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Abstract

This work describes an experimental facility designed and constructed to measure the heat
transfer coefficients and frictional pressure drop in a small diameter, horizontal test section with
two-phase, multi-component zeotropic mixtures at moderate cryogenic temperatures. The aim of
this test facility is to enable the collection of data with high accuracy to being filling the void of
heat transfer and pressure drop data for zeotropic mixtures undergoing a phase change (boiling).
These data can then be used to support model development efforts to characterize the pressure
drop and heat transfer process in horizontal tubes.

The test facility is intended to provide measurements for a range of test conditions
including varying mixture components and concentrations, heat fluxes, mass fluxes, pressures, and
tube diameters ranging from 0.5 mm to 3 mm. The temperature range associated with the mixture
measurements varies from 100 K to room temperature. The data provided to calculate the heat
transfer coefficients have been shown to be repeatable and accurate, producing results with an
uncertainty of less than 10%, which was the goal of this research. The pressure drop measurements
have been utilized to develop relationships; the facility is capable of measuring the frictional

pressure drop under both adiabatic and non-adiabatic conditions.
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1 Introduction

Low temperature coolers are often divided into two general categories of regenerative and
recuperative systems. The recuperative systems have the advantage of providing steady flow in
one direction analogous to DC systems, whereas regenerative systems provide oscillatory flow,
analogous to AC systems. Thus, recuperative systems have the advantage of being simple in design
compared to their counterpart. One commonly used recuperative system is the Joule-Thomson
(JT). These systems have many unique applications, such as use in cryosurgeries, sensor cooling,
liquefaction processes, current lead cooling, and cryopreservation. Research on the use of mixed-
gas refrigerants as the working fluid for this type cooler has been rapidly increasing over the past
several decades. As will be discussed in subsequent sections, it is preferable to use zeotropic
mixtures for reasons that include higher heat exchanger effectiveness and subsequently higher
system efficiency. The objective of this chapter is to introduce concepts that are useful in
measuring the heat transfer coefficient of these zeotropic mixtures discussed throughout this work.
1.1 Overview of cryocooler technology

Like traditional refrigeration systems, cooling systems need to remove thermal energy from
a source operating at an ultimate low temperature at the cold side and reject this thermal energy to
a thermal reservoir at a higher temperature, often the surrounding ambient conditions. The
temperature and power requirement for the cold side highly depends on the specific application.
Of the many applications requiring cooling systems, it has been noted that certain coolers are more
suitable for particular applications, for example, fluid based or solid-state systems. Among the
applications mentioned is cryosurgery, where the size of the instrument is of greatest importance.
Among other applications are liquefaction of natural gases, separation, cryo-pumping,

superconductors, and low temperature detectors.
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Various refrigeration techniques exist for these moderate cryogenic temperature
applications, ranging from 100 to 300 Kelvin. When designing these types of cooling systems, it
is important to consider the effects of parameters such as mass flow rate, pressure, geometry, and
heat transfer coefficients, on the system performance in order to utilize optimal cooling techniques
for the various temperature ranges. Again, these techniques are mainly divided into two sub-
categories: recuperative and regenerative cooling systems as shown in Figure 1. In industry, these
systems are collectively referred to as cryocooler’s where the working fluid temperatures spans
from near room temperature down to very low temperatures.

1.1.1 Regenerative Cycles

Regenerative cooling systems, such as Gifford-McMahon, Stirling, and pulse-tube, are
currently the most commonly used cooling systems operating in the moderate to low cryogenic
temperature range mentioned above. Regenerative cooling is accomplished by expanding
compressed gas, resulting in a temperature reduction, thereby removing thermal energy from the
cold end of the cooling device. This cold, expanded gas then passes through a heat exchanger,
where it is used to remove thermal energy from the high temperature, high pressure incoming gas.
The flow through this heat exchanger occurs in an oscillatory fashion where hot fluid flows through
the regenerator (heat exchanger) depositing thermal energy into the regenerator bed before heat
being picked up from the regenerator bed by flowing cold fluid through such bed. From this
operational description, it can be deduced that the heat exchanger is of particular importance in the
design of this type of system. An optimal design requires a practical balance of several parameters:
high heat capacity of the solid material in the regenerator bed and working fluid, flow resistance

and porosity, and low axial conduction.
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1.1.2 Recuperative Cycles

Conversely, recuperative cooling systems such as the Brayton and Joule-Thomson (J-T),
are steady flow systems. Low pressure gas enters the compressor near room temperature and is
compressed to a higher pressure, thereby raising the temperature of the fluid significantly. An
aftercooler is used to remove this thermal energy from the fluid, typically returning the fluids
temperature to nearly ambient conditions. The fluid continues flowing through a recuperator,
which results in a temperature reduction of the incoming fluid before being expanded in one of
two ways, such as a piston-cylinder or turbine in a turbo-Brayton cycle or a restrictive valve in a
Joule Thomson cycle (needle valve, capillary). Heat is removed from the specimen using a heat
exchanger. The cold exhaust fluid is used in the recuperator to cool the incoming hot fluid,
reducing the cooling load required to cool the incoming gas. This completes the cycle in a
recuperative cooler.

These type coolers are beginning to gain more significant presence in cryocooling
applications due to their simple and compact design requirements. The focus of the remainder of
this chapter is to explain the relevance of the measurements presented in this work with the Joule-

Thomson cycle and its applications.

RECUPERATIVE CYCLES | REGENERATIVE CYCLES e
Z L | |
: W, W, Reserf.rmr
: Qc 4 \'J
: : W) | == . 5
Cl?'_?b Qo . Ty : : i ) Cgﬁc?
RN T I
exchanger | A o
= Pulse
i W, y : : tube
valve c :
2 : Regenerator . A )
OC'TCT QC?‘-’"T : QC'TCT b QC-TCT Qc,TcT
(a) Joule-Thomson  (b) Brayton I (c) Stirling (d) Pulse Tube (e) Gifford-McMahon
1

Figure 1. Schematics of common cryocooler refrigeration cycles (Radebaugh 2009)
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1.2 Overview Mixed gas joule Thomson cooling systems
The goal of this section is to present a technical description of one cycle operation of a
typical Joule-Thomson cooling system, and compare it with zeotropic refrigerants as the working
fluid in such systems. Figure 2 show a diagram of a typical Joule-Thomson system. It consists of
a compressor, an aftercooler, a recuperative heat exchanger, an expansion device, and an
evaporator. The expansion device is commonly referred to as a throttling device.
The process begins with near room temperature fluid entering the compressor inlet (state
1). Work is done on the fluid through the compressor to compress the fluid to high pressure (state
2). The energy input to this process raises the temperature of the fluid; therefore, the refrigerant
must be cooled down to near room temperature for apparent reasons that include higher system
efficiency. Typically, this is done by exchanging heat with the ambient through a heat exchanger
referred to as the aftercooler. The reduced temperature, high pressure fluid leaves the aftercooler
(state 3) and begins exchanging heat with the exhaust cold fluid in the recuperator until it exits
(state 4). The high pressure, low temperature fluid is then expanded through a needle valve in an
isenthalpic process, as no energy is transferred to or from the fluid within the valve. This process
results in a significant pressure drop of the refrigerant across the valve causing the fluid
temperature to substantially drop before entering the evaporative heat exchanger (state 5). Heat
from the source being cooled is absorbed by the fluid within the heat exchanger, raising the
temperature of the refrigerant before exiting the evaporative heat exchanger (state 6). As stated
earlier, the cold exhaust is used to cool the hot incoming fluid within the recuperator, raising its

temperature (state 1). The refrigerant has gone through one cycle of the Joule-Thomson system.
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Figure 2. A diagram of a typical Joule-Thomson system (Klein/Nellis 2012).

In the typical Joule-Thomson cycle with a pure refrigerant as the working fluid, high
pressure gas expands into a vapor-liquid state. The liquid evaporates in the evaporative heat
exchanger by absorbing energy from the source being cooled. In contrast to the pure refrigerant
Joule-Thomson cycle, a zeotropic refrigerant Joule-Thomson cycle works almost completely in
the vapor-liquid region. Typically, condensation occurs relatively close to ambient temperatures.
The incoming high pressure hot stream of mixture is cooled down in the recuperator and further
condensed at a sliding temperature, so that the refrigerant is completely in the liquid phase before
entering the throttle valve. The refrigerant only partially evaporates in the evaporator. The low
pressure stream continues to boil in the recuperator at continually rising temperatures as shown on

the temperature-entropy diagram in Figure 3.
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An energy balance that encompasses the recuperator, the expansion device and the

evaporator reveals that the refrigeration power (q,,, ) is determined by the enthalpy difference

between the incoming hot stream and outgoing cold stream of the recuperator as:

qref :m(h(PIOWDT)_h(Phigh7T+AT)) (01)

where Piow and Pnigh are the exiting low pressure and entering high pressure stream respectively.
The variable T is the local temperature of the low pressure stream, and AT is the temperature
difference between the low and high pressure streams. This equation implies that the refrigeration
load is maximized when the enthalpy difference between the low and high pressure stream is
minimized over the temperature spanned by the recuperator. Therefore the refrigeration capacity
is highly dependent on the thermodynamic properties of the fluid within the two streams of the
recuperator. Ideally, it would be desired to have a large variation in the thermodynamic properties
of arefrigerant over a wide range of temperatures; however, this is not the case for pure substances.
In contrast, a mixed gas zeotropic fluid exhibits large thermodynamic property variations over
wide temperature spans, making them superior for use in Joule-Thomson cooling cycles.
Therefore, zeotropic refrigerants can widen the enthalpy difference in equation (0.1) resulting in a
drastic increase in refrigeration capacity. For example Alfeev (1973) was able to increase the
refrigeration capacity by an order of magnitude by using a zeotropic fluid as the refrigerant as

compared to pure Nitrogen.
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Figure 3. Temperature entropy diagram comparison between a pure refrigerant and a mixed gas zeotropic
fluid

1.2.1 Introduction to zeotropic fluid

A refrigerant may be either a pure substance or a mixture of two or more substances.
Examples of pure refrigerants are R12, R22 and R134a. Examples of mixtures are R502, R404A
and R407C. A mixture can behave either as a pure refrigerant, in which case these are referred to
as azeotropic mixtures, or differently as is the behavior of zeotropic mixtures. Despite containing
two or more refrigerants, at a certain pressure an azeotropic mixture evaporates and condenses at
a constant temperature. Therefore, azeotropic mixtures behave like pure refrigerants in all
applications, which provide less benefit to a Joule-Thomson cooling system.

In comparison, zeotropic mixtures have a varying evaporation and condensing temperature,
as shown in Figure 4. During a constant pressure phase change, these mixtures experience a change
in temperature, known as a temperature glide. Figure 5 shows a phase diagram for an arbitrary
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binary mixture. The concentration of the more volatile component, B, is shown in the x-axis and

temperature is shown on the y-axis (Hughes 2004).

log p (bar) log p (bar)

T-constant
T-constant

P-cc\_nsta nt P-constant

Temperature
glide

Enthalpy
(k31/kgkK)

Enthalpy
(k31/kgK)

Figure 4. Pressure enthalpy diagram for a pure refrigerant compared to a zeotropic mixture at constant
temperatures

The vertical line in Figure 5 shows the behavior of the mixture as it goes through the
evaporation process. At point 1 the mixture is all liquid and has a composition Co. The evaporation
process begins at point 2 and the vapor that is produced has concentration of Cv2. The vapor has
the greatest concentration of the more volatile component at point 2. As the quality increases the
liquid phase becomes richer in the less volatile component and the concentration of the more
volatile component in the vapor phase decreases. The superheat required to nucleate the vapor
phase increases as the liquid phase becomes richer in the less volatile component. The evaporation
process does not occur at constant temperature as it would for a pure substance instead, a
temperature glide ATg results as described by Jung et. al (1989). The concentration gradient
between the liquid and vapor suppresses nucleate boiling by creating diffusive mass fluxes. This

makes correlations available for pure substances not applicable to mixtures.
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Figure 5. Phase diagram for a binary mixture (Hughes 2004).

1.3 Methods to determine heat transfer coefficients

Various methods can be employed to measure heat transfer coefficients of fluid flow
through a duct, such as applying constant heat flux, maintaining a constant wall temperature, or
measuring the heat transfer to a secondary fluid in a separate flow stream. It is important that the
fluid being researched maintain controlled conditions throughout the experiment. Parameters such
as mass flux and pressure should be held constant as the fluid changes phases. In addition, the duct
or channel dimensions should be measured and known.

