristics of slug flow. In
his introduction, Kawaji et al. [3] described the origins of the study of slug flow in the early 1940s and
traces the developments of various investigators over the following decades. Kawaji et al. discussed the
numerous studies that have been performed to characterize the shape and velocity profiles present in
various slug flow conditions. Of particular relevance to the current study is the investigation of Shemer
and Barnea [4] in which they analyzed the velocity profiles of fluid in the liquid slug. One of their
conclusions indicates that the propagation velocity of a vapor slug is dependent on the maximum velocity
of the liquid immediately in front of it. This maximum liquid velocity has a dependency on the length of
the liquid slug. These velocity dependencies may influence the development of two-phase flow along a
channel, which may have implications for understanding the turbulence in the wake of a vapor slug.

Nucleate boiling
Specific conditions are required to produce various boiling regimes. Boiling initiates when the
temperature of a surface (𝑇𝑠 ) exceeds the saturation temperature (𝑇𝑠𝑎𝑡 ) of a fluid in contact with that
surface by a critical superheat. The mode of boiling that occurs in a fluid is dependent upon the difference
between these two terms, which is known as wall superheat or excess temperature (∆𝑇𝑒 ) and is calculated
as ∆𝑇𝑒 = 𝑇𝑠 − 𝑇𝑠𝑎𝑡 . As an example, nucleate boiling occurs in the range 5℃ ≤ ∆𝑇𝑒 ≤ 30℃ in water at 1
atm [5]. Nucleate boiling, the relevant regime of the current study, is characterized by the repeated
formation, growth, and detachment of bubbles on a surface at a temperature in the nucleate boiling range
of that fluid. A detailed explanation of some of the major mechanisms of nucleate boiling follows.
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Nucleate boiling begins at a nucleation site. Nucleation sites are microscopic cracks and crevices
in the surface of a solid material. These cracks can take various shapes such as spheres and cones.
Ghiaasiaan explains that these crevices often contain small pockets of air or vapor; these pockets create a
vapor-liquid boundary from which a bubble can nucleate, or grow, when sufficient heat is applied through
the heated surface [2]. Nucleation only begins at a nucleation site when the liquid immediately adjacent to
a site is supplied with enough heat to sustain the growth of a bubble. Additionally, the topography of a
surface influences the number of nucleation sites that actively generate bubbles. However, the number of
active nucleation sites tends to be difficult to predict because of the number of variables that must be
known to define surface topography, which include the shape, size, and frequency of defects or cavities in
a surface [6].
Before a nucleating bubble departs from a surface, some amount of time passes in which the
bubble grows to a critical diameter. Until the bubble reaches this critical diameter of departure (𝑑𝑑 ),
various forces that hold the bubble to the heated surface exceed buoyant and drag forces that would cause
the bubble to depart. Klausner et al. [7] provides a thorough analysis of the forces present on a bubble as
it grows on a surface subject to forced convection boiling. Various models have been proposed to predict
this critical diameter throughout the latter 20th century, but these models tend to have limited accuracy [2].
After a bubble finally departs from a particular nucleation site and rises away, a new bubble does
not form immediately. Some amount of time passes before a new bubble begins to form; this time is
referred to as bubble waiting time. The physical mechanism behind the length of this waiting time is
hypothesized by Judd to be dependent upon the heat energy of the liquid layer immediately adjacent to
the surface upon which the temporarily dormant nucleation site exists. In essence, this liquid layer must
reacquire enough heat energy from the adjacent surface so that the liquid layer can sustain the formation
and growth of another bubble [8].

7
Investigations leading to current study
The primary research interest is in the interaction of two-phase slug flow, particularly the wakes
behind large vapor slugs, with the nucleate boiling cycle. This flow pattern is relevant because it may
persist for a significant portion of the length of boiling heat exchangers. Existing models of flow boiling
heat transfer typically treat large-scale two-phase flow structures independently from nucleate boiling. An
understanding of the effects of vapor slugs on the nucleate boiling process can lead to more accurate
boiling heat transfer models in order improve the design of systems using boiling heat transfer.
The current investigation stems from a collection of research into heat transfer mechanisms in
two-phase flow in the slug flow pattern. Wadekar and Kenning [9] developed a model that enables the
prediction of heat transfer coefficients at low qualities and mass flow rates. Their model assumed that the
vapor slugs and boiling were entirely decoupled such that the heat transfer coefficient yielded by each
structure should be found independently. Heat transfer in a vapor slug region was estimated using a liquid
film model, while a nucleate boiling model was assumed for the liquid slug regions. These independent
estimations were then weighted together to estimate overall heat transfer in the flow. This research
represents a first step into the study of two-phase heat transfer with a vision for its potential to increase
the efficiency and effectiveness of heat-exchanging devices in industrial and commercial processes.
A later investigation of vertical slug bubbles moving through a channel by Kawaji et al. [3]
observed apparent drag created by the ascending bubbles. This observation suggests that turbulence
follows the motion of vapor slugs through a channel. This wake and turbulence may modify local heat
transfer rates.
Scammell and Kim [10] found evidence that the vortices that formed in the wake of these bubbles
led to the most significant contribution to enhanced heat transfer in this flow structure. This result is
counter-intuitive; while it may be expected that the highest heat transfer rates should occur in the annular
flow regions due to thin film thickness along the walls, the wakes in the liquid slugs behind vapor slugs
instead have the highest heat transfer rates.
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The primary research interest seeks to observe heat transfer rates in this wake region in order to
inform current models of flow boiling heat transfer. It is possible that the wakes behind vapor slugs cause
premature departure of nucleating bubbles, which may enhance heat transfer. These wakes may cause
increased fluid mixing and thus lower near-wall temperatures behind vapor slugs, which would suppress
boiling on the wall. The present investigation, which focuses on the development of a flow-boiling
experimental facility, will enable measurement of local heat transfer in two-phase slug-flow boiling as a
function of several parameters, such as vapor slug length, fluid and vapor velocity, vapor slug frequency,
and wall superheat. Future findings will be used to assess analytic and computational models of heat
transfer in boiling slug flow, and then inform the modification or correction of these models. In addition,
the TPFV Facility will be used to study a variety of other two-phase flow and heat transfer phenomena.
In the remaining chapters, the complete design of the system, its proper operation, and future
research goals are explained. Chapter 2 details the design of the TPFV Facility as a whole and the
components associated with fluid storage, filtering, pumping, pressurization, and data acquisition. Chapter
3 explains the facility components that heat and vaporize the fluid and inject vapor bubbles into the liquid
flow, along with all control methods. Chapter 4 provides an explanation of the simple test section used to
demonstrate system functionality and a set of procedures for the proper operation of the facility. Chapter
5 suggests several improvements that could be made to improve the system, along with future research
goals for the TPFV Facility.
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Chapter 2
Fluid Flow and Control Methods
To create the desired two-phase flow conditions required to observe the heat transfer effects in
the wakes of vapor bubbles in slug flow, the TPFV Facility was constructed. This chapter describes
general design decisions for the closed fluid system, defines the fluid path and reasoning for the design
and selection of each system component, and provides specific details on all system components relevant
to fluid storage and cleaning, system pressurization, pumping, and measurement.

