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ABSTRACT 

 

The design and operation of Light Water Reactors requires an in-depth 

knowledge of the various two-phase flow phenomena that are present in both normal 

operating conditions and those possible in accident scenarios. This has led to a very large 

amount of interest in this field as well as the development of complex codes that seek to 

model this behavior. To verify that the models used in simulation efforts are close 

enough to reality to safely use, an accurate experimental database covering expected 

reactor conditions is needed.  

A new full-scale heated rod bundle facility was designed to capture high fidelity 

void fraction data. There are several techniques in the literature for measuring void 

fraction, each with its own advantages and weaknesses. One such technique, the wire 

mesh sensor, which can measure the local instantaneous void fraction over an entire 

cross section of interest at very high sampling rates, will be employed in the full-scale 

facility. Using this sensor in a rod bundle flow channel introduces complications not 

present when employing the sensor in a flow channel with no obstructions. Physical 

obstructions in the flow channel limit the number of measurement points, as the wires 

must be routed through the channel. With fewer convenient measurement locations, the 

2-D picture of the void fraction in rod bundles has been less attainable than in other 

applications.  

To solve this problem, a new type of needle probe sensor was designed and 

tested in this thesis, working on the same operating principles of the wire mesh sensor. 
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The needle probe can be moved anywhere in the 2-D plane of interest and increases the 

number of measurement sites in areas of interest despite the rod bundle geometry 

presenting unique challenges to this type of sensor. 

To verify the operation of the needle probe, a prototype facility was designed and 

built that would allow simpler, more rapid testing of the needle probe than in the full-

scale rod bundle flow channel. The prototype facility operates with air-water mixtures at 

atmospheric pressures, enabling needle probe proof-of-concept in a well-defined test 

environment. The needle probe’s functionality was demonstrated and compared to that 

of a wire mesh sensor built for the prototype facility. An uncertainty analysis of the 

needle probe showed that the sensor currently can measure the void fraction with an 

uncertainty of 11%, which is very comparable to that the first wire mesh sensors 

implemented in the late 1990’s. 



 

iv 

 

ACKNOWLEDGEMENTS 

 

I owe many thanks to the multitude of people who helped in many ways in this 

effort. I want to thank my advisers, Dr. Kirkland and Dr. Kimber, for providing 

guidance, direction and professional support for the entirety of the project. Paul Kristo, 

Juan Reyes, and Corey Clifford provided assistance in the lab. Nick Luthman, Richard 

Livingston, and Matthew Solom were willing to answer a wide array of questions and 

were always willing to provide feedback. Nolan McDonald, Saniyah Sohail, and Russell 

Mendoza were hard working undergraduate assistants without whose knowledge and 

drive, this project would not have been possible.  Various workers at the Engineering 

Innovation Center allowed the use of their facilities and were willing to help whenever 

issues came up. Will Seward offered patience, assistance and performed work as we 

implemented designs to functional parts. Finally, Dr. Horst-Michel Prasser at ETH 

Zurich, provided his guidance, assistance and willingness to answer questions as we 

constructed the facility. 

  



 

v 

 

CONTRIBUTORS AND FUNDING SOURCES 

This work was supervised by a thesis committee consisting of Dr. Kirkland as 

advisor with Dr. Kimber as co-advisor, both of the Department of Nuclear Engineering, 

and Dr. Banerjee of the Department of Mechanical Engineering. 

The design of the Prototype facility test section was performed by Corey Clifford 

and Nolan McDonald, with post-construction adjustments made by the author of this 

thesis.  

Funding for the equipment and materials purchased for this study was provided 

by the US Department of Energy Nuclear Engineering University Program Infrastructure 

Grant. Additional funding was provided by the Texas A&M University Office of 

Graduate and Professional Studies Diversity Fellowship.  Equipment related to the wire 

mesh sensor was donated by Dr. H.-M. Prasser.  

 



 

vi 

 

NOMENCLATURE 

    

A Amperes 

C Degrees Celsius 

B/CS Bryan/College Station 

BHL Beginning of Heated Length 

BPR Back Pressure Regulator 

BWR Boiling Water Reactor 

DAQ Data Acquisition  

DI Deionized 

DP Differential Pressure 

Gen IV Generation Four  

HP Horsepower 

LWR Light Water Reactors 

NFS Nuclear Fuel Simulator 

NI National Instruments 

NPSH Net Positive Suction Head 

NRC Nuclear Regulatory Commission 

OD Outside Diameter 

P/D Pitch to Diameter ratio 

PSIA Pounds per Square Inch Absolute 

PWR Pressurized Water Reactor 
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SCVS SubChannel Void Sensor 

SS Stainless steel 

VAC Alternating Current Voltage 

VDC Direct Current Voltage 

VFD Variable Frequency Drive 

WMS Wire Mesh Sensor 

α Void Fraction 

ρ Density 

x  Quality 
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1. INTRODUCTION  

1.1 Project Motivation 

  Light Water Reactor (LWR) design and operation requires detailed knowledge 

of two-phase flow characteristics in the core to predict plant response to various transient 

and steady conditions. A need for more physically correct and accurate simulation 

models has been realized.  Recent codes include increasingly detailed numerical 

approaches to modeling the thermal hydraulic behavior, yet as the modeling approach 

becomes increasingly complex, the model accuracy does not necessarily improve and 

therefore more in-depth validation data are required. 

A large scale two-phase flow facility described herein was proposed to provide 

high fidelity single and two-phase flow data to advance experimental benchmarks for 

validation of simulation efforts. The experimental database for interfacial area and void 

fraction data under boiling conditions is very limited, with most of these experiments 

utilizing the same type of sensor for data collection. Several Wire Mesh Sensors (WMS) 

will be used in this heated rod bundle facility. This is the first application of WMS in 

boiling conditions in a rod bundle flow channel. The technique provides unique 

capabilities that will provide more detailed two-phase flow data than has been reported 

in the literature.  WMS have been shown to provide  results similar to other more 

common measurement techniques in many important two-phase flow parameters of 

interest [1, 2]. 

 To promote successful void fraction distribution measurements in the large full-

scale facility, a smaller facility was designed, built, and operated herein as a prototype 
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design for the wire mesh sensor in a less extreme environment. Objectives for this 

facility are to provide proof of concept for the WMS for rod bundle applications and to 

allow for experience to be gained with WMS operation and fundamentals. The small-

scale facility also allowed for the development of a unique wire probe that can enhance 

the resolution of a wire mesh sensor in an environment where obstructions in the flow 

channel, such as a rod bundle, restrict the number of available sampling points.  

The small-scale facility design and extension of the WMS technique to the 

needle probe are the primary accomplishments of this thesis research.  Design of the full-

scale facility and equipment procurement for future implementation of the WMS from 

the small-scale facility are also significant accomplishments from this research. 

The facility is designed to measure, with higher accuracy than previously 

reported, two-phase flow parameters, such as void fraction and temperature, under both 

steady state and transient conditions.  Various axial locations throughout the full-scale 

facility are capable of being analyzed with high time resolution. The initial focus of the 

facility is on using a wire mesh sensor to analyze void fraction distribution in a full 

length 3x3 rod bundle under pressurized, heated conditions. To truly optimize the use of 

this facility, a deeper understanding and the development of a WMS suitable for these 

desired conditions were also required.  Designing the facility in a way that facilitates 

future modification and allows for a range of experimental conditions was a large factor 

in many of the design decisions and choices. 

 

  



 

3 

 

1.2 Technical Approach 

The full-scale facility’s primary feature is the ability to record near real time two-

phase data inside the heated rod bundle as the test fluid traverses the 12-foot vertical test 

section. 2-D void fraction data is recorded using wire mesh sensors [3] placed at three 

different axial heights along the test section and allowing for the recording of data in the 

subchannels of the 3x3 rod bundle. While this sensor has been used effectively in high 

temperature, pressurized conditions in a pipe geometry [5] and in rod bundle geometries 

at atmospheric pressure and adiabatic conditions [6], combining these effects in one full-

scale experiment has not been done.  Therefore, the sensor was designed specifically for 

this facility based on concepts from Prasser et al. [3]. Over 60 thermocouples are placed 

in various locations inside the test section providing a large amount of temperature data. 

As the test fluid is water at pressurized conditions, a two-phase mixture of steam and 

water is created inside the test section.  Up to 150 kW of heat is produced by the heater 

rods as the test fluid flows past the rods inside the test section. A closed loop system is 

employed to allow continuous data collection for steady state analyses. The facility 

contains the unique capability to change the heat profile of the heater rods.  The ability 

to perform other transient scenarios is also designed into the facility. Design efforts 

focused on providing a Reynolds number above 20,000 and an outlet quality below 15% 

at full thermal power and a system pressure of 50 psia (345 kPa). By varying the flow 

rate and heat levels, a wide range of experimental conditions can be explored. 

In previous experiments seeking to collect important two-phase flow parameters, 

the most common sensors employed to obtain both void fraction and interfacial area 
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concentration are conductivity probes. The operation of a four-tip probe developed by 

Ishii et al. [4] will be discussed in more detail later, but one of the main issues with 

sensors like these is that the experiments are extremely time consuming, due to having to 

reposition the sensor to the various points of interest. For example, to fully characterize 

the flow in a pipe or duct, the sensor would have to be moved to each individual point of 

measurement inside the diameter of the flow area. Once data is collected at a specific 

location, the sensor is moved to the next location and this process is repeated. Post 

processing can then reconstruct the entire profile, but the time required to collect 

sufficient data is exhaustive. This constant moving of the sensor also precludes 

analyzing transient behavior over the entire channel. The WMS can measure the entire 

test section simultaneously (more specifically wherever there are crossing points of 

transmitter and receiver wires) and eliminates this issue entirely. The conductivity 

probes are also restricted in the case of large, highly deformed bubble formations 

whereas the WMS is not. However, the WMS is primarily employed in a pipe or channel 

without irregular internal geometries. The fine resolution of the WMS is built upon this 

condition and introducing a rod bundle into the channel complicates the use of the sensor 

because the wires cannot pass through these areas. The development of the sensing 

probe is meant to provide a possible solution to this specific complication of using 

WMS’s in a rod bundle geometry. Utilizing the probe, a very fine resolution can still be 

obtained despite the reduction in possible sampling locations that would be seen in a rod 

bundle geometry.  
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   The prototype facility will test the wire mesh sensor design to be implemented 

in the full-scale facility using air-water mixtures in a test section at atmospheric 

pressure. The internal geometry of the prototype test section is the same as that of the 

larger facility and only one wire mesh sensor is used in the prototype facility. 

Implementing changes in design could be accomplished in a quicker, less expensive 

method using a smaller facility while maintaining the operating principles and channel 

geometry the same as the full-scale test section. In addition to the mechanical and 

electrical testing the prototype facility provided, significant post processing is required 

to transform the data collected by the wire mesh sensor into readable, useful information. 

The post processing code can be developed and refined with a working, testable wire 

mesh sensor with the prototype facility. Building the prototype facility also allowed for a 

more controlled testing environment to verify the operation and generate the calibration 

procedure for the WMS probe.  

1.3 Organization of This Thesis 

This thesis will describe the design and operation of the prototype WMS facility, 

describe the design of the full-scale facility, discuss the initial findings of the testing of 

the WMS built in the prototype facility, and discuss the findings from the testing of the 

WMS needle probe. The final chapter will summarize the findings and areas of possible 

improvement for future work. 

 

 



 

6 

 

2. BACKGROUND  

 The study of two-phase flow and the need to develop appropriate models in 

nuclear systems has been one of the largest areas of interest in the field of nuclear 

engineering. The initial motivations stemmed from the development and operation of 

LWRs and has continued with the development of Gen IV reactors. In PWRs, transient 

and accident analysis requires accurate two-phase flow modeling to ensure reactor 

protection systems are adequate to prevent thermal limits from being exceeded under 

design limiting scenarios. One of the most severe PWR accidents, the Loss of Coolant 

Accident (LOCA), will result in complex vapor-liquid mixtures that can have 

devastating effects on the system that under normal operating conditions would never be 

observed. A BWR operating under normal steady state conditions is very different from 

that of the PWR, as boiling will occur in the primary system. A two-phase steam-water 

mixture flows through the fuel region in vertical channels in the fuel bundle, requiring in 

depth analysis of two-phase heat transfer to ensure proper core heat removal. Whereas 

the PWR is not concerned with two-phase flow under normal operating conditions, the 

BWR is designed around it. Accident scenarios in a BWR will also require in-depth 

knowledge of two-phase phenomena.  