Through the use of a simple resistive wire heater, a constant wall temperature condition
can be obtained when wound around a highly conductive material such as copper. Conversely, a

constant heat flux condition is created when using a non-conductive material (Jung 1989). This
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current and voltage across the heater wire can be measured, which supplies the energy applied to
the fluid. Additionally, a heat exchange system can be setup such that a pure fluid is evaporated or
condensed across the channel wall. This is typically done in a counterflow arrangement (Kattan
1998), and the applied heat flux is found using an energy balance on the pure fluid as it passes
through the heat exchange setup. Typically, a tube-in-tube design is implemented in these
applications, and the bulk fluid temperature is measured along with the tube wall temperature.
Unfortunately, this method really provides an average heat transfer coefficient, whereas the
electrical heater method can provide good approximate local heat transfer coefficient
measurements.

Many studies available currently utilize the heat exchange setup described previously;
therefore, providing only averaged overall heat transfer coefficients. Such overall heat transfer
coefficients of a mixed gas cryogenic refrigerant from the inlet and outlet temperatures of a
recuperative heat exchanger in a mixed gas Joule-Thomson cycle system have been measured
(Boiarski 1999). Furthermore, using mixed gas refrigerants, Gong (2001) measured the overall
heat transfer coefficient over a range of temperatures and compositions using a tube-in-tube heat
exchanger. The issue is that these studies do not provide the desired details of the heat transfer
characteristics of two-phase zeotropic mixtures. It is necessary to obtain local heat transfer
coefficients of these mixtures. The goal of this research is to build on the work of Hughes and

Keppler (2004).

1.4  Document outline
An introduction to the project and concepts involved in it were presented in this chapter.
Chapter 2 explains the experimental test facility equipment and details the components used in the

experimentation. This includes the test Dewar, the data acquisition system, the gas chromatograph.
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Chapter 3 goes through the test facility modifications including valve, regulator, oil handling,
pressure measurements, new test sections, and equipment protection and safety. The operation
procedure is detailed comprehensively in chapter 4 of this work. It simulates the operation of the
test facility for the next user. Details of the experimental results are presented in chapter 5. Some

additional details of the test facility are given in the Appendix of this work.
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2 Experimental Test Facility Equipment

2.1 Overview of Test Facility Design

A test facility design was proposed and constructed by Barraza, to obtain measurements of

temperature, pressure, and mass flow rate of mixed-gas refrigerants in a horizontal test section

within a controlled environment. The facility consisted of a compression station, coupled to a

vacuum evacuated Dewar containing the central element of the test facility, the test section. The

compression station was used to control the mass flow rate and supply pressure in the experiment;

the piping and instrumentation diagram can be seen in Figure 6. Initial testing was performed using

this basic design.
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Figure 6. Original compression station process diagram

23



The Dewar contained the low temperature, thermal control components, along with the test
section. It was vacuum evacuated below 10 Torr to minimize the loss of thermal energy to
convection. This was accomplished through the use of a rotary vane pump, as well as a high
velocity turbopump. The gas entering the Dewar first passed through a recuperative heat
exchanger. Upon exiting the recuperative heat exchanger, it passed through another heat exchanger
attached to a cryocooler coldhead, which was used to control the temperature of the gas mixture
in conjunction with electric heaters. With the temperature controlled, the gas then entered the
horizontally mounted test section. It was here that a known heat flux was applied, and the
temperature and pressure changes of the gas were measured. The gas leaving the test section was
routed to the recuperative heat exchanger, removing thermal energy from the incoming gas supply

as it returned to the compression station. The equipment diagram is shown in Figure 7.

Cryocooler
Coldhead

AL-125 :r

Recuperative
Heat Exchanger
T T ~

From Compression
Station

To Compression
Station

Figure 7. Dewar process diagram
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An auxiliary system very important to the experiment is the gas chromatograph (GC). The
GC is used to determine the concentration of gas mixtures used in the test facility during collection
of experimental data sets. The actual GC used in the experiment is shown in Figure 29.

Samples of the gas mixtures in the system were sent to the GC periodically, to provide a
concentration profile for the data collected during each data set. Though the GC is a single
instrument, capable of measuring concentration alone, additional components were added to help
facilitate sample injections, as well as register the signal output.

2.2 Test Conditions

It was proposed that three test section diameters be fabricated for this research. Two gas
mixtures were selected to be tested, one consisting completely of hydrocarbon gases and another
of fluorocarbon gases. Each of the mixtures would be diluted twice at 20% and 40% to produce a
total of six mixtures. The hydrocarbon mixture would be diluted with pure nitrogen, while the
fluorocarbon mixture would be diluted with pure Argon. Furthermore, each mixture would be
tested at two different pressures and a single mass flux. The result was a test matrix of 36 test
conditions which would provide the necessary information for this research, as can be seen in
Table 1. The heat flux shown in the table was determined by estimating the amount of energy

required to maintain nearly constant fluid properties across the heating section of the test section.
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Table 1. Original test matrix conditions

Test Section Inner Diameter

Geometry Effects

0.5 [mm)] 1.5 [mm)] 3.0 [mm)]
Supply Pressure
Pressure Effects
Mixtures

Concentration Effects | 0-1 [MPa] | 1.0 [MPa]| 0.1 [MPa] | 1.0 [MPa] | 0.1 [MPa] | 1.0 [MPa]

Mass Flux

Constant
250 [kg/m’-s]
Heater Power

As Calculated
45% Methane
35% Ethane

2. . 2 2 1 12

20% Propane 21wl 3.6 [W] 7IW] 32 [W] 07 [W] 9 [W]
0% Nitrogen
36% Methane
28% Ethane
16% Propane 22[W] | 2.5[W] | 20[W] | 224 [W] | 78[W] | 89.7 [W]
20% Nitrogen
27% Methane
21% Ethane
12% Propane 15 W] 1.7 IW] 14 W] 16 [W] 56 [W] 63 [W]
40% Nitrogen
35% R14
15% R23
15% R32 1.7 [W] 1.8 [W] 13 [W] 14 [W] 51 [W] 55 [W]
35% R134a
0% Argon
28% R14
12% R23
12% R32 1.3 [W] 1.3 [W] 12 [W] 13 [W] 47 [W] 53 [W]
28% Rl134a
20% Argon
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23 Compression Station

The two compressors on the compression station apparatus circulated the gas mixture in
the system. Due to the compression process, the temperature of the gas also increased. This
required a heat exchanger to reduce the temperature of the gas entering the Dewar, as the gas was
ultimately cooled to very low temperatures (<120 K) prior to entering the test section. However,
prior to cooling the compressor discharge gas, an oil separation mechanism was required, as the
gas was in contact with the compressor lubricant. The best practice for this is to recover the oil
immediately downstream of a compressor. Therefore, the high temperature gas was passed through
a coalescing-type oil separator after each compressor, which utilized electrically actuated needle
valves to periodically empty the separators and return the collected oil to the compressor. In
addition, downstream of the oil separators, a filter drier was installed to capture any further oil and
moisture that was able to pass through the oil separators. This component arrangement can be seen

in Figure 8.

Figure 8. Original compression station design schematic
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The clean, dry gas was finally cooled using a copper fin-and-tube type heat exchanger, as
described previously. The unit selected to perform the cooling was a Lytron model 6320G3 with
two, ten inch fans, as shown in Figure 9. This model uses 0.7mm wall thickness tubing, and is
suitable for pressures up to 150 PSIG. It allowed for the gas to be cooled to nearly ambient

temperature, which was approximately 25 + 5 Celsius.

Figure 9. Lytron tube-and-fin heat exchanger setup

Before the gas entered the Dewar, it was necessary to regulate the supply pressure. This
was accomplished using a simple spring and diaphragm type pressure regulator. A Swagelok KPR
series regulator was selected, using a 0-250 PSIG spring range, as shown in Figure 10. The valve

had a low flow coefficient of 0.002, which is indicative of a low flow requirement.

-

Figure 10. Swagelok pressure regulator, KPR series
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As the mass flux through the test section needed to be measured, it was necessary to install
a mass flow meter in the test facility. Given that it would have been impractical to install the flow
meter inside the Dewar, it was installed and incorporated into the compression station, downstream

of the Dewar outlet. The meter selected was a Coriolis sensing type, as shown in Figure 11.

Figure 11. Endress and Hauser mass flow meter

A mass flux of 250 kg/s-m? was specified for each of the test sections. This resulted in
mass flow rates of approximately 0.05 g/s, 0.44 g/s, and 1.77 g/s for the 0.5 mm, 1.5 mm, and 3.0

mm inner diameter test sections, respectively.
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Figure 12. Relative uncertainty curve of coriolis mass flow meter

The relative uncertainty of the mass flow meter will be more significant in the smallest test

section, from 2-3%, but only 0.5% in the larger diameter test sections.
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2.4  Dewar and Test Section

The Dewar contained the low temperature components, where these items could be isolated
in a vacuum environment, thereby effectively eliminating convection losses and reducing cooling
requirements. After the gas entered the Dewar, it passed through a tube-on-tube recuperative heat
exchanger made of quarter inch copper tubing, roughly 20 meters in length, as shown in Figure
13. A counterflow arrangement was used with the gas leaving the test section. This reduced the

cooling load on the cooling system, which proceeded the recuperative heat exchanger.

Figure 13. Recuperative heat exchanger, located inside Dewar, installed (left)

The low temperature cooling system utilized for this test facility was a Gifford-McMahon
(GM) type cryocooler, model AL-125 coupled to a compressor module, model CP640, each
manufactured by Cryomech. A copper heat exchanger was affixed to the cold end of the cryocooler
cold head shown in Figure 15 using four mounting bolts to compress a thin layer of 99.99% pure
Indium between the two surfaces, thereby increasing thermal contact. The cold head heat

exchanger construction was quarter inch copper tubing, coiled around and soldered to a three inch
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diameter copper Type L pipe, which had been soldered to a quarter inch thick copper disk, as

shown in Figure 14.

Figure 15. Cryomech AL-125 coldhead

Also shown in the figure, protruding from the side of the copper plate at the top of the cold
head heat exchanger, is one of two cartridge heaters used to balance the cooling load during

operation. These heaters were each capable of providing 100 watts, and were procured from
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Lakeshore Cryotronics. Independent DC power supplies provided power to each heater, as shown

in Figure 16. The digital displays were very useful when incrementally adjusting the heater power.

Figure 16. BK Precision programmable DC power supplies

The cryocooler cooling capacity as a function of temperature was experimentally
determined by Barraza. The testing was performed while the cold head was installed inside the
Dewar, operating in a vacuum below 10 Torr to effectively eliminate the convection losses.
Additionally, seven layers of aluminized reflective film were installed over the cryocooler to
minimize radiation losses. A T-type thermocouple was installed between the heat exchanger and
the cold head, using 99.99% pure Indium to decrease thermal contact resistance. An ultimate low
temperature of 28 K was achieved when no heat load was applied. Several measurements were
taken from no load, up to 160 watts, changing load upon reaching thermal equilibrium, as shown

in the plot in Figure 17.
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Figure 17. Measured cryocooler cooling capacity as a function of cold head temperature (Barraza)

The central element of this test facility was the test section, which was the combination of
temperature and pressure measurement instrumentation, as well as a heating section where a
known heat flux was applied. The foundation of the test section was a stainless steel tube, mounted
horizontally. Affixed to this tube was a cylindrical copper mass, of relatively larger size in
comparison to the tube diameter, with a hole bored in the center to fit the stainless steel tube. This
copper mass was brazed to the tubing using a silver brazing alloy, Safety-Silv 45. The purpose of
this copper mass was to act as an isothermal heat reservoir, to create an approximately isothermal
wall condition inside the test section, and the brazing alloy was used to promote heat transfer to
the stainless steel tube.

Nichrome wire, which has a relatively high resistivity of approximately 34 ohms per meter
at 305 Kelvin, was uniformly wound around the copper mass, insulated from the copper using thin

tissue paper and coated with varnish. Lengths of 0.09, 0.4, and 0.7 meters were selected to produce
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the desired heat flux for the 0.5, 1.5, and 3.0 millimeter test sections, respectively. Two copper
wire pairs were soldered to each end of this wire to form electrical leads. One wire from each lead
was used to supply current from a DC power supply, and the other to create a voltage divider

circuit. The wiring diagram is shown in Figure 18. These items formed the heating section.