2.1 System Design Decisions
The working fluid chosen for the system is 3M Novec 7000 (HFE-7000). Table 1
contains data for various physical properties of HFE-7000. This fluid was chosen primarily for its low
boiling temperature of 34°C at 1 atmosphere [11]. By selecting this fluid, the temperature difference
between the working fluid and the ambient environment of the lab is minimized, reducing heat loss to the
environment and allowing visual access to the test section (no insulation) without the risk of significantly
affecting heat transfer measurements. The fluid is also generally inert, unreactive, and nonconductive.
However, the fluid is relatively expensive and has a low vapor pressure, such that it evaporates readily
when exposed to the atmosphere.
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Table 1. Physical properties of HFE-7000 at 25°C [11].

Property
Molecular weight
Boiling point @ 1 atm
Freezing point
Liquid density
Kinematic viscosity
Coefficient of expansion
Solubility of air in fluid
Specific heat
Surface tension
Thermal Conductivity
Vapor pressure

Value
200
34
-122.5
1400
0.32
0.00219
~35
1300
12.4
0.075
64.6

Units
Kg/kmol
°C
°C
Kg/m3
cSt
1/K
Volume %
J/kg-K
Dynes/cm
W/m-K
KPa

Several design decisions impacted the overall system construction. The system is mounted on a
mobile aluminum frame that had been used for a previous experiment; however, only a few components
were reused, namely the data acquisition unit and a few valves and lengths of stainless steel tubing. The
wetted components were fabricated from 304 or 316 stainless steel for corrosion resistance. While the
fluid used in this study is not particularly reactive, the system may be used with more reactive fluids in
the future. All tubing used to connect components in the system is seamless stainless-steel (0.375 in. OD).
Swaged-type tube fittings were selected where possible because of their superior resistance to leaks
compared with tapered threaded National Pipe Thread (NPT) fittings. Where NPT fittings were used,
connections were sealed by applying both paste thread sealant and PTFE tape.
The fluid system was designed to be pressurized to 20 to 35 kPa during operation, with the vapor
generator to reach 70 to 105 kPa. To determine the ability of the completed system to retain fluid, the
ambient system was charged with refrigerant R-134a to 205 kPa, leak-checked with a refrigerant detector,
and observed to lose 21 kPa over a 7-day period; this system tightness was deemed sufficient.
For filling purposes, the total necessary liquid volume of the system was estimated to be 2.6 liters
(e.g., by assuming only two-thirds of the volumes of the two-phase components such as the reservoir and
vapor generator were filled with liquid).
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2.2 Fluid Flow Paths
This section describes the flow paths and purposes of each component. Figure 3 shows a diagram
of the major components and fluid paths in the designed system.