The description of two-phase flow in a rod bundle is very complicated. Due to 

the arduous task of accounting for complex flow in multiple phases as well as the mass 

transfer between them, early and even more recent models are forced to make many 

mathematically simplifying assumptions. Part of the difficulty of two-phase flow arises 

from the macroscopic vs microscopic behavior of the phenomena. At the microscopic 
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level, the interaction between the two phases will have a large impact on the 

measureable, practical behavior that is needed for analysis. The various models used to 

describe two-phase flow will vary in their complexity, with increasingly more complex 

models requiring even more constitutive relationships to properly represent the fluid 

interactions, yet they will be less limiting in the conditions to which they can be applied. 

The simpler models will have large assumptions that can be very limiting but will be 

simpler to solve.  

 The homogeneous equilibrium model (HEM) is the simplest of the pseudo-single 

phase fluid, or mixture, models [5]. The HEM assumes there is no relative velocity 

between the two phases. Another major assumption is that the vapor and liquid phases 

are in thermodynamic equilibrium, or that the temperatures of each phase are at 

saturation. A conservation equation of the momentum, mass and energy of the system is 

then constructed.  While these are rather limiting assumptions, allowing either the flow 

or the thermal state to depart from equilibrium can add more detail to the description of 

the flow interactions, and it is typically different depending on the desired end result.  

Another approach is the separated flow model, one where each phase is accounted for by 

its own set of three conservation equations and is no longer limited by the velocity and 

thermal assumptions made in the HEM. However additional constitutive relations are 

required, and often have a heavy dose of empiricism built into them. Because of this, 

these and other more accurate models require a sufficient experimental database which 

aids in tuning constants within the defining equations. Unfortunately, due the extremely 

complicated nature of two-phase flow, the database, especially when attempting to use 
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complicated separated flow models that rely on factors such as local interfacial area 

concentrations and void fraction, is rather small. Experiments that can provide accurate, 

valuable benchmark data, especially when looking at non-adiabatic scenarios, are few 

and far between. 

 Equation 1 shows the calculation for void fraction using the HEM. The quality is 

directly related to the void fraction by the rather simple relationship shown. The HEM 

can be reasonably accurate under high pressure and high flow rate applications, such as 

in a PWR primary system. For experiments planned as part of the aforementioned 

facility, relatively low flow rates and low pressures are being utilized so the HEM is 

expected to provide less confident estimates for void fraction.  

𝛼 =  
1

1+(
1−𝑥

𝑥
)∗(

𝜌𝑣
𝜌𝑙

)
     (1) 

Although this model would be inaccurate for the conditions of the experiment, it 

provided a way to make rough estimations as to what void fractions the WMS should be 

capable of measuring. This in turn verified the desired quality range for the experimental 

facility was adequate. 

 Once the flow assumptions are made and a model is chosen, then the task 

becomes quantifying the pressure drop and/or heat transfer characteristics. The HEM 

only accounts for one fluid with effective properties, but many other models (e.g., 

separated flow models) take each phase independently and include conservation 

equations (mass, momentum, and if needed energy) in some form. The exchange 

between phases is also taken into account. Many of these types of models also make use 
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of equations specific to a flow regime. A flow regime is defined by the void distribution 

pattern between gas-liquid flows, and has been characterized under a large variety of 

conditions by a large number of researchers over time. The main flow regimes in vertical 

flow are bubbly, slug, churn and annular. Figure 1 shows a visual representation of each 

of the major flow regimes. Horizontal flows can have additional regimes due to 

stratification of the flow, but the focus here will remain on vertical flows only. 
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Figure 1: Various two-phase flow regimes. Reprinted from [6] 

 

 Bubbly flow is characterized by the presence of dispersed gas bubbles in a 

continuous liquid phase, with the bubbles having various sizes and shapes [5]. Slug flow 
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is identified by the presence of large bubbles separated by liquid slugs. Churn flow will 

exhibit the same features as slug flow but is more chaotic. Annular flow consists of a 

continuous core of gas surrounded by an annulus of the liquid phase. These regimes are 

sometimes broken down even further, but those mentioned here are the broadest 

categories. For the experimental facility in this work, the focus will be on bubbly flow, 

and can be verified visually. 

 The next step is to determine where each of these flow regimes will occur based 

on two independent flow variables. This is what leads to the concept of a flow regime 

map, where the various flow regimes are plotted against the two variables of choice. 

Flow regimes depend on a very large number of variables, such as flow rates, pressure, 

flow geometry, etc., so it is important that the selected map is suitable for the 

application. Further complicating the use of maps is the fact that any transition between 

regimes is not a distinct boundary line but will actually be a broad transition band. One 

of the earlier flow regime maps was developed by Hewitt and Roberts [7]. They used 

air-water data in a 31.2 mm pipe and varied the flow rates of the air and water through 

the vertical standing pipe. Using high speed flash photography and x-radiography, they 

captured visually the flow as it passed through a viewing port. After running a large 

number of different flow rates and analyzing the visual data they collected, they 

generated a flow regime map using the superficial liquid and vapor fluxes as the axes. 

Figure 2 shows the results of their experiment.  
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Figure 2: Hewitt and Roberts flow regime map, reprinted from [7]. 

 

The flow map used for RELAP5 uses the mass flux and the void fraction on the 

axes, as an example of other ways to create a flow regime map. The importance of 

identifying the correct flow regime ties back into the two-phase model that is used. The 

various heat transfer and flow correlations that will be required all depend on correctly 

identifying the flow regime. There is no one-size-fits-all approach and understanding the 

limitations of each model and the expected conditions of the problem of interest are of 

vital importance.  
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3. LITERATURE SURVEY  

Prasser et al. [3] developed their initial wire mesh sensor out of the desire to have 

a sensor with the spatial resolution needed to identify individual bubbles in gas-liquid 

systems. This requires both very fine spatial resolution, on the order of the smallest 

detectable bubble size, and high time resolution. Alternative methods at the time were 

extremely costly. Therefore, the wire mesh sensor was designed with the goal of making 

an affordable sensor that could provide a visualization of transient gas fraction 

distributions. Johnson [8] was the first to expand on this operating premise with the goal 

of measuring the amount of water in crude oil as it flows through a conduit. Johnson 

knew the sensor had to be small enough to not impede the flow of the fluid, which is 

why the small diameter wires were selected. He positioned the wires vertically and 

orthogonal to the direction of flow, providing a 2D analysis in the plane of the fluid flow 

in the conduit. When time is included, a three-dimensional analysis is possible. The 

basic operating premise first described by Johnson [8], uses two planes of wire 

electrodes orthogonally positioned with a small gap between the wire planes. One set of 

wires serves as a transmitting electrode and the other set serves as a receiving electrode. 

The transmitting wires are supplied with a driving voltage pulse and the space between 

the transmitting and receiving wires is occupied by a conducting phase (gas or liquid). 

The measurement sites are all the crossing points between the transmitter wires and the 

receiver wires. The signal on the receiver wire is directly related to the phase between 

the two planes of wires. A calibration of the wires in pure gas and pure liquid allows for 

the output signal from the receiver wire to show the phase that exists at the time of 
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sampling. With a pure gas being very close to an ideal insulator and the liquid being an 

ideal conductor, the conductivity at the measurement site can be directly related to the 

phase distribution at that point at a specific instant in time. Johnson was the first to 

create a large number of crossing points in the conduit, whereas previous conductivity 

sensors would only measure at an individual point. The wires in Johnson’s invention 

were placed under tension to ensure the orthogonal wires never came into direct contact.  

Where Prasser et al. [3] made significant steps forward was in their ability to 

remove the need for time-consuming, image-reconstructing procedures, increasing the 

number of samples that could be processed, and preventing any cross talk between 

electrodes. They also showed that the measurement accuracy of this sensor was in very 

good agreement with the more expensive X-ray and gamma ray tomographs. The first 

sensor was capable of sampling at a rate of 1024 Hz, containing 16 x16 wire grid with a 

total of 256 measurement points. The calibration of the wires to determine a void 

fraction was also a significant upgrade over Johnson’s sensor, as Johnson’s sensor 

initially would see either a “short”, or a “broken” wire, depending whether water or oil 

was in the measurement site. The sensor developed by Prasser et al. also was shown to 

work in both horizontally and vertically arranged pipes. The sensors were tested in air-

water mixtures, keeping the superficial velocity of the water constant (1 m/s). Different 

trials were run with varying superficial air velocities, ranging from 0.14-12 m/s. The 

WMS accuracy was compared to a single beam gamma-ray densitometer. Measured 

volume averaged gas fractions were compared between the WMS and the densitometer 
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over the same range of superficial air velocities, with the WMS having a positive 

systematic error of close to 8% gas fraction [3].   

The next relevant advancement in the wire mesh sensor is discussed by Pietruske 

and Prasser [9]. They developed a wire mesh sensor capable of high pressure and 

temperature conditions that would be used in a steam-water mixture to measure void 

fraction profiles, bubble size, gas velocity distributions and perform high-speed 

visualization of the gas-liquid flow. Since the previous WMS units were used in 

adiabatic, air-water mixtures, additional accommodations were needed for a WMS 

sensor to withstand these more extreme conditions. One of the major complications with 

a high temperature WMS is the thermal dilation of the wire electrodes. Large 

temperature transients can cause the wires to lose their tension, increasing the tendency 

for wires to move as the flow passes by. To overcome this, each electrode was connected 

to a very small spring on one end. To prevent the springs from disturbing the flow, the 

springs were placed inside a cavity on the inside of the sensor. The other end of the wire 

was routed through a channel in the sensor body to the outside of the sensor itself and 

the spring then stretches the wire keeping it under tension.  

Due to the small gaps available between the wires and the number of small 

cavities/channels, the construction of the sensor is very complicated. Another design 

challenge was ensuring broken wires could be replaced and repaired. Two sensors, one 

with 64x64 electrodes for a larger pipe diameter and a sensor with 16x16 electrodes for a 

smaller diameter pipe were designed. Due to geometric constraints, the actual design 
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between the two sensors differed slightly, but both had the capability to replace wires as 

needed. 

The sensors were tested successfully with pressures up to 7 MPa and a maximum 

temperature of 286 C. Both sensors were tested in vertical test sections over a range of 

pressures from 1 -7 MPa. Air-water experiments were also done to provide a comparison 

to steam-water tests. For the steam-water tests, the temperature was at the corresponding 

saturation temperature for the pressure at which the test was performed.  

Arai et al. [10] used the WMS to study the void fraction, bubble velocity 

distribution and various other two-phase phenomena inside a rod bundle geometry. Their 

facility consisted of a 10x10 array of 10 mm O.D. diameter rods with a length of 3.110 

m. The WMS in this experiment was an 11x11 wire assembly, with wires passing in 

between the rod bundle itself, providing data from inside the array subchannels. In 

addition to the crossing points of the wires, they added an additional 400 measurement 

points by measuring the electrical potential between a wire and the surface of the rods 

themselves. This sensor, termed a SubChannel Void Sensor (SCVS), allowed for 

measuring void fraction data at a high sampling rate inside all the subchannels of the rod 

bundle. The wires were 0.2 mm in diameter, with an axial gap of 2 mm between the 

orthogonal wire pair. The crossing points of these wires produced 121 measurement 

sites. The sensor measured the void fraction in the same manner as the previous WMS, 

relating the local void fraction at the measurement points to the conductivity of the fluid 

between the sensing and excited wired electrode.  
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 The sensor was initially used to characterize the upward two-phase flow in the 

rod bundle flow channel in terms of the void fraction, phasic velocity and sauter mean 

diameter. The test fluid is water, which traverses a closed loop flow path where a 

circulation pump provides the driving force for the fluid. The facility is adiabatic and 

vented to atmosphere. The two-phase mixture is created by injecting air into the test 

section, which can be done at various locations and at various velocities. Air enters the 

test section near the bottom of the bundle. 8 SCVS are installed at various heights along 

the vertical test section, with each SCVS being 30mm apart from each other, and 60 mm 

apart from the spacers. To verify the performance of the SCVS, area-averaged 

superficial gas velocities obtained from experimental results were compared to the 

known inlet conditions. These values correlated within a 20% error [10]. The attempt of 

the facility described in this thesis is to provide subchannel void fraction data within a 

heated tube bundle with a steam/water mixture rather than the ambient, adiabatic 

conditions for which the SVCS was utilized. 