1o AVSHUNT ===y ye== AVpry e-ey
. [ ] .
. 1 ] . .
1] 1] 1] 1]
1] 1] 1] 1]
—\A\N\— —~\/NN——
25 mQ 100 kQ
Shunt Resistor Resistor

+ Nichrome Wire
DC (Heating Section)

1.000 kQ
Resistor

AVAVAY e

Figure 18. Heating section of test section wiring diagram

The heat applied to the heating section was the product of the current and voltage across
the Nichrome wire, each of which needed to be measured. Using the voltage divider circuit and

Ohm’s Law, the voltage, V, was determined by the following equation:

1,000 kQ)
100 kQ

V= AVD v (1 +

Similarly, the current flow through the Nichrome wire can be determined using Ohm’s Law

and the measured voltage drop across the calibrated shunt resistor. There will be current flow
through the voltage divider circuit, but it is negligible in comparison to the Nichrome wire and

main circuit. Therefore, the current, I, can be determined by the following equation:

_ AVsyunT
25 mN
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The product of the voltage, V, and current, I, represent the heat applied to the heating
section copper rod. The circuit components, such as the shunt resistor and voltage divider circuit
were calibrated, as installed, using a Hewlett-Packard model 34401 A multimeter.

On the inlet and outlet of the test section, pressure taps were installed using custom
fabricated copper blocks with holes bored to form a tee fitting, allowing for an inlet pressure
measurement, as well as the pressure drop across the heating section. These pressure tap fittings
were also brazed in place on the horizontal tube. The inlet pressure was measured using a Setra
model 204 sensor, with a pressure range of 0 to 250 PSIA and an uncertainty of 0.28 PSI, or 0.11%
of the full-scale range. Similarly, the pressure drop across the heating section was measured using
a Setra model 204D sensor, with a range of 0 to 25 PSID and an uncertainty of 0.063 PSI, or 0.25%
of the full-scale range.

The inlet and outlet temperature of the gas mixture were measured using Platinum
Resistance Thermometers (PRT). The PRT’s selected for this experiment were from Lakeshore
Cryotronics, model PT-103, and were used in a braided 4-wire configuration. One pair of wires
supplied the excitation through a calibrated Lakeshore model 120 current source, while the other
pair provided a voltage differential to be measured. Redundant PRT’s were been installed to verify
the temperatures recorded during operation were correct, while also reducing the uncertainty. The
construction was a quarter inch Swagelok VCR gland with the 4-wire leads and a support wire

epoxy sealed, as can be seen in Figure 19. A calibration method used is described in appendix B.
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Figure 19. PRT assembly used to measure mixture temperatures

Similarly, two additional PRT’s installed at each end of the copper rod in milled holes at a
known radius, were used to determine the wall temperature inside the test section tubing using a
quantifiable thermal resistance network. A vacuum grease, Apiezon N, was applied between the
PRT and milled hole in the copper mass to reduce the thermal contact resistance. The redundancy
of the PRT’s installed in the test section copper mass provided validation that the copper mass was

isothermal, or if a difference existed between the inlet and outlet of the heating section.

Figure 20. PRT installed into copper mass of heating section in 1.5mm test section

The two locations where pressure was measured was between the locations where the
PRT’s were installed and the heating section. The inlet location was used to measure the absolute

pressure, while the downstream location was utilized in conjunction with the upstream location to
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measure the pressure difference across the heating section and the inlet and outlet piping. Again,
it should be noted that these pressure sensors are located at known distances from the test section,
such that the fittings used to provide access to fluid for the sensors do not disturb the flow entering
the test section, ensuring fully developed, undisturbed flow throughout. The uninstalled 0.5, 1.5,
and 3.0 millimeter test sections assemblies are shown in Figure 21, Figure 22, and Figure 23,

respectively.

Figure 21. Test section and pressure taps, nominal 0.5mm size
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Figure 22. Test section and pressure taps, nominal 1.5mm size

Figure 23. Test section and pressure taps, nominal 3.0mm size
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Thermal and fluid analysis was performed by Barraza to determine the locations of the
instrumentation, as well as the length and position of the heating section. It was important that the
fluid flow through the heating section be fully developed, both thermally and hydrodynamically,
as the heat transfer coefficient being measured was effectively derived from an average Nusselt
number. This required a minimum length of straight, constant tube diameter flow upstream of the
heating section inlet, as well as sufficient length of the copper rod heating section. It has been
demonstrated though CFD analysis that at the specified mass flux, the required length of piping to
obtain hydrodynamically fully developed flow is approximately ten pipe diameters. Therefore, the
temperature and pressure instrumentation was able to be installed this distance from the heating
section to measure fluid properties, while still allowing the flow entering to be fully developed
hydrodynamically. Similarly, the heating section was determined to require a minimum of 35 pipe
diameters of copper. To validate this test facility setup, data using high purity nitrogen was
collected and compared to expected results obtained from the Dittus-Boelter equation.

The internal characteristics of the test section tubing were measured, such as diameter and
surface roughness, as these would be used in pressure drop calculations. A microscope with
imaging software capable of specifying a dimensional scale was used to determine the inner
diameter of the tubing. From this, the inner diameter of the 1.5mm test section was found to be
1.515 millimeters. Similarly, using a Zygo optical surface profiler, or profilometer, the surface
roughness was measured. A roughness average, or Ra, of 1.949 micron was measured, as shown
in Figure 25, which equates to a relative roughness value of 0.0013. These internal characteristics

were not measured on the other two test sections.
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Figure 25. Zygo optical surface profiler output for 1.Smm tube sample

2.5  Radiation Shielding

At the low temperatures expected to be encountered during this research, it is necessary to
take steps to mitigate the effects of radiation heat losses. In this experiment, several layers of highly
reflective aluminized Mylar sheets were wrapped around the test section, each sheet insulated
further with a layer of synthetic woven fabric called Dacron, as shown in Figure 26. A thermal

resistance network was proposed and modeled by Barraza, as discussed in Appendix C. From this
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model, it was determined that a 95% reduction in radiation loses could be attained by installing
five layers of this multilayer insulation (MLI) around the test section and associated cooling

components.

Figure 26. Multilayer Insulation (MLI) installed

Furthermore, it was proposed that a greater reduction in radiation losses could be reached
by creating an isothermal layer to install around the test section. It was fabricated from 24 gauge
copper sheet material, with Mylar secured to the surface using Lakeshore varnish. The sheets were
wrapped around the test section and instrumentation, and fastened to the coldhead heat exchanger

using machine screws and thermally connected using Indium.
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Figure 27. Isothermal radiation shield

Three layers of MLI were installed between the isothermal shield and the test section and

associated instrumentation. The installed isothermal shield is shown in Figure 27.

2.6  Data Acquisition System

The data acquisition (DAQ) hardware used for this experimental test facility was a model
CR23X-TD datalogger developed by Campbell Scientific. It had the capability of measuring
twelve differential or 24 single-ended voltage inputs, and could simultaneously filter 60 Hz noise.
The input channels could also be a combination of differential and single-ended voltages, each
having a voltage range that could be specified as 5000 mV, 1000 mV, 200 mV, 50 mV, or 10 mV,
with a full-scale accuracy of 0.025%. Additionally, there were eight output channels, capable of

providing 0 to 5000 mV output signals. The actual datalogger used is shown in Figure 28.
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Figure 28. Campbell Scientific CR23X-TD Datalogger, actual unit shown

This hardware was controlled using a software package called LoggerNet version 4.2, also
from Campbell Scientific. This software package provided the necessary program modules to
create datalogger programs to record, perform calculations, and store signals from the
instrumentation used on this test facility to data tables, which could then be automatically stored
to a computer hard drive in a useable format, such as CSV or XML. Additionally, there were
program modules designed to configure plots and tables to view the data being collected in real-

time.

2.7  Gas Chromatograph

An important objective of this research was to determine the concentration of the gas
mixture in the test facility during operation at various points of thermodynamic quality in the test
section, as it was expected to change as the mixture was condensed in the Dewar components.
Shown in Figure 29, a gas chromatograph (GC), Hewlett-Packard model 5890 Series II, was used

to measure the concentration of the mixtures. It was adapted from an earlier experiment using it
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for the same purpose; therefore, the only requirement to integrate it into the test facility was to

install the necessary piping and connect to the sample line.

Figure 29. Hewlett Packard Gas Chromatograph 5890 Series 11

The GC was equipped with a Thermal Conductivity Detector (TCD) and a Flame Ionizing
Detector (FID). The TCD was used with the mixtures being investigated in this research scope,
along with the installed Agilent Technologies packed column. The GC was also previously setup
to be used with LabVIEW as a means to communicate with the unit and input or change
parameters, such as the injector, detector, and oven temperatures and temperature programs. Also,
the signal output was connected to a Hewlett-Packard model 3396A Integrator as shown in Figure

30, which printed the chromatograms to paper.
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Figure 30. Hewlett-Packard 3396A Integrator

The GC was setup such that the gas mixture could be sent through a sample line, where
pressure and flow rate were measured using analog sensors. The flow rate was measured in a raw
form through the use of a differential pressure sensor connected across the injection valve, as well
as with rotameter on the sample line discharge. The sample line pressure sensor was connected
near the injection valve, approximately in the same location as the differential sensor high pressure
port. The pressure and flow rate information was critical in determining the sample size being
injected into the GC column, and the pressure sensors were incorporated into the LabVIEW
program used to operate the GC, centralizing all of the critical parameters for operation.

The process of injecting the sample into the column from the sample line was essentially
automated, as the GC was equipped with a pneumatic injection valve. The valve was programmed
to open for 30 seconds, beginning when the start command is sent to the GC from the LabVIEW
program, allowing the gas mixture to enter the column. This combination of time, pressure, and
flow rate is the method utilized to produce approximately equal and repeatable sample sizes for
the GC to measure.

The TCD signal would change from its baseline reading when a component of the gas

mixture would elute from the column installed in the oven chamber and pass over the detector.
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The time it required for the component to reach the TCD is known as the retention time, which is
a function of the oven temperature and the column length and type. The signal profile from the
TCD resembles a peak when it is plotted onto paper using an Integrator. The peaks from each
component are representative of the mixture concentration, in the form of their respective areas
under the signal profile. Peak areas are the product of the peak height from the baseline and the
width of the peak at half-height point, which the Integrator calculates automatically.

In order to interpret the results from the Integrator, a correction factor, more commonly
referred to as a response factor, needed to be applied to these area results. As it pertained to this
experiment, two methods were utilized to determine these correction factors. The first method was
to test several samples from a certified mixture containing the gases used in the mixtures being
investigated as part of this research, such as the hydrocarbon mixture. A certified mixture could
be obtained with a mixture uncertainty within 1% of the actual concentration. Again, by keeping
the GC injection pressure and flow rate as consistent as possible, the areas obtained from the
samples for each mixture component could be averaged. The product of this averaged area and the
desired response factor, RFgas, was expected to produce the specified component molar
concentration, as shown below.

Apeak X RFyq5 = Myqs

The second method to be utilized involved using high purity gas samples of each
component in the mixtures being investigated. Again, several samples of each gas would be taken
and averaged, using the same GC injection pressure and flow rate to effectively maintain nearly
the same sample sizes. These values were then treated as values expected with a pure solution
sample of the gas, and as the area values are linearly correlated with concentration, the area of

each component from a mixture could be divided by this value to determine the effective

46



concentration. An additional calculation was implemented to normalize the concentrations, such
that the sum of the concentrations would be 100%, reducing the effects of inconsistencies in
sampling. The equation for an ‘n’ component gas mixture would be calculated as shown below,
where An represents the measured area value from the Integrator, and An pure represents the averaged

pure sample areas.

A
Al,pure
Al + AZ + A3 + e + An
Al,pure Az,pure A3,pure An,pure

The uncertainty of the GC was not known; however, using these methods it is reasonable
to determine the uncertainty by performing several samples. Also, the major source of uncertainty
lies in the sampling technique using the pressure and differential pressure sensors. It is unlikely
that the same pressure and differential pressure is achieved for every sample. For use in this
experiment, a minimum of five samples from each of the reference gases will be taken to calibrate

the methods discussed.
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3 Experimental Test Facility Modifications

3.1 Overview of Testing Issues

Control of the mass flow rate proved to be difficult with the original test facility design.
The most significant issue was that the compressor oil separation and collection system disturbed
the mass flow rate to the test section when the emptying valves were opened. Also, the ball valves
were nearly impossible to use to control and adjust backpressure in the system piping, as slight
adjustments with the valve handles translated to large changes in flow rate. Additionally, the
pressure regulator selected for the test facility did not allow for fine adjustments in the outlet
pressure, likely due to the spring range being too large.