Figure 3. Fluid diagram of system with controls and power sources.
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The working fluid is introduced to the system through a fill port into a reservoir. A port in the
bottom of the reservoir feeds a liquid filter. Fluid flows from the filter to a gear pump that pressurizes the
fluid downstream. Downstream of the gear pump, the fluid reaches a tee; this tee allows fluid to follow a
return path back to the reservoir instead of continuing toward the test-section. This return path is throttled
by a needle valve that allows for control of the volume flow rate along the path. This path is useful
because its diversion of some of the fluid away from the test-section allows for precise metering of low
flow rates through the test-section. The fluid not diverted at this tee then passes through a flow meter,
which measures the volume of liquid sent to the test-section.
The fluid is then conditioned to create two-phase flow. Downstream of the flow meter, the fluid
reaches a three-way valve. This valve allows the incoming fluid to be diverted to either the pre-heater or
the vapor generator. During typical operation, fluid is diverted through the pre-heater, where it is heated
to near-saturation temperature but still in liquid phase. Fluid flows downstream from the pre-heater into
the test-section. However, when the liquid volume is low in the vapor generator, the three-way valve is
toggled to refill the vapor generator. This is only necessary periodically because the fluid in the vapor
generator is not consumed quickly. The fluid is heated in the vapor generator to a setpoint temperature by
a heating element, so that it vaporizes and pressurizes to a chosen value in the top of the vapor generator.
This vapor flows out of the vapor generator and passes to a solenoid valve that controls delivery to the
test section. A needle valve immediately downstream of the solenoid valve allows for more fine control of
vapor flow. Downstream of the needle valve, the vapor flows toward the test section and is injected into
the liquid flow via a tee immediately upstream of the test section, such that a two-phase flow enters the
test section. The combined liquid-vapor mixture then passes through the test-section, where it is observed
using high-speed visual and thermal imaging. The two-phase flow then passes through a condenser and
returns to the reservoir. This completes the fluid loop through the system.
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2.3 Reservoir, Filter, and Accumulator Design
Several major components are used to store, filter, and pressurize the fluid: the reservoir,
accumulator, pressure regulator, and filter. This section includes details on each of these components and
their adapters and sensors.
The reservoir serves as the primary storage container for the working fluid. The reservoir was
custom-made for this project and is fabricated out of 304 stainless steel pipe and caps. Figure 8 in
Appendix B is a welding drawing that includes tank dimensions and details on all weld-on fittings
installed in the tank during fabrication. The tank has several inlet and outlet ports: on the side, two 1/4”
NPT ports allow for the installation of a level gauge. On one end, there are two ports which are adapted to
1/8” and 3/8” Swagelok tube fitting size for the thermocouple and the outlet tubing, respectively. On the
other end, there are ports that connect to the accumulator, fluid return from the condenser, system fill
port, and a pressure transducer. The auxiliary components attached to the reservoir are summarized in
Table 4 in Appendix B.
The accumulator is located directly above the reservoir and is attached to the reservoir with a
short length of stainless steel tubing. The purpose of the accumulator is to allow room for thermal
expansion in the system so that the system pressure can be regulated and held constant. It is oriented
vertically with a direct connection to the reservoir so that any vapor of the working fluid that condenses in
the accumulator will drain back into the reservoir. See Figure 9 in Appendix B for the basic dimensions
and thread types of the accumulator. Table 5 in Appendix B summarizes the accumulator and these
adapters.
The external side of the accumulator is connected to a pressure regulator supplied by a
compressed air system in the building. The purpose of the pressure regulator is to maintain a set pressure
above the piston head in the accumulator, so that the system can be held at a constant gauge pressure of
14 to 28 kPa, or slightly above ambient room pressure. The regulator relieves back-pressure as well, so
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that the fluid system is maintained at the desired pressure when the fluid is subject to thermal expansion.
Table 6 Appendix B provides details on the pressure regulator and its attached gauge and hose adapters.
The filter downstream of the reservoir removes particulate debris that contaminates the working
fluid, such as metal chips or pieces of PTFE thread tape. It is a single-cartridge hydraulic oil filter. The
filter and two adapters are summarized in Table 7 in Appendix B. Additionally, a valve (Swagelok, SS43GS6) is placed in the tubing between the reservoir and filter in the event the filter needs to be changed.
The fill port on the top of the reservoir is connected by a short length of tubing to a quarter turn
valve (Swagelok, SS-43GS6) that is adapted to a 1/4” male flare connection (Swagelok, SS-6-TA-14AN). A two-valve manifold is used to fill the system with fluid. The following procedure is used to fill
the system:
1. Connect manifold outlet to the fill port of the reservoir. Open the valve above the reservoir fill
port. Connect one manifold inlet to the vacuum pump and open its manifold valve. Connect the
second manifold inlet to a funnel and close its manifold valve.
2. Evacuate the system with the vacuum pump and then close the manifold valve for the vacuum
pump.
3. Pour working fluid into the funnel and ensure that fluid completely fills the hose between the
funnel and the manifold.
4. Slowly open the manifold valve for the funnel so that the working fluid is drawn into the system.
Do not fully empty the funnel to avoid drawing air into the system accidentally.
5. Once the system has been filled sufficiently, close the valve above the reservoir fill port.
6. Disconnect the manifold connections and recover any working fluid left in the hoses.
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2.4 Fluid Pump and Flow Meter Selection
Fluid is circulated with a gear pump with an electromagnetically-coupled magnetic drive. The
desired flow rate through the test section is a maximum of 1.9 liters per minute, which occurs at ~3000
RPM pump speed. Table 8 in Appendix B contains information on the magnetic drive, pump, and
associated adapters. The following calculation was used to demonstrate that P25 gearset of the GB series
pump (3.29 LPM @ 5500 RPM) provides the desired flow rate near the desired operating speed. For
rough sizing, a proportional relationship was assumed between pump flow rate and operating speed:
3.29 𝑙𝑖𝑡𝑒𝑟𝑠/𝑚𝑖𝑛
𝑙𝑖𝑡𝑒𝑟𝑠
= 5.98 ∗ 10−4
5500 𝑅𝑃𝑀
𝑟𝑒𝑣
(5.98 ∗ 10−4

𝑙𝑖𝑡𝑒𝑟𝑠
𝑟𝑒𝑣
𝑙𝑖𝑡𝑒𝑟𝑠
) ∗ 3000
= 1.79
𝑟𝑒𝑣
𝑚𝑖𝑛
𝑚𝑖𝑛

Given that the desired 1.9 liters per minute is a maximum rate, the GB series pump with the P25 gearset
provides an adequate flow rate near the desired operational speed. In the event that a flowrate is desired
that is lower than what the pump drive can produce at 250 RPM, some of the flow can be diverted back to
the reservoir using the tee and valve immediately upstream of the flow meter. Refer to Figure 3.
A flow meter measures the volumetric flow rate of fluid that is passed through the test section;
the meter produces a pulse output, which indicates the current flow rate. This pulse output is converted to
an analog current output that is read by data acquisition hardware. The flow meter, its analog converter,
and adapters are indicated in Table 9 in Appendix B. This particular flow meter is used because its
measurement range is slightly greater than the maximum flow rate that the pump can produce. This flow
meter measures flow rate using a fluid-driven turbine. Initially, an ultrasonic flow meter had been
installed in the system, but it was found that the speed of sound in HFE-7000 was too low for correct
operation of that component.
Downstream of the flow meter, a three-way valve diverts to either the pre-heater or the vapor
generator. The valve (Swagelok, SS-43GXS6) provides isolation between the pre-heater and vapor
generator when turning between the two outputs. The purpose of the valve is to allow the flow to be
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diverted to the vapor generator in order to refill its liquid reservoir, which becomes depleted as vapor
bubbles are injected into the test section.

2.5 Data Acquisition, Power Supply, and Wiring
A modular digital data acquisition (DAQ) system (National Instruments, (NI cDAQ-9174)) is
used to collect and record data as well as provide control voltage output. The DAQ takes measurements
from the thermocouples installed in the reservoir and preheater, the pressure transducers installed in the
reservoir and vapor generator, and the flow meter. The DAQ also provides output voltage to control the
pump speed and trigger the solenoid valve from the software interface. The DAQ system is monitored and
controlled using a computer running National Instruments LabVIEW software. Table 10 in Appendix B
summarizes the modules used for this facility.
The thermocouples read by the DAQ system are wired directly into the NI 9213 module. The
pressure transducers are powered by a 24 VDC power supply and wired into the NI 9203 module as
shown in Figure 5 in Appendix A. The flow meter output is wired directly into the NI 9203 module. The
DAQ control and power supply wiring for the pump, transistor switch, and solenoid valve are shown in
Figure 6 in Appendix A. The pump drive lead wire assignments are shown in Table 3 in Appendix A. A
24 VDC power supply and a 5 VDC power supply provide power for the pump, power supply, and
transistor switch. The details on these supplies are summarized in Table 11 in Appendix B.
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Chapter 3
Thermal Conditioning of Fluid
To generate the two-phase flow conditions required for the experiment, several independent
systems are used to heat the fluid and mix the liquid and vapor phases appropriately. This chapter defines
the components and decisions involved in the design of the pre-heater and vapor generator, as well as the
vapor injection methods used to mix the two-phase flow as desired. The pre-heater supplies heat to the
working fluid to bring it near its boiling temperature, the vapor generator boils and pressurizes the fluid as
a vapor, and a solenoid valve controls the injection of vapor into the liquid flow that flows into the test
section.