 The most common instrument used in the literature for measuring local important 

two-phase flow parameters such as interfacial area or void fraction is the conductivity 

probe. The first of these probes was introduced by Neal and Bankoff [11] at a time when 

the most common technique was gamma or beta ray attenuation. Their desire was to 

measure bubble frequency, bubble size distribution and volumetric gas fraction at a 

specific point. The probe consisted of a 1.25” steel sewing needle, which formed the tip 

of the sensor, welded to a 6” steel wire. The wire was electrically insulated and encased 

in a SS tube. The needle was also electrically insulated everywhere but the tip. A circuit 
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was made by connecting the steel wire in series to a 1.5 V battery and 10,000 ohm 

resistor. The probe would operate on the measurement of the instantaneous resistivity 

measured at the tip of the probe. If the probe tip was in contact with fluid, the circuit was 

closed. If gas was in contact with the needle tip, the circuit was open. The output of the 

probe was a square wave form with constant amplitude of 1.5 V, which could then be 

analyzed to determine the desired two-phase parameters. Two main assumptions made 

with the use of this probe was that the bubbles were all spherical and the probe had an 

equal probability of piercing any segment of the bubble diameter.  

 The popularity of the conductivity probe grew, especially when multiple probes 

were used together simultaneously, which allowed for the interfacial velocity of the 

bubbles to be measured by correlating the signal between the multiple tips as a bubble 

moved past the sensor. The most commonly used probes now consist of a double sensor 

conductivity probe and the four-sensor conductivity probe. Kim et al. [4] describe a 

miniaturized four-sensor conductivity probe which is capable of measuring local time-

averaged two-phase flow parameters over various bubble types and sizes. One of the 

advantages of using the four-sensor probe over the two-sensor probe was that a wider 

range of bubble shape could be measured. The two-sensor probe required that the 

measured bubbles be spherical, and large errors were introduced if that was not the case. 

However, the four-probe sensor also ran into other difficulties mainly due to its size. It 

was possible for a significant number of bubbles to miss the sensors due to spacing 

between the four sensors. Deformation of the bubbles as they penetrated the sensors also 

introduced additional errors, which limited the use of these four-sensor probes to flows 
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in which larger bubbles were expected. Kim et al. [4] made significant improvements to 

both of these areas by creating a smaller probe, altering the structure and materials. They 

significantly reduced the cross-sectional area of the measurement site as well as created 

very sharply tapered tips, which greatly reduced the number of bubbles missing the 

sensor and the deformation of the bubbles as they contacted the sensor. With their 

improvements, the sensor could be used over a wide range of flow regimes and local 

two-phase flow parameters could be observed along the flow field. 

 One of the limitations mentioned previously with using even four-sensor 

conductivity probes is that they only measure one local point. To characterize the flow in 

a channel, the probe must be moved to each desired measurement location. This 

excludes the ability to analyze transient behavior and makes experiments long and 

tedious. The WMS is able to measure the entire 2-D cross section of a channel, with 

sample points wherever two orthogonal wires cross. Prasser et al. [12] employed the 

WMS in a 195.3 mm diameter pipe as a possible alternative to using conductivity probes 

to measure interfacial area concentration. The output of a WMS is a 3D matrix with time 

being the z-axis, and the 2-D cross section of the pipe the x and y axes. The sensor used 

in this experiment sampled at a rate of 2500 Hz. Velocity information for the bubble 

interface is required to convert the time axis of the 3D matrix into a Eulerian z-axis and 

this was accomplished by placing two WMS units with a small distance between them. 

Cross correlating the data from the two different sensors provided this velocity 

information. With the velocity information and the 2D gas-fraction distributions, the 

entire gas-liquid interface is reconstructed using an algorithm previously used by the 
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group. Prior to testing the algorithm and interfacial area calculations on experimental 

data, they created a synthetic data set of known bubble sizes to verify the calculation 

method being employed. They tested the algorithm over bubble diameters of 3-40mm. 

The lateral pitch of the wires is 3mm, which was the basis of the lowest bubble diameter 

tested. As the bubble diameter approached 3mm, the accuracy of the interface 

reconstruction decreased, which was the expected result as the 3mm lateral pitch was 

expected to be the sensitivity of the WMS. With the larger bubble diameters, they 

observed almost an exact match of the synthetic data. After verifying the functionality of 

the algorithm with the synthetic data set, they ran experiments over a range of air flow 

rates. They used a 64x64 WMS with a lateral pitch of 3 mm. The two sensors were 

placed 65 mm apart and used to determine the gas velocity profile via cross correlation. 

After comparing the results from these experiments with results for interfacial area 

densities in a large diameter pipe using a conductivity probe, they saw valuable 

quantitative similarities proving the WMS could be used as a method for measuring 

interfacial area concentrations. 

 The Pennsylvania State University in collaboration with the NRC designed and 

constructed their Rod Bundle Heat Transfer Test Facility (RBHT) as discussed in 

(NUREG/CR-6976) with a large focus on reflood heat transfer. The full-scale facility 

was designed to generate rod bundle heat transfer data from a large variety of tests, some 

of which include single phase cooling tests, steam flow tests with and without droplet 

injection, and dispersed flow film boiling heat transfer tests by performing systematic 

separate effects tests under well controlled laboratory conditions [13, 14]. The facility 
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covers a wide range of flow and heat transfer conditions with pressures between 20 and 

60 psia. The RBHT can operate in a steady state mode and a variable reflood mode for 

transient analysis [14].  

 The heavily-instrumented facility consists of a four-part test section, coolant and 

steam injection systems, phase separation and liquid collection systems, a liquid droplet 

injection system, a pressure dampening tank and steam exhaust piping. The rod bundle, 

which consists of electrical heaters that simulate a small portion of a 17x17 reactor fuel 

assembly, are contained inside the low-mass flow housing in a 7x7 array. 45 of the 

heaters are heated, with each rod rated for 10 kW. Each heater has a diameter of 9.5 mm 

with a pitch of 12.6 mm (P/D ratio of 1.33. The heater rods are 3.657 meters in length 

and contain a varying axial power distribution with a uniform radial power distribution. 

The axial heat profile peaks at 2.74 m (1.5x the average), and has minimums (0.5x the 

average) at both ends. The heater’s cladding is made of Inconel 600 and each heater 

contains 8 ungrounded thermocouples attached to the inside surface of the cladding. The 

thermocouples are placed at various locations and the leads exit through the heater rod 

bottom. Each heater receives power from a 60 volt, 12600 A, 750 kW DC power supply. 

The 4 unheated rods are the corner rods that act as a support for both the bundle and the 

instrumentation lines.  

The flow housing itself provides the flow and pressure boundary around the 

heater rod bundle. The housing has a square geometry of 91.5 mm x 91.5 mm and is 6.35 

mm thick and is also made of Inconel 600. The flow housing contains several 

temperature and pressure taps and contains 6 pairs of windows. Each pair of windows is 



 

22 

 

180 degrees apart and placed at axial positions between the spacer grids. The windows 

assist in the measurement of droplet size and velocity with a Laser Illuminated Digital 

Camera System and provide a means for visualization and flow regime mapping. Void 

fraction is measured using sensitive DP cells that are placed at various locations along 

the housing.  

The lower and upper plenums, with the rod bundle and flow housing make the 

rest of the test section. The lower plenum is a 304SS 8 NPS schedule 40 pipe that 

connects to the bottom of the flow housing. The lower plenum contains a flow baffle that 

also has a square geometry and serves as a flow distributor and straightener for the rod 

bundle. The upper plenum is also a 304SS 8 NPS schedule 40 pipe and serves as the first 

point of phase separation. It also contains a grounding plate that connects to the top of 

the heater rods.  

 The instrumentation throughout the facility allows for the measurement of 

various flows, power levels, temperatures, pressures, void fractions and droplet size, 

distribution and velocity. The droplet velocity cannot be directly measured during two-

phase dispersed flow but can be calculated from the collected data. Void fraction 

measurements and the laser camera system are used for determining the droplet 

entrainment behavior, droplet effects on heat transfer and steam desuperheating. To 

measure the vapor/steam temperature, very small diameter thermocouples were attached 

to the spacer grids and the traversing steam probe rake (0.813 mm and 0.381 mm 

respectively). These thermocouples have a fast enough response time where they can 

accurately follow the vapor temperature in a dispersed two-phase flow. The steam probe 
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rake is used to measure the steam temperatures in the heater bundle subchannels. The 

probe is connected to an automated sliding mechanism that moves the probe to various 

positions inside the bundle. The steam probe rake position is determined by a linear 

potentiometer that feeds a voltage input to the DAQ system.  

 The research described in the coming chapters primarily builds upon the work 

done by Prasser [3]. The motivation for this work is the development of a large full-scale 

boiling facility that builds upon previous work done by other heated rod bundle 

experiments, mainly by employing the WMS in this environment. The advantages of the 

WMS versus other measurement techniques will greatly improve the experimental 

benchmark data available with which more complicated models can be compared and 

validated against. The development of a movable needle probe that is based on the WMS 

fundamentals allows the WMS to be utilized in an environment where previously it 

would not have functioned as well. By showing that a receiver wire can function in the 

form of the movable needle probe, the ability to overcome the resolution challenge that 

is presented when implementing a WMS in a rod bundle geometry is feasible. The 

fundamental proof of concept is laid out in this thesis research 
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4. EXPERIMENTAL FACILITY DESIGN AND CONSTRUCTION  

The designs of the wire mesh sensor test facility and full-scale facility layout and 

are described herein.  The wire mesh sensor facility is in the Thermal Hydraulics 

Verification and Validation Laboratory in the University Services Building..  The full-

scale facility has been partially assembled in the same laboratory and will be constructed 

in its permanent home in the future. 

4.1 Prototype Wire Mesh Sensor Test Facility 

The prototype facility is made of several acrylic square vertical sections with 

square flanges providing the mating surface between each section. The facility is filled 

with DI water through the bottom of the test section and filled up to a tank attached at 

the top of the test section assembly. The tank is open to atmosphere. Air is introduced 

into the test section through an air manifold, which consists of 4 air inlets, one on each 

face of the square test section.  

4.1.1 Wire Mesh Sensor Test Section  

The test section is comprised of 4 square vertical segments with internal side 

dimensions of 2.125”x 2.125”. Each vertical section has a square flange at the top and 

bottom which provides the mating surface for each segment.  The test section is made 

entirely of 0.5” thick clear cast acrylic sheets which were then machined according the 

design needs of each segment. Each segment of the test section is made of 4 different 

pieces. The four pieces of each segment are fastened together with 0.5” 6-32 socket head 

screws and are then glued together. The four pieces when fully assembled create the 

square geometry of the test section, with inner dimensions as stated above.  
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To help explain the assembly of the test section, it is helpful to break down each 

segment and provide each one with an identifier which is displayed in Figure 3. The test 

section will be described starting from the bottom and moving up vertically along the 

test section axis. Segment “A” refers to the bottom segment which attaches to the 

baseplate, segment “B” is the air manifold, segment “C” is the long segment following 

the air manifold, and segment “D” is the top segment between the tank and segment C. 

The length of segments A, B and D are 6”, from bottom flange mating surface to top 

flange mating surface. Segment C is 12” from bottom flange mating surface to top flange 

mating surface. 

Segment A connects to the baseplate of the test section, which supports the entire 

structure. The baseplate consists of a 12”x12” acrylic plate with bolt holes that allow the 

bottom flange of segment A to be connected to and aligned in the center of the baseplate. 

The acrylic plate is fastened to the 80-20 T-slot framing structure which can moved 

around or secured in place. At the center of the acrylic plate a 0.4680” hole is present 

which serves as the water inlet and drain for the test section.  
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Figure 3: Prototype WMS test section. 

 

The next segment in the test section is the air manifold. The air manifold 

provides the connections to the external air supply and creates the air bubbles used in the 

experiment. Water passes through the air manifold, not contacting the incoming air, 

through a 3x3 array of cylindrical tubes. After passing through the air manifold, both the 

air and the water now mix and the air bubbles traverse the longest piece of the test 

section. Between the top flange of the segment C and segment D, the WMS is installed. 