Given the need for gas mixtures for use in testing, there was an obvious requirement to
either source the mixtures from a gas supplier or create the mixtures in the lab. Costs of the
mixtures were obtained from various suppliers. The hydrocarbon mixture was relatively
inexpensive, whereas the fluorocarbon mixture was substantially more expensive to purchase.
Therefore, it was determined that the hydrocarbon mixture would be purchased from a supplier,
and the fluorocarbon mixture would be created in the lab using the gas chromatograph. This
required the addition of a mixing tank. After reviewing the design, it was determined that such a
tank could be added and piped into the bypass line of the compression station. This would also
alleviate another testing issue, which was the large reduction in system charge pressure due to the
condensing gas, as the volume of the tank could be added as needed.

In regards to the test section, the determination of the inlet and outlet pressures and
temperatures could not be made with a high degree of confidence due to pressure drop between
the sensors and the test section, resulting in a decrease in the temperature of the gas mixture, a

phenomenon known as the Joule-Thomson effect. A reconfiguration of the measurement setup
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surrounding the test section was required. In conjunction with the measurement modifications, the
pressure sensor taps were also modified to reduce the perturbations in flow entering and exiting
the test section by using a smaller pressure tap diameter. Lastly, the cross sectional area of the test
section tubing allowed significant heat leak due to conduction.

The original test parameters specified in the research proposal for this project were thought
to require more time to collect than was available. Therefore, a new set of test parameters was
created to reduce the number of data sets required, while still maintaining the same level of
investigative usefulness. Further evaluation of the test parameters and time available to collect the
data produced a test matrix that would investigate the effects of different heat and mass fluxes, in
addition to diameter, pressure, and concentration effects. A binary data set was also added.

Finally, as the data sets for this experiment commonly would take longer than 12 to 15
hours, an attempt at leaving the system operating unattended was made. Consequently, the gas
mixture in the system changed from two-phase to solely vapor during this time, which resulted in
a reduction in the heat transfer in the test section and coldhead heat exchanger. The experiment
was severely damaged, as the coldhead heat exchanger became unsoldered from the base attached
to the coldhead, removing the only cooling capacity in the system, resulting in gas temperatures in
excess of 450 Kelvin. The thermometer assemblies were destroyed, and the radiation shielding and
thermometer wires were burned. The recuperative heat exchanger was the only undamaged piece
in the Dewar, as even the cryocooler coldhead displacer needed to be replaced. Various changes
were made to protect the equipment from this failure occurring again.

To address these design issues, modifications to the original design were made by the
author of this work as will be described in detail in this section. The additional pressure sensors

were added in the Dewar piping, as shown in the updated diagram in Figure 31. Similarly, Figure
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32 shows the process diagram of the compression station, which was the most significantly

modified. There were no changes required for the gas chromatograph and its associated equipment.

Cryocooler
Coldhead
AL-125

:F
:-

Recuperative
Heat Exchanger

From Compression
Station

To Compression
Station

Figure 31. Dewar process diagram with modifications
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Figure 32. Compression station process diagram with modifications

3.2 Oil Separator Modification

As stated in the previous chapter, the compressors used to move the gas mixture through
the system required lubricating oil, which was in contact with the mixture. As a result, some of
this oil left the compressor with the mixture, but was captured by the oil separators. From the initial
testing of the facility, it was observed that the drier element had become saturated with compressor
oil. It was proposed that an additional oil separator on each compressor would increase the amount
of oil captured, and subsequent testing showed a marked improvement. Alternatively, a properly
sized oil separator could have been used, but there was no sizing information available to determine

a suitable model for this application.
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Furthermore, the oil separator drain valve emptying sequence proved to be problematic, as
it disturbed the steady-state flow of gas to the test section and displayed a hysteretic effect. The
flow rate would not return to the rate at which it was prior to the separator emptying sequence. To
correct this issue, the electrically actuated valves were replaced with manually operated,
regulating-type needle valves to allow for continuous drainage of the separators during operation.

Testing has shown the setup in Figure 33 to be the ideal solution for this test facility.

Figure 33. Oil separator modifications

33 Buffer Volume Modification
Another noticeable issue with the mass flow was the pulsating flow pattern that resulted
from the compressors, as the compressors were of the reciprocating type. The method selected to

dampen the fluctuations was to install two vessels, with a volume of roughly one US gallon, at the
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compressor inlet and outlet. In addition to providing a volume in which the pulsating flow could
be dampened, another proposed benefit of having a vessel installed upstream of the compressor
was to provide a volume from which the compressors would draw, regardless of the fluid
conditions elsewhere in the system. Such concerning conditions would include condensing the
mixture to saturated liquid in the test section. Again, after testing, it was determined that the vessels
provide significant dampening from pulsations in the flow. The installed vessels can be seen in

Figure 34.

Figure 34. Buffer volume tanks installed

3.4  Valve Modifications

The previously discussed flow control modifications were implemented to alleviate
fluctuations in the flow, but would do little in regards to controlling a set flow rate during
operation. The original test facility design utilized manual ball valves for both shutoff and
regulation of flow. Initial testing of the facility proved that the ball valves were not a sufficient
means to control the flow rate; therefore, it was proposed that needle valves could be used as a
more precise means to control the flow rate through the piping. Brass needle valves were installed

in two locations, with one valve placed downstream of the mass flow meter and the other in the
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bypass loop, as shown in Figure 35. These locations proved to be more useful in adjusting flow
rate and pressure, and post-installation testing has shown these valves provided a significant

improvement in flow control.

Figure 35. Needle valves installed on bypass and compressor return line

3.5  Pressure Regulator Modification

In addition to the needle valve modifications discussed above, it was determined from
initial testing that the flow coefficient for the pressure regulator was likely too small for the flow
rate required to achieve the specified mass flux through the two, larger test section diameters. The
valve would not achieve the required flow rate without significant pressure drop across the valve.
The issue with that scenario is that the heat exchanger used to cool the compressor discharge gas,
which was upstream of the regulator, was not rated to such high pressures to allow for that. The
other issue with the regulator was the spring range in combination with the number of turns allowed

by the valve. The range was nearly double what was required, and the number of turns allowed
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were not enough to make fine adjustments in the range needed. A new Swagelok regulator with a
larger flow coefficient, more reasonable spring range, and relatively low droop was procured. This
new regulator, shown in Figure 36, worked well for all flow conditions specified for this

experiment.

Figure 36. Swagelok pressure regulator with higher flow range

3.6  Make-up Tank

The primary purpose of the make-up tank was to provide a vessel in which new mixtures
could be created and after achieving the correct concentrations, added to the vacuum evacuated
test facility. After reviewing the necessary components required for this, it was determined that
the vessel could be connected into the bypass line using a few more valves and used to regulate
the amount of gas mixture in the system. This was originally the purpose of adding a surge tank to
the compressor suction described above, but it seemed that the volume of the two vessel was not
sufficient make-up volume when the mixture was being condensed to saturated liquid. Testing
showed that this larger tank, 4.5 US gallons, was more beneficial in this respect than as a mixing

tank, and as a result, it was never utilized for creating the gas mixtures independent of the
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remaining system volume. Through a pressure relief valve, it also provided a safe location to
release gas from the system when the pressure in the compressor discharge heat exchanger became

unintentionally high. The installed tank is shown in Figure 37.

Figure 37. Make-up tank installed

3.7  Pressure Measurement Modifications

The primary issue with the original design of the test section and surrounding
instrumentation was that the configuration measured temperature and pressure in different
locations, succumbing to the inherent effect of a zeotropic mixture. It was noted during initial
testing that in the absence of an applied heat flux to the copper rod, the outlet temperature of the
gas mixture was lower than the inlet temperature. Again, this cooling phenomenon is the result of
the Joule-Thomson effect. Due to the nature of zeotropic mixtures, having a single measurement
of either temperature or pressure at a given location is not useful in the determination of fluid

properties. Therefore, new locations to measure pressure were added in approximately the same
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locations where inlet and outlet temperatures were measured, as shown in Figure 38. The diameter
of the hole that penetrated into the inner diameter of the flow channel was created using a 72 gauge

drill bit, which has a diameter of 0.635 mm.

Figure 38. Pressure tap additions to temperature measurement locations

Two custom configured, differential pressure transducers made by Omega were added at
these new locations in such a way that gauge pressure sensor at the inlet of the test section could
be translated to the locations where temperature was measured. This allowed for an improvement
in the degree of certainty in specifying the inlet and outlet temperatures of the fluid flowing through
the test section. With these new pressure sensors, a relationship between temperature and pressure
was established and validated for the mixture in the test facility. This is graphically shown in

Figure 39.
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Figure 39. Graphical representation of Joule-Thomson effect as it related to the test section instrumentation

3.8  Test Section Modifications

An equally concerning issue pertaining to the test section was that the stainless steel tubing
used in each of the three test sections had a relatively thick wall, which resulted in higher than
desirable conduction losses from the copper mass. To reduce this undesirable heat loss, stainless
steel tubing with thinner wall thicknesses were procured.

The pressure tap design was also reconfigured and utilized a custom fabricated group of
Swagelok VCR type fittings on the inlet and outlet of the test section. It consisted of a quarter inch
blind VCR gland with a centered hole bored approximately 0.01 inches over the outer diameter of
the test section tubing. Welded to this piece was an eighth inch VCR gland, where the pressure tap
hole would be drilled. Again, the diameter of the hole that penetrated into the inner diameter of
the tubing created using a 72 gauge drill bit. Due to the torque required to tighten the VCR fittings
and the thin wall tubing of the test section to which these were brazed, flats were machined onto
these custom fabricated fittings to allow a wrench to grasp while tightening into the test facility

piping. An example of the fittings fabricated for this purpose is shown in Figure 40. The final test
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sections for the nominal 1.5 millimeter and 3 millimeter size are shown in Figure 41 and Figure

42, respectively.

Figure 40. Test section pressure tap custom fabricated fitting

Figure 41. Modified 1.5mm test section
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Figure 43. Test section stainless tube brazed to copper mass

3.9 Test Matrix Revision

The initially proposed test matrix, shown in Table 1, specified 36 different test conditions
resulting from six mixtures at two pressures and three different test section diameters. These
variations maintained the same heat and mass flux throughout all three test section diameters. After
some thoughtful discussion, a new test matrix was proposed to reduce the number of test conditions
without sacrificing the experimental intent of studying heat transfer capabilities of these mixtures.
This new test matrix is shown in Table 3 and specifies the heat flux (q), pressure (P), and mass

flux (G) for the corresponding mixture composition and test section diameter. The subscripts on
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the parameter symbols provide identification for shared values. The test shown in red indicate
deviations from the control condition specified in the 1.5 millimeter test section size.

The primary benefit of the new test matrix was a reduction in the number of test conditions
from 36 to only 24, reducing the time required to obtain the data. The reduction resulted from the
proposition that the effect of pressure could be observed in a single test section diameter. In
addition, the heat and mass flux will now be varied in one of the test section diameters for each of
the undiluted mixture concentrations. Following this new test matrix, it is believed that the scope
of the desired analysis from the original test matrix was still maintained, while investigating
additional variables and the resulting effects on the measured heat transfer data.

Though not shown in the new text matrix, but noteworthy, is the need to obtain a set of
data for temperature and pressure drop for instances where the mass flux, pressure, and
concentration change. This was done to confirm the fluid property data obtained from a National
Institute of Standards and Technology (NIST) program called REFPROP version 9.1, which was
used to perform calculations of the mixture thermodynamic quality and account for the Joule-
Thomson effect. Furthermore, a binary mixture was added to the scope of this research, as it was
proposed that a binary mixture was less complex than the other mixtures being investigated. The

proposed test matrix can be seen in Table 2.