3.1 Pre-Heater Design
The pre-heater serves to heat the bulk of the fluid in the system near its boiling point so that vapor
bubbles can be injected into the flow without condensing considerably while in the test section. The preheater is a small tank fabricated from 304 stainless steel pipe, weld-on caps, and various welded fittings
that interface with other components. Fluid enters the top of the vessel and flows around a heating
element. Fluid moves downstream through an opening in the sidewall at the opposite end. The entrance
and exit ports are adapted to 3/8” tube OD connections. A port in the bottom end of the tank adapted to a
1” NPT female thread allows the insertion of heating element. A thermocouple just above the fluid exit
port reads the fluid temperature in the vessel. The thermocouple is inserted through a 1/8” tube OD
adapter. A second thermocouple read by a process control monitors the temperature of the flow
downstream of the pre-heater in order to control the heating element. This thermocouple is inserted using
a tee and an adapter and is located about 12” downstream of the pre-heater outlet. Figure 10 in Appendix
B contains the dimensions for the pre-heater and specifications for all welded components associated with
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the vessel. Table 12 in Appendix B lists all auxiliary components for the pre-heater, including the
downstream tee and adapter for the thermocouple.
The required power output of the heating element used in the pre-heater is estimated using a
simple calculation. Given that the desired flow rate is about 1.9 liters per minute, the expected
temperature loss of the fluid through the system is about 10 K, and the fluid properties of liquid density
and specific heat from Table 1, the required heating element power can be calculated:
𝑚̇ = 𝜌𝑉̇ = (1400

𝑘𝑔
𝑙𝑖𝑡𝑒𝑟𝑠
1 𝑚3
1 𝑚𝑖𝑛
𝑘𝑔
)
(1.9
)
) = 3.17 ∗ 10−5
(
)(
3
𝑚
𝑚𝑖𝑛𝑢𝑡𝑒 1000 𝑙𝑖𝑡𝑒𝑟𝑠 60 𝑠𝑒𝑐
𝑠

𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑚̇𝐶𝑣 ∆𝑇 = (3.17 ∗ 10−5

𝑘𝑔
𝐽
) (1300
) (10 𝐾) = 576.3 𝑤𝑎𝑡𝑡𝑠
𝑠
𝑘𝑔 − 𝐾

The calculation assumes that the density and specific heat of the fluid do not vary significantly.
Thus, a heating element of at least 576.3 watts is required to maintain fluid temperature across a 10 K
temperature drop. The 1000-watt heating element specified in Table 12 meets this requirement.
The process control switches the solid-state relay to control power supply to the heating element
in the pre-heater. The process control reads temperature from the thermocouple downstream of the preheater and supplies an output voltage to the solid-state relay for the element when the setpoint
temperature value on the process control is greater than the process temperature value obtained from the
thermocouple. The process control is programmable for various output modes such as variable voltage
output; however, a simple on-off mode is used in this case because the solid-state relay does not vary
voltage output to the heating element. The process control and solid-state relay used with the pre-heater
are indicated in Table 12 in Appendix B. Figure 7 in Appendix A shows the wiring diagram for the
process control, relay, and element. Figure 3 shows the arrangement of these components and the preheater in the fluid system.

19
3.2 Vapor Generator Design
The vapor generator converts the working fluid to a vapor phase so that vapor can be injected into
the flow when desired. The vapor generator is a small tank fabricated from 304 stainless steel pipe, weldon caps, and various welded fittings that connect to other components. The vessel contains a small heating
element, inserted through a 1/2” NPT female thread connection at the bottom, that heats the fluid so that it
vaporizes and accumulates under pressure at the top of the tank. Fluid in liquid phase enters the vessel
through a port in the sidewall near the bottom end, and fluid in vapor phase exits through a port in the top
end of the vessel. A liquid level gauge indicates the quantity of fluid in the vessel. A pressure transducer
is installed in a 1/4” NPT female thread connection in the sidewall toward the top of the vessel to monitor
the pressure of the vapor in the vessel. A relief valve rated for 1.0 MPa gauge pressure is installed in a
1/4” NPT female thread connection just below the pressure transducer to prevent over pressurization of
the system. Below the relief valve, a thermocouple is installed through a 1/8” tube OD connection. This
thermocouple is read by a process control to control the heating element in the vessel. Figure 11 in
Appendix B contains the dimensions for the vapor generator and specifications for all welded components
associated with the vessel. Table 13 in Appendix B lists all auxiliary components discussed above for the
vapor generator.
The liquid level in the vessel is maintained so that the level is always visible on the level gauge.
This is done for two reasons: First, so that space remains at the top of the vessel in which the fluid vapor
can pressurize and, second, so that the thermocouple and heating element both remain fully submerged. It
is important that the heating element is submerged to prevent overheating and burnout, and the
thermocouple provides a faster response time when submerged fully in liquid.
The three-way valve is used to refill the liquid in the vapor generator by redirecting the fluid that
usually flows into the pre-heater. The location of the three-way valve in the system is shown in Figure 3,
and the specific valve used is indicated in Table 13 in Appendix B. When the three-way valve is toggled
between the tubing connected to the pre-heater and vapor generator, the valve completely isolates the two
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flows such that fluid cannot move through the valve. To prevent damage to the pump, the flow should be
allowed to follow the return path back to the reservoir by opening the liquid return valve in this path
immediately downstream of the pump. Then, the three-way valve can be used to direct fluid to the vapor
generator to refill it within the height range of the liquid level indicator.
The process control switches a solid-state relay to control power supply to the heating element in
the vapor generator. The process control and solid-state relay are specified in Table 13 in Appendix B.
The process control reads temperature from the thermocouple in the sidewall of the vapor-generator and
supplies an output voltage to the solid-state relay for this element when the setpoint temperature value on
the process control is greater than the process temperature value obtained from the thermocouple. The
process control is programmable for various output modes such as variable voltage output; however, a
simple on-off mode is used in this case because the solid-state relay does not vary voltage output to the
heating element. Figure 7 in Appendix A shows the wiring diagram for the process control, relay, and
element. Figure 3 shows the arrangement of these components and the vapor generator in the fluid
system.