The details of the design and installation are discussed further in a later paragraph. The 

final piece of the test section serves as a reservoir to hold water, attached to the top of 

D 

C 

B 
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segment D. The test section is filled up to the desired height in the tank before the 

external air supply is turned on. The tank provides a place for the air bubbles to escape 

from the test section as well as providing adequate distance between the surface of the 

water lever and the WMS.  

4.1.2 Air Manifold 

The primary function of the air manifold is to provide a means of connecting the 

external air supply to the test section, without having the air come into contact with the 

fluid inside the test section. The air manifold, shown in Figure 4 and Figure 5, also 

provides the means for creating bubbles inside the test section. The 3x3 array of 

cylindrical tubes allows for water to pass through from segment A to segment C without 

coming into contact with the air. Each cylindrical tube has an ID of 0.25”, OD of 

0.3750” and is 0.0625” thick. In the flange connecting the air manifold to the long 

segment of the test section, 12 capillary tubes are installed in a 4x4 lattice around the 

cylindrical tubes guiding the water. These capillary tubes create the air bubbles that 

continue to travel up through the test section and flow past the wire mesh sensor. The 

capillary tubes are made of stainless steel, have an OD of 1/16”, a 0.02” wall thickness 

and are 0.75” in length. The slight protrusion of the capillary tubes goes into the air 

manifold, ensuring a flat surface at the mating edge of the air manifold and segment C. 

In each face of the air manifold, a 0.4680” hole is present which serves as the inlet for 

air into the manifold. The top of the hole is located 1.85” from the bottom flange mating 

surface. The air leaving the external supply is diverted into 4 branches, one for each 

face. A clear acrylic round tube with an ID of ¼” is used as the tubing for the air line.  
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The external air supply for the facility is a Tachikara air compressor with a rated 

displacement of 30 L/min and a rated pressure of 100 PSI. The air flow rate is controlled 

with a rotameter and a bypass valve. The outlet of the air compressor goes directly to the 

rotameter, which contains a valve to help adjust the flowrate leaving the rotameter. 

Downstream of the rotameter a branch in the air line provides two possible paths: one 

path goes to the bypass valve and one path leads to the 4 way branch that enters the air 

manifold. The bypass valve serves as a course adjust and the valve on the rotameter 

servers as a fine adjust for the air flowrate that enters the air manifold. 

 

 

Figure 4: Air manifold for prototype facility, side view. 

 



 

29 

 

 

Figure 5: Top down view of air manifold. 

 

 

4.1.3 Wire Mesh Sensor  

 The WMS mechanically fits into the test section between the flanges of segments 

C and D as seen in Figure 6. The WMS plates are “sandwiched” between the flanges of 

segment C and D using a 4” all threaded 12-24 304SS stud and hex nuts to supply the 

clamping action on the gaskets.  The sensor is made of two different 0.5” acrylic plates, 

the same material used for the rest of the test section. The first plate contains a 4x4 array 

of orthogonal wires and is shown in Figure 7. The second plate contains only 4 wires 

that align and run parallel to the transmitter wires of the bottom plate. With both plates 

installed, the 4x4x4 WMS is in operation. It is also possible to not install the top plate, 

and have 4x4 WMS instead. Each WMS plate originally had 4 equally spaced bolt holes 

near the corners and has since been updated to have 8 equally spaced bolt holes. The bolt 

holes are through holes with a 0.25” diameter. 
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Figure 6: WMS plate sandwiched between sections C and D. The configuration shown 

is a 4 x 4 wire array. 
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Figure 7: WMS bottom plate. 

 

 The wires are aligned with finely machined grooves in the surface of the plate. 

For the bottom plate, which contains two sets of 4 wires running orthogonally to each 

other, two different depths for the grooves are made. The bottom set of wires sit a 

groove that is 0.0683” deep, while the top set of wires sit in a groove that is 0.0313” 

deep. Figure 8 shows this arrangement. The wires are meant to rest on the bottom 

surface of the grooves and this ensures there is adequate vertical spacing between the 

wires. Each groove is 0.0625” wide with equal spacing between grooves. The horizontal 

distance between consecutive grooves on a side is 0.4675”. The leading edge of the first 

groove is 0.2480” from the edge of the internal square channel. 
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Figure 8: WMS plate grooves. 

 

 

 

 The next key components to the wire mesh sensor are the tension plates, which 

are attached to the edge face of the WMS plate via 6-32 socket head screws. The WMS 

plates contain tapped holes on the edge face that extend 0.66” into the plate. There are 

two different types of tension plates for each set of 4 wires and each fulfill a unique 

purpose. One tension plate contains a four-screw terminal block where the wires for the 

sensor are secured and connect with the wiring that connects the sensor to the DAQ unit. 

The second tension plate contains four eyehooks, one for each wire to be secured to. The 

eyehooks are secured to the tension plate via a hex nut and washer.  When the hex nut 

tightened, the eyehook is pulled deeper into its respective through hole. As the eyehook 

lowers into this hole, the wire is pulled and placed under tension. This ensures the wires 

will not droop and will remain taught as they go across the internal square channel of the 

test section. Each tension plate, displayed in Figure 9, has very thin slits at the top that 

assist in lining up the wires with the grooves in the WMS plate. The V-shaped notch 
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minimizes the stress on the wire as it bends around the 90 degree turn to reach either the 

eyehooks or the screw terminal, while also keeping a very tight tolerance on the 

horizontal position of the wire. The tension plates are 3D printed using VeroBlue. 

 

 

Figure 9: Tension plates for WMS. Left is eyehook type, right is screw terminal type. 

 

 Two different types of wire are used for the WMS. The wires inside the test 

section that are used as the transmitters and the receivers need to be extremely thin, 

capable of withstanding the flow conditions inside the test section, and able to withstand 

being placed under tension. 316LSS 38 AWG resistance wire is used for this purpose, 

and starts at the eyehook, passes through the test section, and is secured to the screw 

terminal. This wire is unshielded and bare. To connect the screw terminal to the DAQ 

unit, 26 AWG Kynar Insulated Silver-Plated Copper Wire was initially used. This was 

later replaced with double shielded cable that contained four insulated wires and a bare 

drain wire. Two different wires are required to minimize the amount of exposed bare 
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wire that the facility uses. Using shielded cable also allows for each transmitter and 

receiver wire to be properly grounded. 

4.1.4 Needle Probe 

 One of the main advantages of a WMS is the number of crossing points or 

measuring sites that are available in a given plane of measurement. A WMS can have as 

many as 128 transmitters and 128 receivers, yielding 256 measurement points within the 

channel of interest. In situations where there are no obstructions to flow internal to the 

flow channel, WMS’s perform extremely well because they can measure so finely in that 

plane of measurement. However, if obstructions exist in the flow channel that would 

prevent the wires from crossing through, the number of crossing points is limited, which 

in turn causes the WMS to be unable to utilize its greatest strength. This is one of the 

primary issues when utilizing a WMS in the rod bundle geometry. The space inside the 

channel occupied by the rod bundle severely limits the number of transmitter/receiver 

wire pairs one can use. Arai et al. [10] attempted to overcome this challenge by utilizing 

the rods of the bundle to act as potential measurement sites. In this research, a different 

approach was taken. Utilizing the same concept of measurement that the receiver wires 

operate on, a “needle probe” that can be moved to any position within the flow channel 

was developed and tested. The probe is functionally a receiver wire that will measure 

conductance between the tip of the probe and any transmitter wire. Since the distance 

between the transmitter and needle probe tip plays a very large factor in the signal 

strength, the transmitter wire that is closest to the probe will be the most optimum 

measurement point to analyze. It is also an easy way to verify the position of the probe, 
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as the transmitter that is closest will yield the largest signal of any of the possible 

crossing points. Figure 10 and Figure 11 show the needle probe in relation to the test 

section and the WMS wires. 

 

 

Figure 10: Top down view of needle probe inside test section. 
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Figure 11: Close-up of needle probe tip next to WMS wires. 

 

 

 The measuring end of the needle probe is an insulated, silver-plated 30 AWG 

copper wire. 1 cm of the insulation is stripped, and this bare portion of wire functions as 

the receiver for the probe. To hold the wire in position, the remaining insulated wire is 

routed through a plastic tube that is small, but rigid enough to withstand any vibrations 

induced by the flow of air bubbles past the tube. The measuring end is displayed in 

Figure 12. 
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Figure 12: Needle probe, measuring end. 

 

 

The plastic tube has an OD of 0.258”, a wall thickness of 1/16”, and is 7.70” 

long. A rubber cap with a 0.02” diameter hole drilled through it is placed on the end of 

the plastic tube. The bare wire is routed through the cap and glued into place to ensure 

the wire is fixed to the cap and cannot move axially. Although the bare wire is now fixed 
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to the plastic tube, it is possible for this portion to get deformed or bent so care is needed 

when handling the probe. The plastic tube is then attached to a 30.5” long lever arm 

made of 1” 80-20 aluminum strut. A 0.26” diameter hole is drilled 1/16” from the end of 

the lever arm. The diameter of the hole drilled through the lever arm is such that the 

plastic tube forms a tight fit with the lever arm, preventing movement in any direction 

and ensuring the wire is held as vertical as possible. The wire is then connected to a 

screw terminal attached to the top of the lever arm. This assembly is shown in Figure 13. 

The probe is electrically connected to the DAQ unit via a shielded cable and grounded 

with the other transmitter and receiver wires. The total length of the unshielded, 

insulated 30 AWG wire is 10”. The lever arm is fastened to one axis of the 3-axis 

stepper motor assembly, which allows for the precise positioning of the probe itself. 
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Figure 13: Side view of needle probe, attached to lever arm. 

 

 

 The 3-axis stepper motor linear stage assembly, pictured in Figure 14, allows for 

the precise positioning of the probe in any x-y space within the test section. Each axis 

has its own stepper motor and all three of the linear stages are physically connected 

which allows for 3-axis control. The linear stages were manufactured by Parker 

Automation and each axis has a Vexta half-stepper motor connected on one end. Each 

step of motor rotation corresponds to 0.0125mm of linear movement allowing for the 

probe to be placed in very exact positions.  Only one motor can be moved at a time and 

each axis has a limited range of motion. The movement of the linear stages is controlled 

by a separate piece of software run on an external laptop. To ensure the linear stage 
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assembly could fully cover all possible positions for the probe, a separate support table 

was constructed of 80-20 aluminum strut to support the linear stage assembly. The 

normal sequence of events is to attach the lever arm holding the probe to the linear stage 

assembly, raise the probe above the top of the test section, move the probe into the 

center of the test section and lower the probe so that the tip is as just slightly above the 

transmitter wires inside the test section. The probe can be repositioned anywhere within 

the horizontal plane of the test section. 
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Figure 14: Linear stage assembly with needle probe. 

  

 

4.1.4 Data Acquisition 

 The data acquisition unit for the prototype wire mesh sensor facility is shown in 

Figure 15. It is a Rasberry PI Linux operating system and provides the user with the 

operational control of the WMS. There are two 25-pin adapters, one for the transmitter 



 

42 

 

wires and one for the receiver wires. The two 25-pin adapters serve as the connection 

between the WMS and the DAQ unit. This unit can use 8 transmitters and 8 receivers, 

which generates 64 data points (8x8) at a time. The unit is capable of a sampling rate of 

5000 Hz and contains ADC channels with 12-bit resolution. There is an amplifier gain 

setting which allows the user to control the gain of the odd receivers and the even 

receivers separately. When testing the needle probe, the 4 receivers for the WMS are all 

connected to the odd amplifier, while the needle probe is connected to an even port to 

provide more precise control.  

 

 

Figure 15: DAQ unit for WMS. 
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4.2 Full-scale Facility Layout 

The facility may be easily understood by classifying the equipment into two 

different sections: the test section and the secondary loop. The test section consists of the 

square channel that the test fluid traverses at the specific testing parameters and the 

associated supporting structure. The secondary loop contains all auxiliary equipment 

required to complete the closed loop flow path of the facility. A simplified piping 

diagram is shown in Figure 16.  

 

 
Figure 16: Simplified piping diagram of full-scale facility. 
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After the system is filled and pressurized, the test fluid will travel the closed loop 

flow path, which includes heating the fluid up to saturation temperature, additional 

heating inside the test section that creates a two-phase mixture, heat removal via heat 

exchangers and a pump to act as the driving force through the loop. Pressure is 

controlled in a very precise band by air loading the expansion tank and by the installed 

BPR. 