Table 2. Binary hydrocarbon mixture test matrix

Test Section Inner Diameter
Mixture Geometry Effects

0.5 [mm] 1.5 [mm] 3.0 [mm]

P1,d:, Gy
Control Condition
P, P, d1,G1 P,
40% |Methane PuressureEffects
60% |Ethane a P, 4, G, %
Heat Flux Effects

P, a1, G,
Mass Flux Effects
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Table 3. Modified test matrix conditions

Mixtures Test Section Inner Diameter
Concentration Effects Geometry Effects
0.5 [mm] 1.5 [mm] 3.0 [mm]
P a;,, Gy
Control Condition
45% Methane P, P, 41 G, P,
35% Ethane PuressureEffects
20% Propane % P, 0, Gy %
0% Nitrogen Gy Heat Flux Effects G,
P10, G,
Mass Flux Effects
36% Methane P, P, P,
28% Ethane
16% Propane % % S
20% Nitrogen G, G, Gy
27% Methane P, P, P,
21% Ethane
12% Propane % S Q:
40% Nitrogen G, G, G,
P1,03,G;
35% R14 Control Condition
15% R23 Py P, a3, Gy P,
15% R32 Qs PuressureEffects s
35% R134a G, P1,04, Gy G,
0% Argon Heat Flux Effects
P,,03, G,
Mass Flux Effects
28% R14
12% R23 Py P, P,
12% R32 ds a: as
28% R134a G, G, G,
20% Argon
21% R14
9% R23 Py P, P,
9% R32 ds a: as
21% R134a G, G, G,
40% Argon
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3.10 Equipment Protection and Safety

Nearly all of the data sets required more than 12 hours to collect, and several required more
than 20 hours to completely collect. Therefore, it was desired to leave the test facility operating at
a steady-state condition between days, allowing for the data collection to resume from this point.
In order to safely leave the test facility operating while unattended, several safety precautions were
required. The failures that occurred from the excessive heating were the primary focus. Some were
programmed into the data acquisition, while others were simple electronics.

The first implementation was to integrate solid-state relays into the cryocooler power
circuit to deactivate it, as shown in Figure 44. These relays received a five volt DC signal from the
datalogger using its data collection program created using the Campbell Scientific program called
Edlog. The two programmed interlocks instructed the datalogger to stop the signal when the inlet
temperature of the fluid reached 300 Kelvin and when the mass flow meter was not detecting flow.
When either condition occurred, the respective relay would disconnect the power to the cryocooler,
which in turn deactivated all power supplies controlling the heaters through another relay using

the cryocooler power.

Figure 44. Relays used to disable cryocooler
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Further precautions were taken in regards to the test section heater after the Nichrome wire
was destroyed by sending a current that the wire could sustain at startup. The DC power supply
control knob had been adjusted to a high current setting while the unit was powered off, which
destroyed the wire when powered on. To eliminate the possibility of this failure occurring again,
a one amp fuse was integrated into the heater circuit, ahead of the Nichrome wire on the test
section. Similarly, to avoid any issue with the coldhead heat exchanger heaters, a two amp fuse
was installed into each circuit between the DC power supply and the heater element. The three

fuses were installed into a fuse block, as shown in Figure 45.

Figure 45. Heater DC power supply fuses

As a result of the thermal damage that occurred while the test facility was operating
unattended, much of the equipment inside the Dewar needed to be repaired, such as the coldhead
heat exchanger, the thermometers, and the radiation shielding. A new coldhead heat exchanger
was fabricated in a similar manner as the original, except the base was brazed rather than soldered,
and was then compressed between an additional copper plate and the coldhead using bolts. The
four damaged thermometers used to measure the gas mixture temperature were discarded and

remade using the same design. Finally, the radiation shielding, specifically the copper isothermal
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envelope was modified to be much simpler, consisting of only two sheets that would encase the
test section and surrounding instrumentation. It was affixed to the lower plate on the coldhead heat
exchanger using a rectangular bolt flange and indium to reduce contact resistance, as shown in

Figure 46.

Figure 46. Isothermal envelope modification in radiation shielding

Shortly after the thermally damaged components were repaired and data collection
resumed, the turbopump used on the Dewar seized and needed to be replaced. The cause of the
failure was unclear, but it is likely the result of one of two operating conditions: vibration and
off-gassing inside the Dewar. The turbopump was mounted directly to the Dewar with no

vibration isolation installed, where the coldhead displacer produced noticeable vibration. These
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turbopump rotors operate at very high rotational velocities, and vibrations are not acceptable.
Additionally, the varnish used to seal the Nichrome wire around the copper mass of the test
section showed signs of off-gassing after being heated during the tests, in the form of small
bubbles on the surface. The varnish is an adhesive substance, which could have accumulated in
the tight tolerance spaces of the turbopump. The turbopump was mounted to the adjacent wall
using flexible hose as shown in Figure 47, and the varnish was baked at a temperature above the
expected highest temperature of 380 Kelvin. Upon implementing these corrections, no further

issues arose from the turbopump.
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Figure 47. Remote mounted turbopump modification
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4 Operation

4.1 Gas Chromatograph and Sampling

There are many components comprising this test facility; however, most instrumentation
works independently and requires manual operation. When preparing for a data set collection, it is
advisable to begin by preparing the gas chromatograph. To do this, begin by initiating carrier gas
flow to the GC by opening the valve on the carrier gas supply cylinder and adjusting the regulator.
In this particular experiment, helium was utilized for the carrier gas; however, other gases, such as
nitrogen, argon, or hydrogen may be used on this gas chromatograph. The flow and pressure can
be verified by checking that the integral column pressure gauge displays pressure and responds to
adjustments at the carrier gas cylinder regulator. The actual GC column pressure gauge is shown

in Figure 48. A range of 55-65 PSIG was used for this experiment.

PACKED

COLUMN
HEAD PRESSURE

CARRIER FLOW

~ INJECTION PORTA

Figure 48. Gas chromatograph integral column pressure gauge
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With the carrier gas flowing, it is acceptable to power the GC on and input the desired
temperature program using the LabVIEW data acquisition program from Cornell University
(http://ceeserver.cee.cornell.edu/mw24/Software) installed on the connected computer. It should
be noted that the Cornell program has been modified to suit the needs of this experiment, with the

addition of two pressure sensor measurements installed in the gas sample supply line. The program

main window can be seen in Figure 49.
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Figure 49. Cornell University gas chromatograph LabVIEW program initial start screen

To set the temperature program, select the ‘Set Method’ button located in the upper left
corner of the screen. This will bring up a second window, shown in Figure 50, where the desired
temperature program can be input and sent to the GC. The various settings related to sampling
temperature can be set in this interface, such as injector, detector, and oven temperatures. The oven
temperature program can be a constant temperature, or have up to three ramp functions occurring

at specified temperature rates [C/min] and times [minutes].
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Figure 50 shows an example of a temperature program utilizing a single ramp function.
Ramp functions were necessary for the diluted mixtures, as constant temperature programs did not
allow for adequate column separation of the diluting gas and the mixture component that was first
to elute from the column. The lower initial oven temperature allowed for an increased separation.
Upon inputting the desired settings, the ‘OK’ button should be pressed to send the parameters to

the GC.
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Figure 50. GC temperature program input screen; ramp function shown

Immediately following this action, a window will appear, indicating the actual
temperatures of the instrumentation, as well as the active status of the detectors. This screen
allows the sensing instrumentation to be activated, such as the Thermal Conductivity Detector
(TCD), which was utilized in this experiment. From initial startup, it is necessary to change the
activation of the TCD switches on the screen. This is accomplished by clicking the red ‘OFF’
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button located below the TCD label, as well as the red toggle switch above it, as shown in Figure
51. A window will appear, asking for confirmation that the carrier gases are flowing to the GC,
as the TCD can be damaged if activated and heated with no carrier gas flowing through it.

B GC ready status.yi

Cancel

Figure 51. GC ready status screen, shown with TCD sensor not active and temperatures not ready

At the time the instrumentation is ready, an ‘OK’ button will appear at the bottom of the
window, as can be seen in Figure 52. This indicates that the parameters specified have been met
and the GC is ready for a sample. Selecting the ‘OK’ button will return the main program

window screen, where the controls to begin a sample test are located.
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| GC ready status.vi ]

Figure 52. GC ready status screen, shown as ready to proceed

Though the LabVIEW program from Cornell University is capable of providing
chromatograms with peak areas and retention times, the external Integrator was preferred. It was
often observed that the chromatogram in the LabVIEW program would stop recording during a
sample test. In addition, it was less difficult to save and record the paper copies from the Integrator.

While preparing the gas chromatograph as described above, the Integrator can be started
and setup. The Integrator is powered on using a switch located on the backside of the device. It
will need to go through a warm-up sequence, but two green lights will appear when ready. The
first settings to input should be the date and time. On the Integrator keyboard, simply type the
letters TIME, followed by the actual time in HH:MM:SS format. Pressing the ENTER button will
complete the action. Similarly, for the date, type DATE, followed by the desired date in

MM/DD/YYYY format. Again, pressing the ENTER key will complete this step.
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There are two settings related to the output control that should be changed from their
default settings, prior to recording a sample. The peak attenuation should be set to 5, by pressing
the ATT21 button twice, followed by the 5 key and ENTER key. The threshold level setting should
be also set to 5 in the same manner, except using the THRSH key. These settings should scale the
peak heights to fit on the Integrator paper.

The equipment is now ready to accept a sample; however, it is best to perform a helium
gas flush of the sample line to remove any contaminants. The piping installed from the helium
supply cylinder to the experimental test facility at the sampling location and isolated by a single
needle valve, should be used for this purpose. The brass needle valve, shown in Figure 53, can be

opened to initiate the flushing procedure.

Figure 53. Gas sample valves on compression station for GC sampling

It is recommended that the helium flush take place for a minimum of five minutes, at a rate
of 10-20 cc/min as indicated on the rotameter at the GC sample line outlet, as this proved successful
in clearing the sample line. This flow rate can be controlled using the integral valve on the

rotameter. After this time has elapsed, the needle valve isolating the sample line from the helium
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cylinder should be closed. The residual helium in the sample line should be purged to atmosphere
by opening the integral valve on the rotameter for another five minute period, or until the supply
pressure and differential pressure sensor values on the main program screen do not change with
time.

The baseline measurement of the TCD should also be checked for stability. This can be
done by pressing either the SIG 1 or SIG 2 button on the GC user interface keyboard. One of those
two buttons will be associated with the TCD sensor. A baseline of 3.5 to 5 was common for this
experiment, and was related to the carrier gas pressure supplied to the GC. It is important to have
a measurement baseline that does not change with time, as this is the reference from which the
sample components are measured.

The integral valve on the rotameter should be nearly closed prior to sending the gas sample
to the GC. The supply pressure and differential pressure sensor readouts should be set to zero, or
approximately zero, as the values will fluctuate. This is done to provide consistent sample sizes to
the GC from the test facility.

A sample from the test facility can be sent by opening one of the two isolation ball valves
located near the helium flush valve used earlier. The purpose of having two valves is to allow for
a sample to be sent from either the supply or return of the Dewar, or rather the test section. When
the supply pressure value on the main program screen reads above 30 [PSIG], the isolation valve
can be closed, as this is sufficient pressure in the sample line to inject a sample. The valve on the
rotameter can be slowly opened to allow the gas sample to flow through the sample loop.

The valve should be used to control the flow rate of the gas sample. Target values of
approximately 18 [PSIG] and 0.11 [PSI] were specified for the supply pressure and differential

pressure, respectively, for sample consistency in this experiment. The ‘Measure Sample’ button,
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located in the upper left corner of the main program screen, can be selected to introduce the sample
to the GC. This will actuate the GC sampling valve, which remains open for a specified time of 30
seconds. All of the menu button icons will disappear and a single button will appear, which is used
to end the sample run after all the gas components have eluted from the column. Figure 55 shows
the main program screen after a sample run has completed. Similarly, the Integrator should be

stopped by pressing the ‘STOP’ key on the keyboard.
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Figure 54. Gas chromatograph main screen, ready for sample
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Figure 55. Gas chromatograph main screen, end of sample

4.2 Data Acquisition

On the computer connected to the Campbell Scientific datalogger, open the LoggerNet

program interface. A menu screen should appear, as shown in Figure 56.

Setup
Program Connect
Data u Status |

Tools E! Task Mas
Utilities

Favorites

@ CAMPBELL FIE.NTIFIF‘

Figure 56. Campbell Scientific LoggerNet menu screen, ‘Main’ menu selected
Select the ‘Main’ menu, as highlighted in the figure, and click on the ‘Connect’ option.
This will open the data output interface, as shown in Figure 57. This screen can be used to verify

whether the data appear to be acceptable, or if changes are required.
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Figure 57. Connect screen, used as the data output interface

Typically, the differential pressure sensors will need to be set to zero prior to activating the

compression station. To do this, return to the main program interface and select the ‘Program’

menu and click the ‘Edlog’ option, as shown in Figure 58.