3.3 Vapor Injection Design and Fluid Condensation
Vapor injection into the test section is achieved using a solenoid valve and a needle valve. The
solenoid valve is located downstream of the vapor generator, and the tubing between the solenoid valve
and the top end of the vapor generator is sloped so that all liquid in this section will drain back into the
generator, which ensures that only vapor is present in this section. The solenoid valve is adapted to 3/8”
tube OD by two adapters. The needle valve is located directly downstream of the solenoid valve and is
used to throttle the flow of vapor to the test section as a means to control its pressure. The vapor that
passes through the needle valve joins with the primary liquid flow through a tee immediately upstream of
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the test section. The solenoid valve, needle valve, and related adapters are specified in Table 14 in
Appendix B.
A transistor switch, also specified in Table 14, serves as a relay for the power supplied to the
solenoid valve by the 24 VDC power supply described in Table 11 in Appendix B. The switch itself is
powered by the 5 VDC power supply also mentioned in Table 11. The signal input required to switch the
transistor is a signal of 1.6 VDC to 5 VDC, which is supplied by the NI 9263 voltage output module. The
wiring for these power supplies and controls is detailed in Figure 6 in Appendix A. This setup allows
control of the solenoid valve from the control software interface (LabVIEW). However, the LabVIEW
software does have a limitation with regard to how short of an output pulse it can generate to the solenoid
valve. The software updates its readings and outputs roughly every 0.7 seconds, which means that the
transistor switch cannot be switched open for any duration shorter than 0.7 seconds even if the software is
programmed for a shorter pulse. Chapter 5 suggests a possible improvement method to achieve a shorter
switching duration.
A condenser is installed in the fluid loop downstream of the test section. This condenser ensures
vapor bubbles in the flow are condensed back to liquid phase before returning to the reservoir. The
condenser is a fan-cooled finned-tube heat exchanger that requires 120 VAC power, which is supplied by
the same circuit providing power to the heating elements and process controls. Given that vapor is
injected only periodically into the flow, the small condenser provides sufficient cooling to condense vapor
generated by the 500-watt heater in the vapor generator. The condenser and its adapters are specified in
Table 15 in Appendix B. Its wiring is shown in Figure 7 in Appendix A.
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Chapter 4
Slug Flow Generation in a Horizontal Circular Channel
This chapter details the construction of the simple proof-of-concept test section installed in the
TPFV Facility and then provides a set of operational procedures that define the safe operation of the
facility. If the system is operated improperly, various components of the facility can be easily damaged.
These procedures include how to properly begin data collection with the system, initialize fluid flow,
refill the vapor generator, start the heating system, and inject vapor slugs into the flow.

4.1 Test Section Design
The test section provides for visualization of the flow. A simple test section is constructed that
allows the flow to be observed visually in order to demonstrate system functionality. This test section is
simply a 12” length of 3/8” OD clear tubing. On either side of the adapters for this clear tubing, two
valves allow for the test section to be easily isolated from the system and replaced. Table 16 in Appendix
B includes specifications for the tubing, adapters, and valves described above.

4.2 System Operation Procedure
The following procedures define the proper operation of the TPFV Facility in order to produce
two-phase flow. After ensuring the main electrical box is plugged in and the master power is switched on,
the following steps must be completed in sequential order:
1. Initialize data collection software:
a. Connect the USB cable from the digital data acquisition unit (DAQ) to the lab computer.
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b. Open LabVIEW on the lab computer and open the program for the TPFV Facility. Make
sure the pump control switch in LabVIEW is off and the solenoid pulse duration is set to
zero. Begin data collection to ensure the DAQ software/hardware correctly takes data and
updates the display in LabVIEW. Note: The data displayed in LabVIEW will be
inaccurate for about an hour until the unit warms up completely.
c. Measurements for the system’s pressure transducers, thermocouples, and flow meter can
now be read in the front panel of LabVIEW.
2. Initialize fluid flow:
a. Check all system valves to ensure there is an open fluid path from the reservoir to the
pump, then to the test section, and then back to the reservoir. Note: This is necessary to
prevent damage to the pump. A fully obstructed flow path can damage the pump.
b. Flip the switch for pump power on the main electrical box.
c. In LabVIEW, set the pump output voltage to at least 1 V. Press the pump speed control
switch to supply output control power to the pump. The pump should start pumping fluid.
d. The output voltage slider can now be used to control the volumetric flow rate of fluid
moved through the pump.
i. If a lower flow rate is desired than output by the pump at a 1V control signal, the
liquid return valve can be opened to divert some of the fluid away from the test
section and return it directly to the reservoir.
3. Check vapor generator fluid level and adjust as needed:
a. Observe the liquid level gauge on the vapor generator. For safe operation, the liquid level
must be visible on this gauge. If the fluid level is low, the heating element may not be
fully immersed in fluid, which can cause burnout. Follow the following refill procedure:
i. Ensure the pre-heater and vapor generator are switched off. This can be done in
the menu of each process control.
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ii. Increase the pump speed and open the liquid return valve partially. Note: This is
necessary because the three-way valve that switches flow from the pre-heater to
the vapor generator completely isolates the two output flows. If the liquid return
valve is closed, the pump flow path will be entirely blocked when the three-way
valve is turned.
iii. Slowly turn the three-way valve. While turning the valve, observe the liquid level
in the vapor generator and let it refill until the fluid fills 3/4 of the liquid level
gauge. If the liquid level decreases when turning the three-way valve to the vapor
generator, the pump speed should be increased or the liquid return valve should
be slightly less open. Note: When turning the three-way valve, if the pump
pressure gauge begins to read a high pressure, stop turning and return the threeway valve to the pre-heater position. Open the liquid return valve slightly before
trying again.
iv. Once the vapor generator is filled appropriately, return flow to the pre-heater
with the three-way valve. The process controls can be switched back on.
4. Initialize heat control:
a. Ensure that liquid is flowing through the pre-heater and that the vapor generator is filled
appropriately as stated above.
b. Flip the switch for heat power on the main electrical box. The process controls should
turn on.
c. Adjust the pre-heater to the desired temperature:
Adjust the pre-heater process control setpoint value to 3-4°C above the process
value. Allow the system to warm up and cycle several times. Then increase the setpoint
value another 3-4°C and again allow the system to cycle several times. Repeat this
process until the system is at the desired setpoint value. Note: This is necessary because
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the pre-heater element supplies enough heat when it is cycled on to cause localized
boiling and vaporization of the fluid in the pre-heater. If the set value exceeds the process
value significantly, the pre-heater element may stay on too long in each cycle and
vaporize enough fluid locally such that the element could burn out because of
overheating.
d. Adjust the vapor generator to the desired temperature and pressure:
Adjust the vapor generator process control setpoint value to 3-4°C above the
process value. Allow the vapor generator to warm up and cycle several times. Observe
the pressure in the vapor generator on the LabVIEW software. Increase the setpoint value
by 2-3°C at a time until the vapor generator has been pressurized to the desired pressure.
5. Vapor injection procedure:
a. Check the amount of liquid fluid in the vapor generator. Refill as needed. Continually
check the vapor generator liquid level while injecting vapor to ensure it does not fall
below the visible range on the liquid level indicator.
b. Adjust the vapor generator so that its pressure slightly exceeds the system pressure. If the
vapor generator pressure is too low, the fluid will flow backward through the solenoid
valve during injection. If the vapor generator pressure is too high, the vapor will
dominate the flow through the test section.
c. Slightly open the needle valve located after the solenoid valve. This valve can be used to
meter the flow from the vapor generator.
d. In LabVIEW, set the solenoid valve pulse duration to the desired time. Press the trigger
button to cycle the solenoid valve. Observe the vapor bubbles that pass through the test
section.
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e. To create the desired slug flow conditions, the following variables can be modified:
liquid flow rate, vapor generator pressure, vapor injection needle valve position, and preheater setpoint temperature.