 

4.2.1 Test Section Components 

 The following descriptions detail the components that make of the test section 

directly. 

4.2.1.1 Test Section Enclosure Channel 

 The 3x3 heater rod bundle in enclosed by a 304 SS square channel. The square 

tube used for the channel has a 2.5” outside diameter with a wall thickness of 3/16”. The 

inside diameter of the square tube is 2.125”. The channel internal is shown in Figure 

18.With the tube bundle installed, the test section has a hydraulic diameter of 1.16”. The 

enclosure channel is 3390 mm long, consisting of four smaller sections that are flange 

connected to create the full test section. There are two 505 mm sections and two 1190 

mm sections, shown in Figure 17. The 505 mm sections are the end sections. 150# ANSI 

flanges with a square internal diameter were custom machined and welded onto the ends 

of each test section segment. The very bottom and very top flange are flat faced to allow 

the upper and lower plenums to be flange connected to the test section. The interior 

flanges are all raised face and allow for the WMS to be installed in between.   
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Figure 17: Test section segments for full-scale facility. 
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Figure 18: Top down view of test section channel. 

 

 

4.2.1.2 Upper Plenum 

 The upper plenum, shown in Figure 19, is a 304SS reducing cross with a 3 NPS 

run and 1.5 NPS branches. Both ends of the run and branches have appropriately sized 
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flanges welded to their ends to allow the upper plenum to be connected to the rest of the 

secondary piping loop. The bottom flange of the cross is flange connected to the top 

flange of the square channel. One of the 1.5 NPS outlets serves as the test section outlet, 

where flow will be directed into the condenser. The other 1.5 NPS connection serves as a 

connection line to an installed pressure relief valve to protect the test section in the event 

that the BPR fails and an overpressure condition results. The Kunkle 1/2” relief valve is 

set to lift at 65 PSIA, as discussed in the pressure control section. The top of the upper 

plenum is sealed by a blind flange with a grounding plate installed between the flange 

welded onto the end of the cross and the blind flange. The heater rods are then connected 

to the grounding plate at the top of the plenum to provide the electrical ground 

connection for the heaters. The grounding plate provides the axial support, with the 

spacer grids providing lateral support for the heaters.  



 

48 

 

 

Figure 19: Upper plenum of full-scale facility test section. 

 

 

4.2.1.3 Nuclear Fuel Simulators 

 Nine nuclear fuel simulators (NFS), manufactured by Stern Labs, are arranged in 

a 3x3 square lattice inside the square test section channel. The NFS’s are specially 

designed heater rods that are meant to emulate the size and scale of LWR fuel rods. The 

heaters are approximately 4300 mm long with an outside diameter of 10.3 mm. The 

heated length of the heater rod is 3600 mm and is surrounded by an unheated section on 

either end. The heaters have a P/D ratio of 1.31 and are held in their lateral positions by 

a spacer that is placed at various axial locations. The design of this spacer will be 
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addressed in more detail in a future paragraph. The bottom of the heaters extend out 

through a multipart sealing assembly that connects to the bottom of the lower plenum 

and is where one of two electrical connections to the power supply is made. This portion 

of the heater is made of copper and consists of two different diameter extensions. Each 

diameter corresponds to a different power connection for the heater. The heaters have 

two possible axial heat profiles and the extension that the power supply is connected to 

determines the power profile. A grounding plate is placed in between the upper plenum 

and a blind flange sealing the top of the test section. The end caps at the top of the 

heaters are tapered and connect to the grounding plate, providing the ground connection. 

The rod is made of several different layers, starting with the center and moving out 

radially. The first layer is a boron-nitride core. The second layer is a Monel K-500 

filament, which is helically cut and creates the uniform heat profile. The third layer is 

another boron nitride insulation layer. The fourth layer is another Monel K-500 helical 

cut filament that provides the symmetric cosine power profile. Following the fourth layer 

is another boron nitride insulation sleeve and the final layer is the Inconel 600 sheath. 

Figure 20 shows a cross-sectional view of a NFS. 
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Figure 20: Schematic of Nuclear Fuel Simulator heater rods. 

 

 

 Each NFS can have up to 12 ANSI type K thermocouples embedded in the 

Inconel 600 sheath. The exact axial and circumferential location is determined ahead of 

time and shown in Figure 21.  There is a total of 48 thermocouples installed between all 9 

heaters. The heaters do not have the same number of thermocouples, but the axial 

locations of the installed thermocouples are the same for all 9 heaters. The center of the 

subchannel is the area of most interest so the heaters more heavily instrumented in the 

subchannel areas. Overall there are 3 different thermocouple circumferential 

arrangements. There are 3 axial positions on each heater where thermocouples are 

installed: 540 mm, 1800 mm, and 3060 mm from the beginning of the heated length of 

the heater rod. The axial positions of the thermocouples are based on the location along 
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the heated length of the heater rod where the WMS’s will be located. Having the 

thermocouples installed as close as possible to the WMS’s is the end goal and each of 

the specified axial positions correlates to a sensor position. 

 

 

 

Figure 21: Thermocouple circumferential arrangement for NFS. 

 

 

 The NFS have two possible axial heat profiles: a uniform heat profile and a 

cosine shaped profile. Each heater is rated to output 25 kW per profile at 150 VDC. The 

uniform heat profile provides a simpler profile for modeling and comparison purposes 
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while the cosine profile more accurately simulates the power profile in a LWR core. The 

cosine heat profile is shown in Figure 22. With all 9 NFS’s connected to the power 

supply, each heat profile is capable of adding 225 kW of heat to the fluid passing 

through the test section. 

 

 

 

Figure 22: One of Two Axial Heat profile shapes for the NFS. 

 

 The power supply for the NFS’s is a programmable DC power supply 

manufactured by Magna Power. It is a part of the MT series and is rated for 150 kW. 

The DC output voltage can range from 0-125 VDC with a DC amperage range from 0-

1200. The unit comes installed with an AC breaker that allows the 480 VAC, 60 Hz, 3 

phase AC input power to connect from the building to the unit. The physical unit is 

62.5” in height, 48” wide, 31.5” in depth and weighs 2100 lbs. The front of the unit 
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contains the front panel controller and air intake. The electrical connections, both DC 

output and AC input, are located on the back of the unit. Custom bus work was done for 

this unit to allow for the mounting of the nine cables (one for each heater) that connect to 

the heaters. The cables connecting the power supply and the heaters are 20’, 1 AWG, 

600 VDC rated cables. The power supply can operate as either a voltage source or a 

current source, depending on the control settings. Control of the unit can be done locally 

with the front panel controller or with either of the three external communication 

methods. The unit contains a RS-232, an isolated 37-pin I/O and a LXI TCP/IP Ethernet 

interface. The LXI interface allows for remote control and monitoring from virtually any 

desired location, as this feature includes an embedded web-server which allows for web 

browser control of the power supply. 
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Figure 23: Front view of power supply for NFS. 

 

 

 To verify the actual current each heater rod receives from the power supply, as a 

9 way split occurs to supply each connected heater, a monitoring system on each cable is 

needed. To accomplish this task, a Hioki CT6845 AC/DC current probe is employed, 

which serves as an ammeter when it is “clamped” onto the respective wire. The closable 

clamp sensor is capable of measuring up to 500A of AC or DC current with high 

accuracy and is shown in Figure 24. In this setup the clamp will be used to measure DC 

current being supplied to the heaters, so it has an accuracy of +/- 0.3% of the read value. 
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The sensor outputs to its own separate display device, a LR8431-20 Memory Hi-Logger 

manufactured by Hioki. The memory Hi-logger can record readings or simply read the 

results from the clamp current sensor.  

 

 

 

Figure 24: Hioki clamp current measuring device. 



 

56 

 

 A spacer was designed to ensure the heater rods are maintained with the correct 

lateral spacing within the test section and is shown in Figure 25. The spacer is 53 mm 

from end to end, with joining material as thin as structurally possible to minimize the 

negative effects on the flow as it passes by the spacer. At the cardinal directions, relative 

to the center of the spacer, is a clamping mechanism that ensures the spacer will not slide 

axially along the heater rods once it is secured in position. A SS 2M screw with hex nut 

provides the clamping action, forcing the arms of the clamp to shut. This changes the 

geometry slightly, increasing the frictional force between the spacer and the rods. The 

spacer grids are placed just above the location of each WMS (downstream) to ensure the 

flow instabilities introduced by the spacer do not have an effect on the WMS reading.  

 

 

 

Figure 25: Spacer grid 3D solid model and 3D printed prototype 
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4.2.2 Secondary Loop Components 

 The following descriptions detail the major facility components that are not 

directly associated with the test section but support the normal operation of the facility. 

4.2.2.1 Test Fluid Preheater 

 The purpose of the preheater is to heat the test fluid up to saturation temperature 

prior to the fluid entering the test section. Due to operating limitations on the pump in 

the system, the fluid needs to be below 120 C prior to entering the pump. With an 

operating pressure of 50 PSIA, the desired temperature of the fluid entering the test 

section is 138.4 C.  

 The preheater is a Watlow FIREROD circulation heater, which uses electrical 

heating elements to heat the fluid as it passes through the heat exchanger. The three-

phase, 480 VAC heating elements provide a maximum of 38 kW to the working fluid. 

The inlet and outlet of the preheater are 1 NPS threaded connections. The preheater is 

placed as close as possible to the test section inlet to minimize heat losses to ambient 

prior to the fluid reaching the heated portions of the test section.   

4.2.2.2 Heat exchangers for Test Fluid Cooling 

 Two shell-and-tube type heat exchangers are placed downstream of the outlet of 

the upper plenum to bring the temperature of the working fluid back to a safe operating 

temperature prior to entering the pump. The first heat exchanger serves as a condenser to 

return the two-phase mixture created in the test section back to a single-phase fluid. The 
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two-phase mixture flows through the shell side and room temperature water is used on 

the tube side to condense the mixture.  

 After exiting the condenser, the working fluid then enters a second, smaller heat 

exchanger. This heat exchanger will cool the working fluid to 114-117 C to prevent 

damaging the circulation pump. The working fluid enters the tube side of this heat 

exchanger and room temperature water is used on the shell side to remove heat from the 

working fluid. A bypass system is utilized to allow careful control of the outlet 

temperature of the working fluid. A (smaller line) branches off from the heat exchanger 

inlet and contains a control valve that allows some of the working fluid to completely 

bypass the heat exchanger. If this control valve is shut, all the working fluid is directed 

into the heat exchanger.  

 The heat exchanger serving as the condenser is a 4-pass shell-and-tube type heat 

exchanger manufactured by Taco Comfort Solutions, model number G-06404-S. The 

shell-side fluid is the steam leaving the test section and the tube side fluid is room 

temperature water. The tube-side inlet and outlet connections are 1.5 NPS and the shell-

side inlet is 1.5 NPS, with the shell-side outlet being 1 NPS. The heat transfer area of the 

U-tubes is 9.1 ft2. The second, smaller heat exchanger is a 4-pass liquid to liquid shell-

and-tube type heat exchanger. The tube-side fluid is the condensate leaving the 

condenser and the shell-side fluid is room temperature water. The model number for the 

heat exchanger is G04404-L. Both heat exchangers are rated for a working pressure of 

175 PSI and a maximum temperature of 375F. The U-tubes are made of copper and the 

shell, tube sheet, and separators are made of steel. 
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4.2.2.3 Circulation Pump 

 The pump installed in the test loop is a Liquiflo Centry series, magnetic drive, 

close coupled centrifugal pump. The close coupled 1 HP motor runs on three-phase, 60 

Hz, 240 VAC power at a nominal 3600 RPM. The motor is controlled with a VFD that 

allows for soft starting of the pump and future experiments to vary the speed of the 

pump by controlling the frequency. The suction piping is 1 NPS and the discharge piping 

is ¾” NPS. Isolation valves exist on both the suction and discharge side of the pump to 

provide ease of access and a way to prime the pump. On the discharge side of the piping 

arrangement, a flow bypass branch allows some of the flow to be redirected back to the 

expansion tank. Since the pump will provide a larger flow rate than is desired for 

entrance into the test section, the control valve in the bypass line allows for the pump to 

operate at its proper operating point while still allowing for the low flow conditions 

needed in the experiments.   