Main
Program
Data
Tools
Utilities

Favorites

':5 CAMPBELL SCIENTIFIC
L= W e s ety waTTes

Figure S8. Loggernet interface, 'Program' menu selected

This will open the programming environment shown in Figure 59 for creating and

modifying the code, or set of instructions, used by the datalogger to interpret input and output

signals. The code can then be modified to adjust the offset of the differential pressure sensors.

Once adjusted, the program file can be saved to record the changes.
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Figure 59. Edlog programming environment

The next step is to upload the program to the datalogger. This is done by returning to the
Connect screen, shown in Figure 57, and clicking on the ‘Send...” button located on the right side
of the window, under the ‘Program’ section. This will open a file explorer window, from which
the newly modified Edlog program can be selected. Additional prompts will appear to verify the
action, as once the program is uploaded, it will clear the memory on the datalogger. This is desired
for beginning a new data set.

Alternatively, the program upload process can be done through this ‘Setup’ window. The
‘Setup’ window is opened through the LoggerNet interface menu by selecting it in the ‘Main’
menu option, as can be seen in Figure 56. Finally, navigate to the ‘Program’ tab and click the
‘Send...’ button, as shown in Figure 60. This will similarly clear the datalogger memory when the
new program is uploaded. If the tabs do not appear, it is likely due to the datalogger not being

selected in the left window pane, under ‘Entire Network’ section.
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Figure 60. Setup screen, showing the Program tab for sending a new program to the datalogger

Data saved to the datalogger need to be recorded to a computer for permanent storage, as
the datalogger will only save the most recent data. In this experiment, a cable from the RS-232
port on the datalogger is connected to a USB port on a computer used for data storage, as well as
programming. The program sent to the datalogger will only specify how to store the data in the
datalogger.

In order to store the data to the computer, a location needs to be specified in the ‘Setup’
window. Again, this is done by returning to the LoggerNet menu interface, selecting the ‘Main’
menu and clicking the ‘Setup’ option. From this window, navigate to the ‘Data Files’ tab and
specify the file storage location of any tables being created as instructed by the Edlog program in
the datalogger. For example, in Figure 61 below shows seven tables being created, five of which
are being recorded, as the box labeled ‘Included For Scheduled Collection’ has been checked. This

is graphically displayed by the green checkmarks and red X-marks in the table list.
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Figure 61. Setup screen, showing Data Files tab where data storage is specified

With the file storage locations specified as desired on the connected computer, an
additional feature of the LoggerNet software can be used. The data stored on the datalogger must
be retrieved, either automatically or manually. The automatic collection feature, referred to as
Scheduled Collection, can be enabled in the ‘Setup’ screen by navigating to the ‘Schedule’ tab, as
can be seen in Figure 62. This is the ideal practice for collecting large data sets taking place over

an extended period of time, such as an entire day as is the case for this experiment.
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Figure 62. Setup screen, showing the Schedule tab

The important parameters to set are the base date and time, as well as the collection interval.
The date and time simply need to be any date or time in the past, from which the program can use
as a reference. Conversely, the collection interval requires additional thought. This is the amount
of time that will pass between each transfer of new data to the computer for storage, which may
be different from the datalogger collection interval. In this experiment, it was beneficial to select
a time of less than one minute for use in plotting the data. After the desired settings have been
made, clicking the apply button in the lower left corner of the screen will save the changes and
initiate the collection process.
Alternatively, a manual collection can be done from the Connect screen, by clicking the
Custom menu icon button located near the top of the screen, as can be seen in Figure 57. This will
open the window shown in Figure 63 allowing for customized collection of data, such as the

number of records, file name, and file location. This is mostly useful for single collections of
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particular records from the datalogger, for use in creating a file, or many files, to store in another

location.

r -
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Figure 63. Custom Collection screen used for manual data collection from datalogger

At this point, the data are being collected, stored to the computer, and can be viewed using
the LoggerNet software. There are multiple ways to view the data graphically, as well as in the
default tabular format as stored on the datalogger. The most practical way to view the data during
a data set collection is to use the Run-Time Development software, which can produce graphs of
the data at specified update intervals from the files being stored to the computer. To open the
development package, return to the LoggerNet menu interface, select the ‘Data’ option to open the
menu and click the ‘RTMC Development’ option, as can be seen in Figure 64. A screen similar to

the one shown in Figure 65 will appear.
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Figure 64. LoggerNet interface, Data menu selected

This program can be used to create real-time plots of the data being collected. As was done
in this experiment, plots showing all of the temperature measurements and mass flow rate were
created to monitor the test section response to changes made to the compression station and electric
heaters on the coldhead and test section copper mass. As can be seen in Figure 65, many tabs can
be created to show data graphically. This feature can only be used when the Scheduled Collection
feature is enabled, and the plots will update at the rate specified by the automatic collection

interval.
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Figure 65. Run-Time Development interface, shown with various screens of plots configured

Once any modifications are made and determined to be acceptable, the project can be saved
and run by pressing the ‘Save and Run’ icon, shown in the above figure as a yellow bolt of

lightning. This will produce the actual window where the data will be displayed and updated

according to the scheduled collection parameters specified earlier.
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Figure 66. A Run-Time project during data collection

As a way to verify that the data are being collected as desired, another LoggerNet program
can be used to view the actual stored files. The program is called View Pro and can be opened
through the LoggerNet menu interface, in the Data option, as shown in Figure 64. A window will
open, and the table files stored to the computer can be viewed by using the open command. An
example of a data file opened in View Pro is shown in Figure 67; the colored columns indicate that
each has been selected.

The selected columns can be plotted by selecting the plot icon at the top of the screen, as
highlighted in the figure. This is the most practical way to view the data files collected from the
datalogger. A plot, similar to the one shown in Figure 68, will appear. There are many options to
change the plot viewing area, such as the number of records. As the plot was created using the

entire data file, it is possible to scroll through the entire set graphically.
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Figure 67. Data file open in View Pro window
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Figure 68. Plot of data created using View Pro.
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4.3 Compression Station Flow Balancing

It is acceptable to initiate flow in the compression station after the gas chromatograph and
data collection systems are ready. First, however, it is necessary to verify that the appropriate
valves are in the correct positions. The ball valve on the bypass line should be fully opened, as this
will ensure the discharge pressure does not unintentionally go above the 150 PSIG pressure rating
of the compressor discharge heat exchanger. Additionally, the ball valve isolating the pressure
relief valve should be opened, as this protects the heat exchanger from high pressure. The four
needle valves connected to the oil separator drain ports should be opened partially; a quarter to an
eighth of a turn is sufficient. Finally, the needle valves downstream of the mass flow meter should
be opened to reduce the upstream pressure, as it will be adjusted in conjunction with the pressure
regulator after the compressors are started.

With the flow paths fully open, the compressors can be powered on with the toggle switch
installed on the topside of the gray electrical panel mounted on the compression station. As there
are two compressors installed in parallel, an option to utilize only one at a time was made available
with the installation of a power toggle switch for each compressor, inside this electrical panel. It
is necessary to verify that the desired compressor switches are in the correct position. Also, an
auxiliary fan should be used to cool the compressors during operation.

The pressure in the system should increase at the discharge of the compressors. To achieve
the desired flow rate and supply pressure to the test section, it is necessary to balance the bypass
loop needle valve, the pressure regulator, and the needle valves downstream of the mass flow
meter. To begin, decrease the amount of mass flow being diverted to the bypass loop by closing
the ball valve and opening the needle valve. It is preferable to use the needle valve for this, as it

will allow for finer adjustments throughout the data set collection. Depending upon the pressure
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upstream of the pressure regulator and the mass flow rate through the test section, it may or may
not be necessary to adjust the needle valves downstream of the mass flow meter.

The bypass loop valves will control the amount of mass flow that is diverted from the test
section. Closing the valves at this location will increase the discharge pressure of the compressor,
as well as increase the mass flow rate to the test section. The opposite will result from opening
these valves. Similarly, closing the needle valves downstream of the mass flow meter will decrease
the mass flow rate through the test section, but will increase the pressure of gas entering the test
section. Again, the opposite effects result from opening these valves. Lastly, the pressure regulator
works very similarly to these valves, as adjustments will increase or decrease the gas flow rate and
pressure.

The most reliable and steady data set collections resulted from a pressure in the range of
120 to 140 PSIG at the pressure regulator inlet, therefore, this should be the target range when
starting the compression station. During the data set collection, it will be necessary to make
adjustments to the same valves discussed above, as the viscosity of the mixture will change with
its changing temperature, or more appropriately, its thermodynamic quality.

Typically, only slight adjustments to the pressure regulator and needle valves downstream
of the mass flow meter were required. Although, as the mixture was condensed to saturated liquid,
the compressor discharge pressure decreased due to the decrease in gas volume in the test facility.
To counter this, the bypass valve can be closed further, but this decreased the suction pressure at
the inlet of the compressors, which had an adverse effect on the mass flow rate. The lower pressure
gas has a lower density, and therefore each stroke of the compressor was moving less mass. When
this occurs, it is necessary to introduce additional gas mixture to the system from the make-up

tank.
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The make-up tank ties into the bypass loop in two locations, one upstream and one
downstream of the bypass valves. Each location has a ball valve to provide positive shutoff, and
also a needle valve to regulate the flow rate through the line. In the situation where more gas is
needed, the valves downstream of the bypass loop valve should be used to introduce gas to the
compressor suction. Conversely, if gas needs to be removed, as is the case when the gas mixture
is changing from saturated liquid to two-phase in the test section, the other valves can be used to
accomplish this.

Alternatively, the make-up tank can be used as a bypass loop, by appropriately balancing
the two needle valves on the lines that are piped into the original bypass loop. Instead of being
required to add or remove gas in large quantities while not bypassing through the make-up tank,
the needle valves on the tank lines can be used to adjust the pressure drop across the tank where
sufficient volume is available. The benefit of using this approach is it becomes easier to regulate
the pressure at the suction and discharge of the compressors.

4.4 Cryocooler and Heaters

Prior to starting the cryocooler compressor, cooling water needs to be supplied to its
cooling system. This is done by using the water supply assembly shown in Figure 69. With the
solenoid valve controlling the water flow connected to a power source, the manual shutoff valve
can be opened by pressing the green push-button to actuate the solenoid valve. This will allow the
water to flow through the piping and tubing to the compressor cooling system heat exchanger. A
simple flow switch with normally open contacts, was mounted at the cooling loop discharge and
integrated into the solenoid valve circuit. The intention is to reduce the possibility that a gross leak

of cooling water would occur in the lab.
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Figure 69. Cryocooler compressor cooling water supply assembly

With cooling supply water flowing and the compression station activated, the cryocooler
compressor may be powered on to initiate cooling at the cold head. If the compression station is
actively flowing the gas mixture, the interlocks programmed in Edlog will be made and complete
the circuit to the compressor power switch relays. It is recommended that the compressor bypass
valve be open during startup, as the cooling power can be increased in a controlled manner by
slowly closing the valve. It should also be noted that the desired static charge pressure in the
cryocooler compressor system was between 175 and 200 PSIG, which could be verified by the
compressor supply and return pressure gauges located on the front of the enclosure. These two

gauges, the bypass valve, and the power button can be seen in Figure 70.
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Figure 70. Cryocooler compressor, front of enclosure

The electric heaters installed in the coldhead heat exchanger can be used to balance the
cooling load provided by the cryocooler, thereby controlling the temperature of the gas entering
the test section. The typical operational method involves achieving a steady-state condition with
the coldhead heaters by adjusting the power supplied manually with the control knobs on one or
both of the DC power supplies. It was preferred that the beginning steady-state condition be in
either saturated liquid or vapor for data set collections.

The gas mixture being used and its respective flow rate have a significant effect on the
amount of heat needed from the coldhead heaters, as the capacitance rate of the mixture will vary.
For example, it was determined that the cryocooler was only necessary to condense the mixtures
to saturated liquid for the low flow data sets, and the heat applied to the test section was enough
to gradually increase the inlet temperature alone. The most challenging control issue was
maintaining the pseudo steady-state temperature during the phase changes, as the heat transfer
increased significantly in the two-phase regime of the mixtures.