It is periodically necessary to remove air and other incondensable gases from the fluid system.
Because the vapor pressure of the working fluid is less than the ambient pressure around the system, air
can seep into the system and dissolve into the working fluid. To remove as much air as possible, the
vacuum pump can be used to draw air out of the system. This process can be used before operating the
system and after heating the system, which can release dissolved gas from the fluid. To remove air,
complete the following steps:
1. Install a vacuum gauge on the fill port of the TPFV Facility and connect this vacuum gauge to the
vacuum pump with a hose. Remove any covers on the vacuum pump.
2. With the system fill valve still closed, turn on the vacuum pump and wait for the pump to
evacuate air from the hose between the pump and the fill valve.
3. Operate the LabVIEW software as described above in order to observe the pressure readings in
the reservoir.
4. While watching the pressure readings in the reservoir, slowly open the system fill valve.
5. Allow the vacuum pump to evacuate air from the reservoir until the pressure reading is a few
kilopascals above the vapor pressure of the fluid at its current temperature.
6. Fully close the system fill valve and turn off and disconnect the vacuum pump.
During proper operation, the system can produce two-phase slug flow in the test section
described. To visualize this flow, high-speed shadowgraphy is used. The camera is a Vision Research
Phantom Miro 340 High-Speed Digital Camera, which is pointed at a 50 mm segment of the test section.
Behind the test section, a bright LED panel is used for backlighting. Figure 4 below depicts two-phase
flow in the test section captured by this high-speed camera.
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Figure 4. Slug flow image obtained using high-speed shadowgraphy.

The TPFV Facility must also be maintained within its operational limits to prevent damage to
any equipment during operation. In general, the temperature of the system must be within 0°C to 120 °C
and should not exceed pressures of 689 kPa. Beyond these limits, some components may fail. Table 2
summarizes the operational limits of critical system components. The pressure and temperature ratings of
the reservoir and vapor generator are based upon their associated liquid level gauges.
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Table 2. TPFV Facility Operational Limits.

Component
Pump

Flow meter

Pressure
transducers
Thermocouples
Accumulator

Filter

Condenser

Reservoir
Vapor
generator
Preliminary
adiabatic test
section

Operational Limits
Temperature: -29 to 120°C
Pressure: 2.1 MPa max, 515 kPa differential
Flow rate: 0.3 to 3.19 L/min @ 0 bar
Speed: 500 to 5500 RPM, 1 to 5 V control voltage
Fluid viscosity: 0.5 to 1500 cps
Temperature: -25 to 125°C
Pressure: 1.0 MPa max
Flow rate: 0.2 to 4.5 L/min, ± 1.5 % FS
Fluid viscosity: 10 cP max
Temperature: -40 to 135°C
Pressure: 0 to 689 kPaa, ± 0.5 % BFSL accuracy
Temperature: -250 to 350°C, ± greater of 1.0°C or 0.75%
Temperature: -29 to 74°C
Pressure: 27.5 MPa max
Flow rate: 378 L/min
Capacity: 0.5 L
Temperature: 121°C max
Pressure: 827 kPa max
Bypass: 172 kPa differential
Temperature: 204°C
Pressure: 1.0 MPa
Flow rate: 7.6 L/min
Cooling capacity: 381 W
Temperature: -40 to 135°C
Pressure: 862 kPa max (level gauge)
Temperature: -40 to 135°C
Pressure: 862 kPa max (level gauge)
Temperature: 0 to 121°C
Pressure: 3.4 MPa
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Chapter 5
Conclusions and Recommendations for Future Research
The goal of this project was to develop an experimental facility that enables the controlled
generation and study of two-phase liquid-vapor flow at near-ambient temperatures. This project advances
a long-term plan to research numerous phenomena that occur in this type of flow. In this project, the
TPFV Facility was fully designed, constructed, and charged with the selected working fluid. A LabVIEW
software program was developed in order to display readings from sensors in the facility and control its
operation. All system components were tested and modified as needed to verify correct functionality.
Operational procedures were developed and the successful operation of the facility was demonstrated.
This chapter provides several recommendations for future development of the TPFV Facility.
Given that the facility serves as a foundation for future study, this chapter suggests several ways in which
the facility could be improved to operate more smoothly and effectively. Then, several research
applications are suggested for future research.

5.1 Square Test Section Design
A primary future use of the TPFV Facility will be to characterize the interactions between the
wakes of vapor slugs and the nucleation of vapor bubbles on the walls of a heated channel. To observe
these interactions, a square-channel test section will be constructed. A square channel allows for flow
observation with visual and thermal imaging that is not distorted by, for example, the curved surface of a
circular-channel test section. On the top side of the channel, glass windows will enable observation of the
flow with a high-speed camera. On the bottom side of the channel, industrial-grade sapphire windows will
enable observation with an infrared camera. The infrared-transparent sapphire windows will be coated on
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the inside of the channel with an infrared-opaque indium tin oxide (ITO) film. This arrangement will
allow the infrared camera to observe the temperature of the inner surface of the sapphire windows in
order to collect data about heat transfer interactions between vapor slugs and the adjacent channel wall.
Further, the ITO film is electrically conductive, which means heat can be applied to the working fluid by
applying a voltage across the film. This will cause localized boiling to occur so that interactions between
the wakes of vapor bubbles in the channel and nucleating bubbles on the channel wall can be observed
and studied. This square-channel design will be implemented in horizontal and vertical orientations. Slug
flow may also be studied thermally by inclining the test section.