4.2.2.4 System Pressure Control Equipment 

 The facility was designed around a desired operating pressure of 50 psia. During 

an experiment, this system pressure needs to be maintained as close as possible to the 

operating pressure despite any thermal or flow transients that will occur in the system. 

The system has to be initially filled and will be unpressurized. The loop is filled from a 

line that comes into the expansion and will be shut once the system is verified filled and 

vented. The expansion tank will serve as an expansion volume to accommodate for the 

thermal expansion and contraction of the system fluid during operation. The tank will 

then serve in a similar manner to an air loaded pressurizer, preventing an underpressure 
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situation from occurring. With the expansion tank at ¾ full, 50 psi air from the air 

compressors storage tank will be used to pressurize the tank. Since the system is 

essentially a solid system, a temperature decrease would cause the system pressure to 

decrease. In this scenario, the volume of water in the expansion will decrease, creating a 

larger air to water ratio inside the tank. To maintain the system pressure, the 50 psi air 

will then flow in and take the place of the water that has contracted due to the 

temperature change. The expansion tank and air storage tank are appropriately sized, 

based on the systems total volume, to ensure that the largest expected change in 

expansion tank water volume will not cause a significant change in gas pressure as the 

air fills the volume left by the fluid. 

 Two methods are in place to prevent an overpressure situation from developing 

in the system. The primary means of pressure control is the backpressure regulator 

(BPR). The BPR is installed on a line that branches off from the closed loop and 

discharges into a 55-gallon drum. The 55-gallon drum is vented to atmosphere and 

contains a quenching volume to prevent steam from discharging from the drum. The 

BPR maintains pressure upstream of its position in the system. The valve is normally 

shut. When the upstream pressure exceeds the setpoint pressure of the valve, the valve 

opens and discharges fluid into the drum. This fluid leaving the system will then lower 

the system pressure, and the valve will shut.  

 The installed BPR is an Equilibar GSD6 precision regulator. The regulator 

maintains pressure by allowing excess flow to vent the system through the outlet port of 

the valve.  The valve is pilot operated. The pilot pressure is determined by a reference 
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pressure that is applied to the top of the dome style BPR. The BPR will control pressure 

on the inlet port side in a 1:1 ratio with the pressure applied at the pilot port. An external 

air source is used as the reference pressure for the pilot. As the inlet port side pressure 

increases to the pilot setpoint pressure, the diaphragm will lift and allow fluid to pass 

from the inlet side to the outlet side of the valve. The diaphragm will modulate until just 

enough flow is allowed to pass through the regulator to obtain a steady inlet pressure 

under normal equilibrium conditions. A relief valve is also installed in the system on a 

branch line from the upper plenum. This valve serves as overpressure protection for the 

system if the BPR were to fail in some capacity and an overpressure condition were 

created in the test loop.  

4.2.2.5 Expansion Tank 

 The expansion tank was designed to perform several important roles for the 

entire system. The expansion tank is an 8 NPS SS pipe with flanged ends and contains 

several piping connections at different locations. The volume of the expansion tank is 6 

gallons and was chosen to meet several design criteria. The volume of the expansion is 

large enough compared to the volume of the rest of the facility such that volume changes 

in the system due to temperature variations will cause very small changes in the level of 

the expansion tank. This allows the expansion tank to absorb the expansion/contraction 

of the system without having to constantly monitor and adjust the volume in the 

expansion tank. The tank is also small enough to ensure that a 50% change in expansion 

tank volume will not cause a drop in pressure of the compressed air tank used to prevent 

the system from depressurizing. The operating range for the volume of water in the tank 
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is from 1.5 gallons to 4 gallons to ensure this criteria is met. The tank also contains the 

water line that is used to fill the system prior to use as well as the pump bypass line 

which returns water to the tank from the outlet of the pump. Finally, the expansion also 

ensures adequate NPSH is available to the pump. 

4.2.2.6 Air Compressor 

 The purpose of the air compressor is to provide pressurized air to the expansion 

tank to assist in the pressure control of the flow loop while in operation.  The air 

compressor is a Charge Air Pro, oil lubricated two-stage stationary air compressor 

manufactured by Devilbiss Air Power Company. The unit contains an 80 gallon air tank 

which the compressor outputs to and is rated at 175 PSI. A separate regulator is then 

attached to the outlet of the air tank, which both reduces the pressure to the desired 50 

PSI and performs moisture and dirt removal. The motor is rated for 6.5 HP and is 

supplied by 3 phase 240 VAC power.  

4.2.2.7 Instrumentation 

 An M2000 electromagnetic flow meter manufactured by Badger Meter is placed 

between the pump and the preheater to measure the flow rate that enters the test section. 

A thermocouple located just upstream of the flow meter is used in conjunction with the 

output of the flowmeter to ensure the desired Re number at the inlet of the test section is 

achieved. Due to the high temperature of the fluid the meter is exposed to the amplifier 

of the flowmeter is remotely mounted. The flow range of the meter is 0.24-80.00 GPM. 

The detector has an analog output 4-20 mA signal which is connected to the 
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multifunction DAQ unit. The detector reading can be observed locally at the amplifier or 

at the DAQ VI user interface.  

4.2.3 Data Acquisition System 

 The data acquisition system for the facility is made of two different systems: the 

WMS DAQ unit and the National Instruments unit. The NI unit consists of 3 modules, a 

chassis, and a PCI card installed in a desktop computer. The chassis, a PXIe-1073, has 5 

peripheral slots available and connects to the PCI card installed in the desktop via cable. 

For the initial build of the facility, only 3 slots are being used. Two of the slots are 

allotted for a 32-channel thermocouple module (NI-PXIe-4353), allowing for a total of 

64 thermocouples. The third slot is occupied with a NI PXI-6238 M series multifunction 

DAQ, which can support 8 4-20mA inputs. All pressure transducers and flowmeters 

recorded in the facility are connected to the system via this module. All sensors 

connected to the NI DAQ unit are interfaced and observable to the user on a LABVIEW 

VI. The VI interface shows a layout of the facility and the relative locations of the 

various sensors being recorded. The user has the option to adjust sampling rates. 
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5. INITIAL WIRE MESH SENSOR TESTING 

 

          Before a full-scale, heated, pressurized facility is realized, there are a number of 

challenges related to the operation of the WMS that need to be overcome. The initial 

testing phase using the adiabatic test section allowed for tackling numerous proof of 

concept challenges in a more cost-effective experimental environment. One of the major 

challenges was to verify the needle probe would function in a similar way as the WMS, 

specifically in the ability to measure the void fraction. This chapter focuses on just that. 

 

5.1 Leak Testing 

The test section was leak tested by filling the fully assembled test section from 

the bottom valve connection until the water level was at the top of section D. This first 

initial fill test did not have the WMS or its respected flange installed in the test section, 

as the goal was to verify the integrity of the test section joints. Some small pinhole leaks 

were observed coming from the areas between the square ends of the test section 

segments and channel. These pieces were initially glued together and it was through 

these small gaps in the glue seal where the leaks were originating. To stop these leaks, 

the external surfaces where the square channel and square end pieces joined were sealed 

with a layer of caulk. This extra layer successfully stopped the pinhole leaks on the next 

retest. 

Once the leak integrity of the test section was verified, the wire mesh sensor was 

installed and leak tested. The WMS sensor presented a unique sealing challenge, as the 
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extremely thin wires needed to pass through the internals of the test section to the 

connections outside the channel.  The grooves that guide the wires out through the flange 

must be sealed separately from the gasket which provides the mating surface between 

the flanges. Due to the small size of the grooves, a layer of silicone was utilized to 

essentially “plug” the grooves, but allow the wire to pass out of the out of the test 

section. The exact order of events to place the wires under tension and have the silicone 

plug in the groove is extremely important. The silicone plug needed to be under the area 

where the gasket would contact the flange faces, so that as the gasket was compressed 

the slight protrusion of the silicone plug that was above the groove in the flange face 

would also be compressed. The first step in this process is to have the wire strung, but 

not under tension. Once the wire is prepared, silicone is applied to the groove, filling the 

entire groove in the area that will be below the gasket. The wire is then placed into the 

groove and placed under tension. This ensures the entire space around the wire is 

adequately sealed. Once all the wires are placed under tension and in place, the gasket is 

placed and segment D is bolted onto the top of the WMS flange. The silicone requires 24 

hours to fully cure, so the WMS is not subjected to any water until this time period has 

passed. No leakage occurred through the WMS grooves upon leak testing this assembly. 

5.2 Initial Data Collection and Basic Functionality Test 

 For any near real-time void fraction measurement, the value of the void fraction 

measured by the wire mesh sensor is calculated with Eq. 2. For ease of comparison to 

data collected by Prasser et al., the calculation is solving for the quantity (1-α), which is 
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named “void” in the post processing script and will be referred to as such from here on 

out. 

(1 − 𝛼) =
𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−�̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦

�̅�𝑊𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦−�̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦
                         (2) 

Where: 

𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = The instantaneous conductivity value measured by the sensor at a given 

measurement site 

�̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦 = The average conductivity value measured at the specific measurement site 

when the sensor is exposed to only air 

�̅�𝑊𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦 = The average conductivity value measured at the specific measurement site 

when the sensor is exposed to only water 

α = Instantaneous void fraction at the given measurement site 

 

The values of �̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦 and �̅�𝑊𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦 are obtained by performing a calibration 

measurement with the sensor exposed only to air and then with the sensor completely 

submerged in water. A linear relationship for the value of “void” can be determined and 

is used when plotting this value in real time. A void value of 1 would represent pure 

water whereas a void value of 0 would represent pure air at the measurement site. 

To verify the basic operation of the unit, the test section was filled with tap water 

that was supplied to the building. Prior to filling the test section with water, a baseline 

test with only air in the test section was performed to establish what the WMS reads with 

nothing inside the test section. The DAQ unit samples at a rate of 5000 Hz and the user 
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can adjust the number of samples that will be recorded. As mentioned previously, the 

DAQ has connections for up to 8 transmitters and 8 receivers so each data set will record 

a full 8x8 matrix, even though only 4 transmitters and receivers are being utilized by the 

WMS. A data file that contains a measurement from each of the measurement “sites” is 

generated and processed later. For example, if a 100,000-sample test is recorded, the 

data file produced by the DAQ will be an 8x8x100,000 matrix of values ranging between 

0 and 4096, with the value corresponding to electric field measured between the two 

wires. The higher values will correspond to a more conductive phase between the wires. 

The most basic operation, which can be performed by the DAQ unit to provide a brief 

glimpse of the data recently collected by the operator, takes the average of all samples at 

each collection site and provides an average value observed at that location. After the air 

sample was recorded, the test section was filled with water and another single sample 

was recorded. The values corresponding to the 16 measurement sites in the test section 

responded as expected, with the recorded “conductivity” values jumping to much higher 

values (near 3000). The water level was then drained below the plane of the WMS wires 

and another data set recorded, which should have yielded values similar to the test with 

only air inside the test section. However, numerous measurement sites still recorded 

values similar to when the test section was filled with water. This presented one of the 

first key findings and adjustments that had to be made, which is now discussed. 

5.2.1 Importance of Water conductivity and purity. 

 This previous result created a significant issue: Somewhere outside of the test 

section a path for the electrical signal between two wires existed. This lead to the 
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discovery that as long as the transmitter wires and receiver wires were in electrical 

contact anywhere in the test section, the measured value would reflect a value similar to 

pure conducting phase existing at the measurement site between the wires. The WMS in 

this state is not actually measuring the conductivity of the fluid in the gap at the crossing 

point of a given receiver/transmitter intersection, but rather is measuring if at any point 

along either wire a path for the electrical signal exists. To ensure the void fraction 

calculation is accurately measuring at each crossing point requires the sensor be the most 

sensitive to changes in fluid conductivity in the location where the distance between 

transmitter and receiver is smallest, i.e., the crossing points. The distance between 

transmitter and receiver was not affecting the result of the measurement. The experiment 

was then redone with distilled water as a medium instead of tap water, lowering the fluid 

conductivity by 5 orders of magnitude. A significant change in the measured “water only 

conductivity” was observed and a subsequent lowering of the water level below the 

WMS measuring plane yielded the expected, “air only” type results. If the water being 

used as the test medium has too high of a conductivity, the WMS won’t respond to air 

bubbles moving through the measurement points because there is still a path for the 

electric signal to pass through because of the high conductivity in the water. For all 

future tests, distilled water was used, as the conductivity was low enough to ensure the 

sensor was most sensitive to the phase at the crossing points, while also being high 

enough for a significant difference between pure air and pure water to establish the 

necessary linear relationship for the void calculations. 
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 Even with distilled water, it was observed that the conductivity of the fluid would 

change with time due to the absorption of CO2 from the air. The test section is vented to 

atmosphere, so as soon as the distilled water was exposed to air, the absorption process 

began. The change in conductivity isn’t fast enough to cause an issue during a single 

test, or even a series of numerous tests. However, in order to get the best “water only 

calibration” data for each point, this calibration measurement should be taken as close as 

possible to the actual test. A 30-minute delay from water-only calibration to test would 

yield a noticeable offset in the void fraction calculations due to this slowly rising fluid 

conductivity.  