The test section heater was only operated when the steady-state condition was roughly 5 to
10 Kelvin above the dew point of the gas mixture, as the heat transfer in the vapor region was

relatively poor, resulting in high temperatures in the copper mass. Upon reaching a steady-state
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condition, the power to the coldhead heaters can be adjusted to produce the pseudo steady-state
condition desired to measure the entire range of temperatures in the two-phase regime of the
mixture. The pseudo steady-state condition as defined for this experiment was determined by
setting the change in internal energy of the test section copper mass to two percent of the heat
applied to the test section. Dividing this value by the mass and heat capacity of the copper mass
provided a rate of change in temperature that could be targeted using the coldhead heaters. A
noteworthy observation regarding the test section heater was that very minor adjustments were
required, as the resistivity of the nichrome wire changed with temperature.

4.5 Charging and Evacuating Test Facility Mixtures

The importance of reducing impurities in the gas mixtures was of the utmost importance
in this study. Each gas mixture component used had a minimum purity of 99.5% to avoid
introducing significant impurities. Therefore, it was critical to be certain that the mixture was being
charged into a completely evacuated, empty test facility. Two methods were utilized to produce
this environment: repeated flushing and vacuuming with a purge gas or a simple extended vacuum
period. It was determined that both methods worked sufficiently well for this experiment based on
results from the gas chromatograph, but the extended purge method was most commonly used,
though both will be described below.

The flushing method required connecting a rotary vane vacuum pump to an evacuation port
on the test facility piping. The post-modification test facility included multiple locations to do this,
as shown earlier in Figure 32. A refrigeration manifold manufactured by Yellow Jacket, was used
to connect the test facility to the vacuum pump, as well as the flushing gas cylinder. Typically, the

flushing gas used was nitrogen, but argon and helium could also be used to accomplish the same
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results. The advantage of using this manifold was that it was equipped with pressure gauges, and
it allowed the line connecting the gas cylinder to be evacuated with the test facility.

It was considered good practice to control the rate at which the test facility was evacuated.
A target rate of 10 PSI per minute was specified, as this reduced the concern of evacuating at a
rate that could move the compressor oil in undesired locations in the test facility piping. Therefore,
prior to activating the vacuum pump, the needle valve on the evacuation port was always closed
completely, which could then be slowly opened and the evacuation rate could be monitored using
the test section inlet pressure gauge. As the pressure in the test facility decreased, it was possible
to open the needle valve more until it was fully opened.

When the pressure in the test facility had reach a low vacuum, such as 200 millitorr as read
by the Series 275 Kurt J. Lesker Convectron vacuum gauge at the vacuum pump suction, the
vacuum pump was isolated from the charge manifold by closing the valve on the respective port.
Immediately following this action, the flushing gas was slowly added by opening the cylinder
valve and adjusting the cylinder regulator. It was considered good practice to close the evacuation
port needle valve on the test facility and utilize it to control the rate of gas addition to the test
facility piping. The flushing gas was added until a pressure of 10 PSIG was displayed by the test
section inlet pressure gauge, as shown on the LoggerNet connect screen interface, and then
removed in the same controlled manner described above. This process was repeated two additional
times, resulting in a triple flush.

The extended evacuation method followed the same steps, but no flushing gas was used.
Instead, the vacuum pump was left to pull a vacuum on the test facility piping for a minimum of
12 hours. The cylinder connected to the charging manifold was to be whichever gas or gas mixture

required to be added to the test facility. The evacuation was considered successful when the
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convectron gauge on the vacuum pump displayed a value below 100 millitorr, with typical values
around 50 millitorr being attained.

Following successful evacuation, the desired gas mixture or mixture component could be
added to the test facility. Again, the rate of addition was the same rate described above to avoid
moving the compressor oil. The process for adding a pre-mixed gas is very simple and only
requires that the gas be added to the desired charge pressure, which ranged from 80 to 110 PSIG
in this experiment. This range allowed for adequate mass in the make-up tank to account for the
vapor that would condense in the Dewar during the cooling sequence of the data collection process.
Conversely, for a mixture that is not a pre-mixed gas, the individual mixture components were to
be added separately.

The most practical way to arrive at the desired mixture concentration is to add the
components to the test facility such that the partial pressure of each is approximately equal to the
desired concentration. This will produce actual concentrations within five percent of the desired
concentration, and smaller amounts of each component can be added until the desired
concentration is achieved. It is a time consuming process that involves sampling the mixture in the
test facility using the gas chromatograph as described above.

Considerations such as allowing the added gas to attain thermal equilibrium with the other
gas components in the test facility and also the miscibility of the gas with the compressor oil were
important. Though not an issue with the hydrocarbon mixtures, the fluorocarbon mixture
concentration would be affected by the R14 and R134a being absorbed into the oil. As this mixture
was created using individual high purity gases which were slightly miscible with the compressor
oil, this mixture was measured using the gas chromatograph after running the compression station

for approximately ten minutes. It was determined that the amount of gas absorbed into the
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compressor oil was dependent on the pressure; therefore, the desired flow and pressure target
values were used throughout the mixing process. Furthermore, if additional gas was required to be
added to attain the desired concentration, the compression station was deactivated and the pressure

allowed to equilibrate before adding the gases.
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5 Discussion of Results

The actual test matrix describing the data collected for this research is shown in Table 5,
and the additional binary hydrocarbon mixture collected is shown in Table 4. The conditions
specified in the modified test matrix discussed in a previous chapter were investigated, but with
slight adjustments. In the 0.5 and 3.0 millimeter size test sections, an additional run was added to
investigate the effects of heat flux in all test section diameters, rather than only one test section.
This presented an issue which would require another test matrix modification, as the power supply
controlling the electrical current to the test section was not capable of attaining the higher heat flux
value of 87 kW/m?. It was determined that the desired effects could be investigated by using a
value below the low heat flux value of 56 kW/m?, by roughly the same factor as it should have
been above. Furthermore, the undiluted hydrocarbon mixture being tested in the 1.5 millimeter test
section used the lower pressure of 270 kPa as the other parameters were changed, as it was desired
to test the lower pressure originally. After testing the effects of pressure, it was determined that it
was less difficult to control the test section conditions at the higher pressure, and was therefore
designated as the pressure for the control condition. Again, the text shown in red indicate the

deviations from the control condition used in the 1.5 millimeter test section.

Table 4. Binary Mixture Test Matrix - Final Results

Mixtures Test Section Inner Diameter
Concentration Effects Geometry Effects
0.5 [mm] 1.5 [mm] 3.0 [mm]
P: 790 [kPa] P1,0:,Gy P,
ay: 56 [kW/mz] Control Condition a
G.: 144 [k 5 P,: 270 [kPa]l d;, Gy G
40% Methane 1 [kg/m"-s] PuressureEffects 1
60% Ethane P, P, d,: 87 [kW/m?] G, P,
Heat Flux Effects 2
q 139 [kW/m"]
GZ P.ay Gy: 240 [kg/m>s] | .
1 Mass Flux Effects 1




Table 5. Test Matrix - Final Results

Mixtures Test Section Inner Diameter
Concentration Effects Geometry Effects
0.5 [mm] 1.5 [mm] 3.0 [mm]
P,: 790 [kPa] P1,d1,G1 P,
Control Condition
: 56 [kW/m?]
45% Methane i ) P,: 270 [kPa] q;,G; e
35% Ethane Gy: 144 [kg/m"-s] PuressureEffects G,
20% Propane P, Py, d,: 87 [kW/mz],G1 P,
09 Nit
% itrogen % Heat Flux Effects - Gs: 39 [kW/mz]
G P, d1, G,: 240 [kg/m*-s]
1 Mass Flux Effects Gy
0,
36% Methane P, P, P,
28% Ethane
16% Propane % % %
20% Nitrogen Gy Gy G
0,
27% Methane P, P, P,
21% Ethane
12% Propane % % %
40% Nitrogen Gy Gy G,
P, P1,04, Gy P,
35% R14 Qu: 27 [kW/mZ] Control Condition %
15% R23 G P2, d4,G1 G
o, ! PuressureEffects 1
15% R32 >
35% R134a Pl Pl,qSZ 39 [kW/m ],Gl Pl
0% Argon ds Heat Flux Effects de: 18 [kW/mz]
G P1,d4, G, G
1 Mass Flux Effects 1
28% R14
12% R23 Py Py Py
12% R32 da s Qs
28% R134a G, G, G,
20% Argon
21% R14
9% R23 Py Py Py
9% R32 s da Qs
21% R134a G, G, G,
40% Argon

Further issue resulted from selecting a lower mass flux, specifically in testing the 0.5
millimeter test section. The mass flow rate required was 0.029 gram per second, which was found
to be below the measurement sensitivity of the coriolis mass meter. A calorimetric type, model

FMA 1820 manufactured by Omega was obtained and installed into the test facility upstream of
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the coriolis meter. The meter needed to be calibrated for each mixture. It was known that the signal
output voltage from the meter was linearly correlated with mass flow rate. Therefore, several
measurements were taken at steady-state conditions using both the coriolis and new calorimetric
meters.

The coriolis flow measurements were plotted against the calorimetric signal voltage
measurements and a linear correlation was fit to the data points, which would provide the equation
to calculate the flow rate from the calorimetric meter. As mentioned previously, the required flow
rate for the data sets was lower than could be measured by the coriolis, but the linear relationship
of the the calorimetric output signal voltage allowed for the meter to be calibrated against the

coriolis at higher flow rates.
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A data set showing the temperature sensor measurements is shown in Figure 71. The data
was obtained using the hydrocarbon mixture with no dilution. The mixture was cooled to the liquid
state, at which point it was heated to reach the desired pseudo steady-state condition until it reached
the vapor phase. The three distinctly visible pairs of lines represent the inlet, outlet, and block
temperatures of the test section. As expected, the inlet temperture is lowest, followed by the outlet
and copper mass temperatures.

Though this plot does not show the heat transfer coefficient directly, the phase changes and
magnitude of improvement in heat transfer can be demonstrated. The temperature region where
the fluid changes phase from either vapor or liquid to two-phase was always clearly identifiable
by a rapid change in the temperature of the copper mass on the test section. These increased
temperature rate changes can be seen at either end of the plot. The phase change temperature was
confirmed using the program REFPROP.

As the design of the test section utilized a highly conductive material heated by a constant
heat flux, the difference in temperature between the fluid measured at the inlet and the copper mass
can provide details on the heat transfer rate. The two-hase region clearly provides the best heat
transfer, as can be deduced from the relatively small difference in temperatures. The y-axis interval
is 5 Kelvin, showing a difference of approximately 48 Kelvin in the vapor region and 12 Kelvin at
the point where the fluid is in the two-phase regime at the inlet and outlet of the test section. Using
this information, it is expected that the heat transfer coefficient would be approximately four times

greater upon entering the two-phase region.
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The mixture concentration was measured for each data set specified in Table 4and Table
5, and plotted against the average of the inlet and outlet temperatures of the fluid flowing through
the test section. Similar data sets were plotted together, such as the mixtures diluted to the same
concentration with either Argon or Nitrogen for all test section diameters, or the same mixture
with varying heat flux in a single test section diameter. The test parameters were labeled to match
those shown in the test matrix in Table 4 and Table 5.

From the plots, it can be shown that the concentration of a particular mixture component
in nearly all the data sets does not change more than 5%, with none changing more than 10% from
the original concentration. It was expected that the concentration would change, due to the
condensing or evaporating of the mixture components during the collection of a data set, in order
of their respective dew points or boiling points. As a mixture component condenses to liquid, it
reduces the volume of the gas phase in the test facility being measured by the gas chromatograph.

The plots below demonstrate the significances of this phenomenon.

The parameters used in the gas chromatograph are summarized for each mixture in Table
6 for reference. These are the settings used to calibrate the gas chromatograph using the pure gases
or certified mixtures. These are the settings chosen to provide the best separation of the gases in

the column.
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Table 6. Gas chromatograph measurement settings for each mixture

Col
Oven Injector Detector (TCD) :::;n
Mixture Temperature Temperature Temperature
Pressure
°C °C °C PSIG
40% |Methane
1 1 1 -
60% | Ethane 50 50 50 55-60
45% |Methane
35% |Ethane 150 150 150 55-60
20% |Propane
36% |Methane
35 for 7.5 mi
28% Ethane 50:)cr/minrrc1<|>n 150 150 55-60
16% |Propane | ) ¢ 50 min
20% [Nitrogen
27% |Meth
21(; EtEanaene 35 for 7.5 min
12; Propane 50°C/min to 150 150 55-60
1 P 200 for 20 min
40% |Nitrogen
35% |R14
15% R23 130 150 150 55-60
15% |R32
35% [R134a
28% |R14
12% |R23 100 for 5 min
12% |R32 15°C/min to 150 150 55-60
28% |R134a 130 for 20 min
20% |Argon
21% |R14
9% |R23 100 for 5 min
9% |R32 15°C/min to 150 150 55-60

21% |R134a
40% |Argon

130 for 20 min
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Figure 72. Molar concentration as a function of the average temperature of the fluid flowing through the
0.5mm test section for the binary mixture
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Figure 78. Molar concentration as a function of the average temperature of the fluid flowing through all test
section diameters for the hydrocarbon mixture diluted with 20% Nitrogen
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Figure 83. Molar concentration as a function of the average temperature of the fluid flowing through all test
section diameters for the fluorocarbon mixture diluted with 20% Argon
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Figure 84. Molar concentration as a function of the average temperature of the fluid flowing through all test
section diameters for the fluorocarbon mixture diluted with 40% Argon
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Appendix

A. Test Section Design Thermal and Fluid Analysis (Barraza)

The parameters used in the CFD model are shown in Table 7Error! Reference source not found..