5.2 System Functionality Improvements
Several modifications would improve the functionality of the TPFV Facility and simplify
operation.
The system is subject to considerable thermal fluctuations when the process control for the preheater cycles its element on and off. The slow response time of the thermocouple and the high energy
output of the element causes the temperature in the pre-heater to overshoot the setpoint value on the
process control by 2 to 3°C. The implementation of a proportional solid-state relay would enable
continuously variable power control of the pre-heater.
A cold trap could be constructed to assist with the preservation of working fluid in the system.
Given that heating the working fluid releases air dissolved in the fluid, a cold trap could be installed
between the system fill valve and the vacuum pump. The cold trap would be a short section of pipe
surrounded by a cold bath, perhaps of dry ice in antifreeze. When the vacuum pump is used to purge air
from the system through the cold trap, the cold trap would condense (or freeze) the vaporized working
fluid so that it accumulates as a liquid on the walls of the trap and flows back into the reservoir. This
would reduce the amount of working fluid lost from the system during purging.
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The solenoid triggering system could be improved. Due to limitations of the LabVIEW software
used to control the solenoid valve, the shortest possible valve opening time that can be achieved is
roughly 0.7 seconds. It would be useful to use an alternative control method that allows the solenoid valve
to be opened for a shorter length of time. An Arduino-based injection system from a previous experiment
is attached to the aluminum frame on which the current facility is constructed. This injection system could
be repurposed to effectively allow smaller bubbles to be injected more reliably into the liquid flow.

5.3 Future Research
The TPFV Facility constructed in this project successfully generates two-phase slug flow in a
controlled fashion. This is a significant step toward the future research goals associated with an
understanding of locally enhanced heat transfer in slug flow. The next steps in this project include the
development of the square test section described above in order to collect data on the heat transfer effects
in the wake region of slug bubbles. This will be accomplished using infrared thermography in tandem
with high-speed shadowgraphy. Beyond this primary research interest, the TPFV Facility is flexible to
allow investigation into a variety of fluid phenomena.
Several phenomena could be investigated. There is a lack of understanding of fluid dynamics and
heat transfer effects in inclined two-phase flows. While slug flow in horizontal and vertical channels has
been studied in a number of capacities, there is a limited amount of data available on this flow pattern in
an inclined orientation. The development of two-phase flow could also be considered. Much like the
development of laminar flow in a channel downstream of an irregularity, the development of two-phase
flows into relatively stable and regular slug bubbles could be an interesting phenomenon that may have
implications for the development of thermal systems.
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Appendix A
Fluid and Wiring Diagrams

Figure 5. Wiring diagram for pressure transducers.

Figure 6. Wiring diagram for pump and solenoid valve power and controls.
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Table 3. Wiring assignments for the DEELE EagleDrive pump drive [12].

LEAD

FUNCTION
POWER

GRAY CABLE
WIRES
RED

BLACK CABLE
WIRES
RED

1

2
3

SPEED PWM IN
GROUND

VIOLET
BLACK

YELLOW
BLACK

4
5

FAULT OUT
FWD/REV

BROWN
ORANGE

BROWN
ORANGE

6
7

FAULT OUT
TACH OUT

BLUE
GREEN

BLUE
GREEN

8
9

SPEED 0-5 IN
SHIELD

YELLOW
BARE

WHITE
BARE

+12 to +36 VDC, Class 2
(SELV), Reverse-polarity
protected
Ground if not used
Common isolated from
motor housing
Fault Signal 1
Forward (float and
insulate), Reverse (ground)
Fault Signal 2
5V square wave-2 pulses
per revolution
Control signal in, 0-5 VDC
Connected to Common

Figure 7. Wiring diagram for heating element and condenser power and controls.
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Appendix B
Design Dimensions and Component Specifications
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Figure 9. Accumulator dimensions.
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Figure 10. Pre-heater dimensions.
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Figure 11. Vapor generator dimensions.
21SP4L01B, PipingNow
35C4L01B, PipingNow
SS-600-6-6W, Swagelok
SS-200-1-2WBT, Swagelok
4464K473, McMaster
4565T312, McMaster
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NOTES:
- Drill holes for ref. 3, 4
to necessary diameter
to insert.
- Drill holes for fittings
ref. 5, 6 to inside
diameter of fitting's
butt weld end. On
pipe wall, fill around
fittings as needed.
- Fittings marked "A"
must be aligned along
pipe as straight as
possible at 5" OC. A
liquid level indicator
will be attached here.
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1-1/4" Seamless Pipe, Sch. 40, 304 SS
1-1/4" Cap, Socket Weld, 304 SS
3/8" Swagelok to Socket Weld, 316 SS
1/8" Swagelok to Socket Weld, boredthru, 316 SS
1/2" NPT to Butt Weld, 304 SS
1/4" NPT to Butt Weld, 304 SS, Outlet
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To avoid contact with heating
element, this fitting may be inserted
no more than 5/16" into pipe wall.
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Table 4. Auxiliary reservoir components.

Component
Level Indicator

Source/Manufacturer
McMaster-Carr

Part No.
6644T461

Thermocouple

Omega Engineering

Pressure Transducer

Omega Engineering

TMQSS-125G6
PX119-100AI

Description
10” center-to-center, 304 SS, (2)
1/4” male NPT connections
T-type probe with molded
connector
0-100 PSIa range, 4-20mA
current output, 1/4” NPT male
thread

Table 5. Accumulator and associated components.

Component
Accumulator

Source/Manufacturer
McMaster-Carr

Part No.
6716K41

Tube adapter

McMaster-Carr

5182K465

Air-end adapter, 1

Parker

Air-end adapter, 2

McMaster-Carr

4-1/4
F5OG-S
6534K46

Description
Parker 16-ounce hydraulic piston
accumulator
Adapter, 3/4”-16 SAE-ORB male
thread to 3/8” Swagelok tube
7/16”-20 SAE-ORB male thread to
1/4” NPT female thread
1/4” NPT male thread to 1/4”
industrial quick-disconnect male
hose plug

Table 6. Pressure regulator and associated components.

Component
Pressure Regulator

Source/Manufacturer
McMaster-Carr

Part No.
41735K11

Pressure Gauge

McMaster-Carr

4000K791

Hose plug adapter

McMaster-Carr

6534K46

Hose socket adapter

McMaster-Carr

53475K31

Description
1-30 PSI range, 1/4” NPT female
thread connections, relieves backpressure
0-15 psi range, 1/4” NPT male
thread, center back connection
1/4” NPT male thread to 1/4”
industrial quick-disconnect male
hose plug
1/4” NPT male thread to 1/4”
universal quick-disconnect female
hose socket
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Table 7. Fluid filter and associated components.