 To verify there was no “drift” in the values measured during a single data 

recording period, tests were run ranging from 25,000 samples to 500,000 samples for 

both air only and water only. A running average was calculated for a specified crossing 

point and plotted versus the sample number. The expected behavior, that the running 

average would converge to the mean calculated for the overall data set was observed in 

all cases where at least 50,000 samples were analyzed for air. Water calibrations were 

slightly more unstable and required longer sample sizes to converge. However, the 

addition of an additional 100k-200k samples would only change the running average by 

approximately 0.01%. This change is viewed as insignificant and not worth the time 

required to collect the high number of samples to see absolute convergence for water 

calibrations.  Figure 26 shows this plot, for a “water only calibration” at the location 

corresponding to where receiver 1 and transmitter 3 intersect. 300k samples were taken 

in this calibration.  
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Figure 26: Convergence verification of water calibration average value example. 

 

 

This ensured that the rate of CO2 absorption was not significantly changing the 

results during a specific data collection period. It also proved an adequate number of 

samples were being recorded when making calibration measurements, which will be 

discussed in more detail in a future section. To verify the assumption that the distribution 

of values around the calculated average was following a normal distribution, a histogram 

of all the measurements at each crossing point was made. This verification is required of 

each calibration used for analysis as any significant deviations from a normal 
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distribution would drastically change the uncertainty calculations used throughout. 

Figure 27 displays the histograms from the 300k sample water calibration.  

 

 

 

Figure 27: Histogram for each crossing point during 300k water calibration. 

 

 

 5.2.2 High signal-to-noise ratio in measurements 

  Figure 28 shows a signal acquired by the WMS during a water calibration 

covering a period of 1000 samples. Figure 29 shows a similar plot for an air calibration. 

To accurately determine the uncertainty in the measured void fraction of the sensor, it 

became very apparent that having the ability to quantify and understand the signal to 

noise ratio of the sensor would be extremely important.  
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Figure 28: Raw WMS reading during a water calibration measurement (R3 T3). 
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Figure 29: Raw WMS reading during an air calibration measurement (R3 T3). 

 

 

The signal-to-noise ratio was examined by viewing the average value of a 

sequence of measurements versus the standard deviation of that sample set. In any 

calibration, the WMS should be reading the same value as no significant changes in the 

conductivity between the transmitter and receiver wires is occurring. Since the signal 

sent from the DAQ unit on the transmitter wires will oscillate with random noise due to 

its electronic nature, the measured value for the sensor will also have these random 

oscillations around the true measured value. To account for the spread of the data around 

the average calculated from a calibration, the standard deviation of the data set for each 

measurement site is calculated. The standard deviation is then converted to a percentage 
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of the average value, so each measurement location could be compared regardless of the 

actual measurement. The order of magnitude of the standard deviation around each 

average value remained the same regardless of the type of calibration. Since the average 

values for a water calibration are significantly larger than those of air calibrations, the 

percentage values are significantly lower. Tables 1-3 display the results of a 100,000 

sample water calibration performed with distilled water as a medium.  

 

Table 1: Average value of 100,000 samples, water calibration. 

 T1 T2 T3 T4 

R1 1282.67 936.48 1028.89 1257.71 

R2 977.05 838.74 897.30 1003.42 

R3 1053.08 952.95 1072.40 1139.80 

R4 909.07 762.86 809.24 951.16 

 

 

Table 2: Standard deviation of 100,000 samples, water calibration. 

 T1 T2 T3 T4 

R1 42.73 44.16 44.04 43.91 

R2 46.86 47.60 47.81 49.22 

R3 27.64 27.79 28.15 28.65 

R4 40.20 40.96 41.16 40.52 

 

 

Table 3: Standard deviation as a percentage of the average value for each measurement 

location, water calibration. 

 T1 T2 T3 T4 

R1 3.33 4.72 4.28 3.49 

R2 4.80 5.67 5.33 4.90 

R3 2.62 2.92 2.63 2.51 

R4 4.42 5.37 5.09 4.26 
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 From tables 1-3, it is observed that some channels are noisier than others, some 

by a rather significant amount. This same analysis was done on numerous water 

calibrations and while the order of magnitude stayed roughly the same, the noise in 

individual channels could change from calibration to calibration. The inherent noise of 

the DAQ unit will contribute significantly to the accuracy of the void fraction 

measurements. Increasing the signal-to-noise ratio would help reduce this, but the 

measured signal as measured values approach those of air makes this difficult to do. The 

uncertainty of the calibrations will greatly influence the uncertainty in the measured void 

fraction. A more in-depth analysis of the quantifiable effects will be discussed in a later 

section. 

 Figure 30 shows how the noise in different channels visually affects the 

measured void value. The data displayed in Figure 30 shows a plot of all 16 

measurement sites prior to the introduction of air bubbles into the test section. The void 

quantity (1-α) is plotted on the Y-axis versus a set of 2000 samples at a specific instant 

in time. While the exact numeric effects of the channel noise are explored later on, it is 

plainly seen visually in this plot. The magnitude of the noise will limit the ability of the 

sensor to measure small bubbles to varying degrees.  
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Figure 30: 4x4 WMS reading, showing difference in noise between each channel (Void 

vs sample). 

 

 

 While there is significant noise in the WMS measurements, it wasn’t so large that 

the measurements were of no value. This was not the case however when the needle 

probe was tested. The initial testing with the needle probe revealed the probe was 

measuring data, but the noise in the probe measurement was so large the measurements 

were of no value. With the current signal, the WMS void uncertainty would be around 

10-11%, however it is clearly seen in Figure 31 that the probe data (yellow) is useless. 

With this much noise the needle probe cannot dependably measure any bubbles as they 

would pass the tip of the sensor. 
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Figure 31: Signal noise comparison between needle probe and adjacent WMS crossing 

points. 

 

 

To reduce the noise in both the WMS and the needle probe a few major 

adjustments were made:  

1) The needle probe originally used a copper rod to hold the sensing end in 

position. This was replaced with the plastic tube discussed previously. 
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2) All cables connecting from the screw terminals 25 pin adapter were replaced 

with double shielded cables and were properly grounded. 

Upon making these adjustments, the electrical noise in both signals was reduced 

drastically. Figure 32 shows the same type of plot from Figure 31 and shows visually 

how drastic the improvement these changes had on the noise in the measurements. The 

WMS percent uncertainties dropped by a factor of five in most channels, and upwards of 

a factor of ten on other channels. The probe percent uncertainty dropped by a factor of 

ten, putting it at the same noise level as the ungrounded WMS signal seen in the 

previous figures.  

 

 

Figure 32: Signal noise comparison of WMS and needle probe during random 2000 

points in a water calibration after grounding. 
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Figure 33: Test data after grounding. Top and bottom are WMS crossing points on 

either side of probe. Probe signal is in the middle. 
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Figure 34: Probe and crossing point location from Figure 33. 

 

 

Figure 33 shows a half-second time interval from a 20 second test, where air was 

continuously passed through the test section for the entire test duration. The probe was 

located between the two crossing points, shown as the top and bottom plot in Figure 33. 

To capture the dramatic change grounding had on each signal, no filter is applied is applied 

to Figure 33.  Figure 34 shows the location of the crossing points and the probe relative to 

the test section. The center of the channel was selected to ensure a large number of bubbles 

would pass through the probe. With the changes implemented, the noise in the probe was 

reduced by enough of a margin where it could easily measure bubbles moving past the 

sensing tip of the probe. The exact same behavior is observed as bubbles moved past the 

probe as when bubbles move through the crossing points of the WMS. The noise in the 

probe for this set of data is about five times larger than what is seen in the WMS signal. 
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With the improvements to the probe, the sensor is fully capable of being utilized in the 

same manner as the traditional WMS. The probe was tested in other locations and the same 

behavior was observed, showing the probe was able to perform the primary function it 

was designed for. The great reduction in signal noise dramatically reduced the uncertainty 

in the void calculation. While the probe is not quite at the same level as the WMS with its 

crossing points, fundamentally the concept works. A more in-depth discussion of the 

uncertainty in the void measurement is now undertaken to further show the usefulness of 

the needle probe.  

To draw as close of a comparison between the reading of the WMS and the probe, 

another data set was collected. This time the probe as positioned directly above the 

crossing point between Transmitter wire 3 and Receiver wire 3, the top crossing point see 

in Figure 34. Positioning the probe as close as possible to this crossing point is the best 

way to draw a direct comparison without using elaborate visualization techniques. If the 

two sensors have drastically different readings over the entire course of the experiment, it 

would be obvious that one of the two sensors wasn’t operating correctly (in this case, 

assume the probe is wrong). Figure 35 shows the results from a 0.4 second period during 

the 20 second test. During the test, air was sent into the test section for the entire duration 

of the test at the same flow rate. 

The results displayed in Figure 35 are unfiltered, which is why the large upward 

and downward spikes in the measurement are still contained in the plot. Figure 36 displays 

the same test results after passing the data through a 5th order low pass filter. From this 

plot, it is clearly seen that the probe is measuring bubbles in a very similar fashion to the 
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WMS. The larger signal-to-noise ratio in the probe inhibits the ability of the probe to 

measure the smaller, finer bubbles that the WMS is capable of measuring. The most 

convincing observation is seen between samples 600 and 800, where two bubbles of 

varying size move past the sensors in rapid succession. 

 

 

Figure 35: Test results with needle probe and WMS measuring the "same" location. 
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Figure 36: Test results displayed with low pass filter applied. 

  

 

 In this region, the probe and the WMS read identically. This by itself 

demonstrates the ability of the probe compared to the WMS. There is no possible way 

the sensors could randomly measure the same complicated event in such an identical 

way, especially as it is clearly seen at other moments on the same plot where they 

measure the same bubble but at slightly different times. No major difference in the void 

magnitude is observed for the larger bubbles seen near sample 400 and 1700 which 

further shows proper operation of the probe. There are significant deviations between the 

sensor readings: one between 200 and 400 and the other occurring near sample 1200. 

Between 200 and 400, the probe still senses a bubble nearby, which could have been 



 

84 

 

impinged upon it from another direction. The flow induced in the channel causes the 

bubbles to move around violently and randomly. Without using a fully synchronized 

visualization system, exactly what happened at that time interval is impossible to know. 

It is very possible for that reading to be close to reality, so that isn’t a cause to reject the 

operation of the probe.  

5.3 Uncertainty Quantification 

 Recalling back to Eq. 2, the uncertainty in the void fraction, or void value which 

is usually plotted for ease of viewing, will depend on three different parameters. The 

first two parameters are tied directly to the uncertainty in the calibrations, one for air and 

one for water. The third parameter is the uncertainty introduced in one instantaneous 

measurement at the specified crossing point. The uncertainty in the void fraction was 

calculated using the standard error propagation formula seen in Eq. 4. The full derivation 

of uncertainty in the void measurement is in Appendix A.  

(1 − 𝛼) = 𝑓(�̅�𝑤𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦, 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, �̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦)   (3) 

 

𝑢(1−𝛼) =  √(
𝜕𝑓

𝜕𝑋𝑚𝑒𝑎𝑠
)

2

𝑢𝑋𝑚𝑒𝑎𝑠

2 +  (
𝜕𝑓

𝜕�̅�𝑤
)

2

𝑢�̅�𝑤

2 + (
𝜕𝑓

𝜕�̅�𝑎
)

2

𝑢�̅�𝑎

2    (4) 

Where: 

 

𝑢(1−𝛼) = Uncertainty in the void measurement. 