Table 7. Parameters used in the CFD model

Fluid temperature 200 K
Density () 55.5 kg/m’
Specific heat (c) 1200 Jkg-K
Thermal conductivity (k) 0.0207 W/m-K
Viscosity (m) 2.156x 10" Pa-s
Prandt]l number 1.26
Reynolds number 35000

The geometry used in the CFD model is shown in Figure 85.

|4 $,=0.0045m

10 ¢,
1

1 L
Loy

1

i Ty = 220K

AdU,=4.5m/s

Figure 85. Setup CFD model in Ansys

Hydro dynamic flow is considered fully developed when the wall shear stress is constant. One of
the results of the CFD model is shown in Figure 86. This figure shows clearly a constant shear

stress, fully developed condition, before a length of ten (10) inner diameters.
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Figure 86. Results of Ansys model, wall shear stress as a function of length

When the flow enters the copper block, it is exposed to a heat load that is applied by a nichrome
wire installed on the outer surface of the copper block. The wall temperature is constant due to
the high conductivity and large cross-sectional area of the copper. Consequently, a thermal
boundary layer appears and grows. When the boundary layer begins to grow, the local Nusselt
number is large, and it subsequently decreases as the thermal boundary layer grows. When the
local Nusselt number approaching a constant value, it indicates that, the flow has achieved a fully
developed thermal condition. This phenomenon is studied using the same CFD model described
in Figure 85 and Table 7. The local Nusselt number is shown in Figure 89 as a function of the
length of the copper block. The thermal fully developed condition is achieved before 15 inner

diameters.
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Figure 87. Results of Ansys model, Nusselt as a function of length

The CFD model is validated against a mixing length model and also the Dittus-Boelter correlation.
Both the CFD model and the mixing length model describe a hydro dynamically fully developed
flow exposed to heating in a constant temperature wall pipe. The mixing length model is a 2D
eddy diffusivity of momentum model that uses the Spalding velocity profile as described by Nellis
and Klein (2009). The Dittus-Boelter (Incropera et al., 2002) correlation is shown in Equation 2,
and it gives the local Nusselt number for a turbulent thermal and hydro dynamically flow.
Nusselt = 0.023 Re%8 pro4 (2)

Figure 88 shows the comparison of the results between these three approaches. The mixing length
model shows good agreement with the CFD model. It has the same trend, but the Nusselt numbers
predicted by the mixing length model are greater than CFD model. The Dittus-Boelter correlation

matches with the CFD model when the flow is thermal fully developed.

113



300

250

200
i Mixing length model
150

Nusselt

100

50 Dittus-Boelter
0
0 0.03 0.06 0.09 0.12
L [m]
10 ¢ 20 ¢ 30 ¢ 40 ¢

Figure 88. Comparison between CFD model, mixing length model, and Dittus-Boelter

The average heat transfer coefficient is measured in the test facility. However, we are trying to
determine the local heat transfer coefficient. The local heat transfer coefficient is large at the
beginning of the heating zone, and decreases up to the point where it achieves a thermal fully
developed condition. Consequently, there is a difference between the actual average and the local
heat transfer coefficient that we are attempted to measure because of the influence of the
developing zone. The difference is called an error in this report and is quantified using the

following equation.

Nusseltayg—Nusseltpca)

Error = 3)
Nusseltjgcal

The local and average Nusselt number and the difference (error) between them as a function of the
length of the copper block is shown in Figure 89. A difference (error) of 10% is observed when

the length is 35 inner diameters.
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Figure 89. Local and average Nusselt number and error as a function of the length of the heating section

The final design of the test section is shown. This final design takes into account the dimensions
that allows both a hydro-dynamic and thermal conditions to be fully developed, and a difference
lower than 10% between the local heat transfer coefficient (that we wish to measure) and the

average Nusselt number (that we actually measure).

The heat load is limited by the desire to keep nearly constant fluid properties between the inlet and

the outlet of the test section in order to measure the local heat transfer coefficient.
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B. PRT calibration (Barraza)
PRTs exhibit a known relationship between the resistance across the PRT and their temperature.
This relationship is given by the standard curve proposed by Callendar — Van Dusen’s (Sostmann

and Tavener, 1990).

Bl =1 + 39083107 T —5.775-1077 T2 (4)
0

(Above 273.15 [K))

Bl =1 + 39083107 T — 5.775 1077 T2 — 418301 - 1072 T3 (T- 100 [C]) (5)

0

(Below 273.15 [K])

where the reference resistance (R,) is 100 [ohm], and the temperature (T) is in degrees Celsius.
The PRTs are calibrated using a two point calibration. The reference temperatures to carry out the
calibration are the saturation temperature of the liquid nitrogen (77.1 K @ 98 kPa), and the freezing
point of water ( 273.15 K). The freezing point is obtained with an ice water bath using distilled
water for the water and the ice. Lakeshore, claims an accuracy of 0.25 K using the same calibration

technique (Lakeshore, 2013).

The two point calibration takes advantage of the fact that the difference between the voltages
measured at two temperatures by an uncalibrated PRT exhibits a linear relationship with the
voltage that is provided by the standard curve at the same these two temperatures. Consequently,
if we measure the voltage for two known temperatures, we are able to measure a third temperature

with accuracy of 0.25 K.
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Figure 90. Linearity of voltage difference in PRTs

So, the temperature is obtained from the following expression

V(T)—[V(T1)—m Vs(T1)]
m

Vse(T) = (6)

where the slope (m) is defined as

— V(T2)-V(Ty)
Vst(T2)—Vst(T1)

(7
where T; is the saturation temperature of nitrogen (77,10 K at an atmospheric pressure of 98.26
kPa (737 mmHg)), T, is the freezing point of water (273.15 K), V; is the voltage obtained from
the standard curve for PRT, and V is the actual measured voltage. Vg, is obtained by calculating
the standard resistance from the standard curve (equation 5), and using Equation 8

Vse(T) = I Rg(T) ®)

where the current (I) through PRTs is equal to 0.3 mA.
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C. Heat leak (Barraza)

Radiation losses and insulation

The radiation losses related with the cryocooler, the test section, the pipes, and the fittings
without any insulation is 18.9 W assuming an operating temperature of 150 K in the test section
and an ambient temperature of 300 K. The effect of adding layers of multi-layer insulation (MLI)
enclosing these sections is shown in the next Figure. The MLI provides a high radiation resistance
due to its low emissivity (e= 0.05). Heat transfer by conduction through the contact between MLI
layers is avoided placing dacron netting between them. The installation of five MLI layers reduces

the radiation losses by about 95%.
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Figure 91. Heat leak by radiation as a function of number of MLI layers

The thermal resistance network used to calculate the radiation losses is shown in the following

figure.
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Figure 92. Thermal resistance network

where F are the shape factors, A is the surface area, ¢ is the emissivity of the surface, and Rmui is
the MLI thermal resistance. The MLI thermal resistance is calculated using the following thermal

resistance network.

(1-enui) EmAm (1-enu) EmuAnc (1-enu) EmuAw 1AL

1 S VAAAN I AN AN S K

1/AMLI (1 s:dewar)/ €dewar Adewar

(1-emu) EmuAmu (1-&mu) EmuAnu

Figure 93. MLI thermal resistance network

The heat leak by radiation is calculated using the following expression

4 4
o (Tdewar - Ttest section )

Qradiation -

RTotal

where o is the Boltzmann constant, and the Ry,,; 1s the total resistance. Rr,tq; 1S calculated from

the thermal resistance networks. The MLI layers installed in the test facility are shown.
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Figure 94. Graphical representation of MLI surrounding test section

Conduction

There is also heat leak (Q;e5x) by conduction in the stainless steel pipe, heater wires, and PRTs
wires. One way to measure this heat leak is to perform a no-flow test. This test is carried out by
evacuating the inside (tube side) and outside (Dewar side) of the test section, and applying a small
heat load (Qapplied) in the copper block. When the copper block reaches steady state, the thermal
resistance (Rje,i) between the test section and its surroundings due to conduction is calculated.
Rieak 18 defined as:

_ (Tblock B Tamb)
Rieak =

Qleak
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where Tk 18 the measured copper block temperature, and T,,,,p, is the ambient temperature. The

heat leak (Qeax) by conduction is found from the energy balance in the copper block.

Qleak = Qapplied = Qradiation — Qtransient
The transient heat (Qtransient) due to the rate of change in the internal energy (U) in the copper
block is defined as follow:

du dT
Qtransient = E =mc E

where m is the copper block mass, c is the copper specific heat, and dT /dt is the rate of change

of the copper block temperature

Qa ie
Ppiied \ /‘ PRT

=

@) transient & Qe
PRT
7 - Q[eak
—> Qradiaﬁon

Qtransient= m c dT/dt
The test was carried out supplying 0.08, 0.16, and 0.24 W of heat load (Qappliea)- The thermal

resistance due to the heat leak by conduction (Re4x) 1s determined to be 100 K/W.
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D. Equipment List

Table 8. Equipment list of modified test facility

Component
ID # Manufacturer |Part # Description
CP-1,2 Danfos SC18CLX.2 Compressor, 1-phase, 60Hz, 120VAC
Endress & 83A02-
FT-1 Hauser ASVWAAAABABA [Coriolis mass flow meter
FT-1 Calorimetric mass flow meter, 0-10 SLPM, 1/4"
(substitute) |Omega FMA1820 compression
HX-1 Lytron 6320G3 BD Heat exchanger, tube-and-fin type
SEP-1,2,3,4 [Temprite Model 320 Coalescing oil separator
V-
11,12,13,14, Needle valve, regulating type, 1/4" FNPT, brass
15,20,21 Swagelok B-1RF4 body
Needle valve, regulating type, 1/4" FNPT,
V-22 Swagelok SS-1RF4 stainless steel body
Needle valve, regulating type, 1/8" FNPT, brass
V-18 Swagelok B-1RF2 body
V-
1,2,3,4,5,6,7
,8,9,10 Swagelok SS-43GVCR4 Ball valve, 1/4" male VCR, Stainless body
V-23 Swagelok SS-42VCR4 Ball valve, 1/4" male VCR, Stainless body
Needle valve, regulating type, 1/4" male VCR,
V-16,17 Swagelok SS-MGVR4 medium flow
Needle valve, regulating type, 1/4" male VCR,
V-19 Swagelok SS-4MG-VCR-MH [medium flow, micrometer handle
PCV-1 Swagelok SS-HFM3B-VCR4-P [Pressure regulator, 0-150 PSIG spring range
PRV-1 Parker 637B-4-1/4-2 Pressure relief valve, brass body, soft seat
Pressure gauge, -30in Hg to 200 PSIG or 300
Pl, Pid, Pis [Wika PSIG
Pressure gauge, 0-200 PSIG, 4.5" dial face,
Pix Wika liquid filled
Manchester 1 US Gallon ASME pressure vessel, carbon steel
Tank construction
Manchester 4.5 US Gallon ASME pressure vessel, carbon
Tank steel construction
Cryomech AL-125, CP640 Cryocooler coldhead and compressor
Lakeshore
T-1,2,3,4,5,6/Cryogenics PT-103 Platinum resistance thermometer
P2 Setra 204 Pressure sensor, 0-250 PSIA range
Differential pressure sensor, 0-25 PSI
dP3 Setra 204D differential
MMDDUO30V5P3B [Differential pressure sensor, 0-30 PSI
dP1,dP2 Omega OT3A5CE differential
Hewlett
Packard 5890 Series I Gas chromatograph
Hewlett
Packard HP3396A Integrator
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E. Gas Chromatograph — EES Codes for Concentration
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