Component
Fluid filter

Source/Manufacturer
McMaster-Carr

Part No.
4453K11

Tube adapter

Swagelok

SS-600-1-12

Description
Hydraulic oil filter, (2) 3/4” NPT female
thread connections, 120 PSI rating, 15
gpm flow rate, 3 micron
Adapter, 316 SS, 3/8” Swagelok tube to
3/4” NPT male thread

Table 8. Pump, drive, and associated components.

Component
Magnetic
Drive

Source/Manufacturer
Burt Process
Equipment/Micropump

Part/Model No.
DEELE
EagleDrive, 85220

Gear Pump

Burt Process
Equipment/Micropump

Adapter

Swagelok

GB-P25.PVS.LEP4 Mag-Drive,
L28633
SS-600-1-4

Description
250-8000 RPM, 10-38 VDC, 0-5 V
control, 72 W max power, 0.5 kg
weight, (2) 1/4” NPT female thread
connections
3.29 LPM @ 5500 RPM, 75 PSI
diff. pressure
Adapter, 316 SS, 3/8” Swagelok
tube to 1/4” NPT male thread

Table 9. Flow meter and associated components.

Component
Flow Meter

Source/Manufacturer Part/Model No.
JLC International
1045-VOS-O-10b

Analog
Converter

JLC International

370-005

Adapters

McMaster

5182K126

Description
Liquid Turbine Flow Meter, 0.2 to 4.5
lpm, two 1/2” NPT female connections,
316 SS body, 10 bar max pressure
Analog Converter for Pulse Flow meters,
input: NPN pulse, output: 4-20 mA
current. 15 to 24 VDC power supply
Adapter, 316 SS, 1/2” NPT male to 3/8”
OD tube connection

Table 10. National Instruments data acquisition modules.

Model No.
NI 9213
NI 9203

Specifications
16-channel thermocouple input
8-channel, ±20 mA analog current input

NI 9263

4-channel, ±10 V voltage output

Purpose
Read thermocouples
Read pressure transducers
and flow meter
Provide voltage output
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Table 11. Power supply specifications.

Component
5 VDC Supply

Source/Manufacturer
Amazon/Mean Well

Part/Model No.
RS-15-5

24 VDC Supply

Amazon/LiuTian

B072BMNJ54

Description
120 VAC input, 5 VDC output, 3A,
15W
110V/220V AC input, 24 VDC
output, 3A, 72W

Table 12. Auxiliary pre-heater components.

Component
Heating element

Source/Manufacturer Part No.
Amazon/Dernord
DN150179

Description
Immersion heater, 120 VAC, 1000 W,
1” NPT male thread, 8” length

Thermocouple

Omega Engineering

TMQSS125G-6

T-type probe with molded
connector

Process Control (PC)

Amazon/Dwyer

16B-23

Solid-State Relay
(SSR)

Amazon/Aole

ASH-B 40
DA

3/8” Swagelok tee

Swagelok

SS-600-3

Swagelok adapter for
thermocouple and tee

Swagelok

SS-200-R6BT

1/16 DIN Temp and process controller,
voltage pulse and relay output
Solid state relay, input: 3-32 VDC,
load: 24-660 VAC, 40 A, 5.3 k
unloaded resistance
316 SS, 3/8” Swagelok tube
connections
316 SS, 1/8” Swagelok tube
connection to 3/8” Swagelok tube
adapter
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Table 13. Auxiliary vapor generator components.

Component
Cartridge heating
element
Level gauge

Source/Manufacturer Part No.
Amazon/Dernord
DNJF15011572
McMaster-Carr
6644T421

Description
Cartridge heater, 120 VAC, 500 W,
1/2” NPT male thread, 6” length
304 SS, 5” center-to-center highpressure oil level indicator, (2) 1/4”
NPT male thread ports
TMQSS-125G- T-type probe with molded
6
connector
PX119-100AI
0-100 PSIa range, 4-20mA current
output, 1/4” NPT male thread
ST25-1A150
Brass ASME safety valve, 150
PSIg set pressure, 1/4” NPT male
thread connection
SS-43GXS6
316 SS, 3/8” Swagelok tube
connections, 3-way ball valve
16B-23
1/16 DIN Temp and process
controller, voltage pulse and relay
output
SSR-25DA
Solid state relay, input: 3-32 VDC,
load: 24-380 VAC, 25 A, 3.1 k
unloaded resistance

Thermocouple

Omega Engineering

Pressure transducer

Omega Engineering

Pressure relief valve

Amazon/Control
Devices

3-way valve

Swagelok

Process Control (PC)

Amazon/Dwyer

Solid-State Relay
(SSR)

Amazon/ANV

Table 14. Vapor injection components.

Component
Needle valve

Source/Manufacturer Part No.
Swagelok
SS-1RS6

Description
316 SS bonnet needle valve, 0.73
Cv, 3/8” Swagelok tube connections
2W025-08
2-way direct acting solenoid valve,
normally closed, (2) 1/4” NPT
female threads
SS-600-1-4
Adapter, 316 SS, 3/8” Swagelok
tube to 1/4” NPT male thread
B072WSKFQN Transistor DC relay, logic: 5 V,
load: 24 V / 30 A, optically isolated

Solenoid valve

WSNS

Solenoid adapters

Swagelok

Transistor switch

Amazon/RobotDyn
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Table 15. Condenser and associated components.

Component Source/Manufacturer
Heat Sink
McMaster-Carr

Part No.
35145K81

Union

SS-600-6

Swagelok

Description
Fan-cooled heat sink, 316 SS, 1300 Btu/hr (381
watts), 3/8” OD tube connections, 120 VAC, 150
PSI and 7.5 liters/min maximum
Union, 316 SS, 3/8” Swagelok tube connections

Table 16. Test section and associated components.

Component
Clear tubing

Source/Manufacturer Part No.
McMaster-Carr
9176T1

Compression
adapter
Valves

McMaster-Carr

5694T71

Swagelok

SS-43GS6

Description
Clear polycarbonate tubing, 3/8”
OD
Plastic compression tube fitting,
straight connector, 3/8” tube OD
316 SS, ¼ turn ball valve, 3/8” tube
OD connections, 1.5 Cv
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