𝑢𝑋𝑚𝑒𝑎𝑠
 = Uncertainty in the measured value of the sensor. 

 𝑢�̅�𝑤
     = Uncertainty in the average value obtained from the water calibration. 

𝑢�̅�𝑎
  = Uncertainty in the average value obtained from the air calibration. 
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 The method for determining the uncertainty in calibration values is the same. In 

most experiments performed, a 100k sample air and water calibration is performed, as 

there wasn’t a significant change in the average value or standard deviation when the 

sample size of the calibration file was increased. From the convergence plots such as the 

one seen in Figure 26, the average value doesn’t change significantly when the sample 

size increased from 100k to 300k. In the case of Figure 26, a water calibration for the 

WMS, the average value over the entire sample changed by less than 0.01%. Once the 

average value is calculated, the standard deviation for that sample is determined. As a 

conservative approach, a 95% confidence interval was chosen to determine the 

uncertainty in the average value. Since an adequate sample size was collected, equation 

5 shows the calculation to convert from standard deviation of the average value to 

uncertainty. In most cases, the uncertainty will be reported as a percentage of the 

average value. An average value and uncertainty are calculated for each crossing point 

where void values are being measured.  

% 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =
1.96∗𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣

�̅�
    (5) 

 Determining the uncertainty in the single measurement was more complicated 

and required an experimental repeatability verification. Due to the random nature of the 

electronic signal being measured, it was desired to see if the same measurement was 

repeated numerous times and how close the measured values would be across all the 

separate experiments. 10-15 water calibrations of identical sample size were taken over a 

short enough period where the change in fluid conductivity due to air absorption would 

not have a significant effect on the measurements. Experimentally it was verified that 
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any time less than an hour would not see a significant increase in fluid conductivity to 

due to air absorption. So to be conservative, all 10-15 water calibrations would be taken 

within a 30-minute window. Each water calibration yielded a �̅�water for each crossing 

point, which were then all averaged together over all 10-15 samples. The uncertainty in 

the “average of the average” was then calculated using a t* distribution for the 95% 

confidence interval. This same process was also done for a set of air calibrations, as it 

was observed that those measurements had much larger uncertainties in their individual 

calibration values.  

   

 

          Table 4: Percent uncertainty of averages across 12 air calibrations.  

 T1 T2 T3 T4 T5 T6 T7 T8 

R1 5.3 5.5 6.2 5.8 6.3 5.7 5.2 5.4 

R2 6.9 7.5 7.5 7.8 7.3 7.3 7.4 7.3 

R3 12.1 12.0 12.9 12.7 10.3 10.1 10.2 11.2 

R4 5.3 5.0 5.2 5.2 5.3 5.5 5.5 5.2 

R5 1.1 1.0 1.1 1.5 1.0 1.2 1.1 1.2 

R6 3.1 2.7 3.0 3.2 3.4 3.2 3.4 3.3 

R7 1.2 1.2 1.2 1.2 1.1 1.2 1.2 1.2 

R8 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.6 
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           Table 5: Percent uncertainty of one air calibration. 

 T1 T2 T3 T4 T5 T6 T7 T8 

R1 97.2 97.4 98.0 97.3 99.7 98.5 98.0 96.9 

R2 60.8 60.7 60.7 60.8 63.7 63.0 61.7 60.6 

R3 41.6 43.5 43.0 42.6 40.5 40.1 40.2 39.8 

R4 10.8 10.8 10.9 11.0 10.1 10.4 10.4 10.8 

R5 10.2 10.7 10.8 21.6 11.0 10.6 10.5 10.2 

R6 18.9 17.0 18.2 18.8 24.2 23.3 23.1 23.0 

R7 4.1 4.1 4.1 4.1 4.2 4.1 4.1 4.1 

R8 4.1 4.2 4.2 4.1 3.9 3.8 3.8 3.8 

 

 

 Table 5 shows that the uncertainty in the average value reported for one air 

calibration file can be high, with some channels being much noisier than others.  Yet 

despite the inherent noise in the channel, the average values obtained can be repeated 

rather easily. Table 4 shows when the same calibration is repeated (in this case 12 

times), the average value calculated at each site is much more consistent and the values 

for each calibration are usually within 5% of each other, which is very acceptable. With 

this observation, it is more conservative to apply the uncertainty observed in one 

individual calibration to an individual measurement, Xmeas, that to use the uncertainty 

from a repeated set of data, as the noise in the channels is averaged out with more and 

more experiments. Applying the uncertainty obtained from a single calibration, it is 

reasonable to assume that the value of Xmeas is within 95% of the real value at any given 

time. For all other calculations, the largest percent uncertainty obtained from the water 

calibration file from any channel will be applied to Xmeas.  
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 Recalling back to the data displayed in Figure 33, an example calculation of the 

void uncertainty will now be calculated. Using the calibration data from that test, the 

uncertainty in a void measurement of 0.5 is calculated. Table 6 is populated from the 

calibration data, using the largest uncertainties observed from the data set to provide a 

worst case uncertainty for the void measurement. As a reminder, void is calculated using 

Eq. 2. 

 

Table 6: Void uncertainty example calculation for WMS, using calibration data for test 

displayed in fig 32. 

X_air 100 

U_air  20% 

X_water 1500 

U_water  2.5% 

X_meas 800 

U_meas  2.5% 

Void  0.500 +/- 4.3% 

 

 

 The uncertainty calculated in table 6 uses the uncertainty values take from the 

WMS. The WMS is performing very well and provides a standard by which to compare 

the probe. The probe will use the same calculation method, but the uncertainties created 

by the larger signal-to-noise ratio will drive the void uncertainty up. Table 7 displays the 

same parameters, but uses uncertainties from the probe. 
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Table 7: Void uncertainty example calculation for needle probe, using calibration data 

for test displayed in fig 32. 

X_air 100 

U_air % 20 

X_water 850 

U_water % 6.3 

X_meas 475 

U_meas % 6.3 

Void  0.500 +/- 11.2% 

 

 

 The probe currently has significantly more uncertainty in the measurements it is 

recording that the WMS in this test section. However, this 10-12% range is a very 

similar value to what Prasser et al. [3] observed in their first implementations of the 

WMS. It is clear this concept can used going forward and the progress made by the 

WMS through the years shows that this is a great start. There are numerous ways to 

improve upon the design that was employed which could greatly reduce this value in the 

future. Further reducing the noise seen in the probe would cause an immediate 

improvement as would further increasing the signal strength of the probe. A further 

analysis of the factors affecting the uncertainty in the probe are displayed in the next 

several figures. 
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Figure 37: Probe signal strength's effect on void uncertainty, for a void value of 0.5. 

 

 

 Figure 37 shows how instrument uncertainty in a void measurement of 0.50 

changes as a function of the average value taken from the water calibration. The water 

calibration provides the upper bound on what the sensor can measure and is 

fundamentally a measurement of the signal strength for the probe at a particular location. 

This value, or the signal strength, is increased from a value of 850, which is the value 

that was observed when making Figure 33 to about 2000. It should be noted that the 

probe signal strength is significantly smaller than the strength of the WMS signal. To 

keep the signal strengths as close as possible, the amplifier gain for the probe was set to 

the maximum value while the WMS amplifier was reduced. From the plot it is clear that 

one way to reduce the instrument uncertainty of the needle probe would be to increase 

the signal strength of the probe. The only way, in the current setup, to increase the 
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strength would be to increase the conductivity of the water, but this requires a high 

integrity conductivity meter that can measure very low fluid conductivities. There is a 

definite upper limit to increasing signal strength by this method due to the effects 

discussed earlier. In addition to the complications of increasing the fluid conductivity, 

the figure also shows that eventually there will not be a significant reduction in 

instrument uncertainty once a certain signal strength for the probe is reached. 

 

 

 

Figure 38: Probe noise effects on total uncertainty in void, for a void value of 0.5. 

 

 

 Figure 38 shows the effects of signal-to-noise on the uncertainty in a void 

measurement of 0.5. As discussed earlier, the noise in the signal is the driving factor for 

the uncertainty in a specific measurement. The test data displayed in Figure 33 contained 
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an uncertainty of 6.3%, which is roughly the center value displayed on Figure 38. The 

probe currently has significantly more noise than the WMS, so improvements are needed 

and possible. From the plot, it is clear this is the major factor in the instrument 

uncertainty being higher than the WMS. A near linear relationship exists in the total 

instrument uncertainty and the uncertainty created by the noise of the probe’s signal. The 

linear relationship does eventually tail off at lower noise levels, but not until the current 

level of the WMS would be reached. Finding additional ways to reduce electronic noise 

in the probe will have a dramatic effect on the instrument uncertainty. Yet even with the 

present signal-to-noise ratio issues with the probe, the results are promising. The amount 

of instrument uncertainty observed in the first iteration of the operable needle probe is 

on the same level of the first WMS. The present uncertainty observed in the needle 

probe still allows for useful measurements of void fraction and shows the probe can be 

used in a similar manner to any other WMS. There are numerous improvements that 

could be made to reduce the probe’s instrument uncertainty going forward and will 

greatly improve this method of measuring void fraction. 
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6. CONCLUSIONS 

 The need exists to increase the database of high fidelity two-phase flow data for 

heated flow channels, especially those with rod bundle geometries. One of the goals of 

this project was to design a new full-scale facility capable of generating that type of data. 

The facility will employ WMSs to capture near real-time void fraction data. A 

complication of using a WMS in this environment is the physical obstruction created by 

the rod bundle to the wires used in this sensor and the ensuing reduction in measurement 

sites in the plane of interest. The primary motivation for the present study was to create a 

new type of sensor, based on WMS operating principles, that could be used to increase 

the number of available measurement sites in a rod bundle geometry. This needle probe 

was developed and tested in adiabatic, air-water conditions to determine the feasibility of 

this type of sensor. Comparisons of the needle probe to a WMS installed in the same test 

facility were performed. 

From the initial data collection, testing and analysis of the needle probe several 

key steps forward were made. The ability to use a probe that serves as a movable 

receiver electrode to measure the gas distribution in near real-time in the same manner as 

a WMS was demonstrated successfully. The instrument uncertainty in using a probe in 

this manner is very similar to the uncertainty that was seen in the first generation of 

WMSs employed by Prasser. The probe was expected to perform in a similar fashion to 

the crossing points of a WMS and that is clearly observed over numerous experiments. 

While the probe currently has a larger uncertainty than the WMS used in the same 
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facility, the measurement characteristics of the probe behave in the same manner as any 

other transmitter/receiver measurement site in a WMS.   

  Several possibilities for improvement of the needle probe were discovered 

through this research. Amplifying the signal strength of the probe will reduce the 

uncertainty the electronic noise induces in the probe. With the current setup, this would 

primarily be accomplished through careful control of the fluid conductivity, but other 

ways of accomplishing this same objective remain unexplored. Another way to reduce 

the instrument uncertainty of the probe would be to reduce the electronic noise inherent 

to the probe itself. This has the largest impact on the current instrument uncertainty in its 

current state and should be explored first. Additionally, the effects of using different 

materials for the probe sensing tip remains unknown. The possibility of utilizing 

something other than a wire, such as a fine needle of similar diameter, has not yet been 

experimentally performed. Varying the diameter of the sensing tip could also have 

significant effects on the signal strength but were not explored in this research. 
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APPENDIX A 

DETAILED DERIVATION OF SENSOR UNCERTAINTY 

Starting from void as a function of three variables: 

(1 − 𝛼) = 𝑓(�̅�𝑤𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦, 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, �̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦) 

(1 − 𝛼) =
𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − �̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦

�̅�𝑊𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦 − �̅�𝑎𝑖𝑟 𝑜𝑛𝑙𝑦

 

The standard uncertainty propagation formula states: 

𝑢(1−𝛼) =  √(
𝜕𝑓

𝜕𝑋𝑚𝑒𝑎𝑠
)

2

𝑢𝑋𝑚𝑒𝑎𝑠

2 + (
𝜕𝑓

𝜕�̅�𝑤

)
2

𝑢�̅�𝑤

2 + (
𝜕𝑓

𝜕�̅�𝑎

)
2

𝑢�̅�𝑎

2  

Taking the partial derivatives of f with respect to each variable: 

𝜕𝑓

𝜕𝑋𝑚𝑒𝑎𝑠
=

1

(�̅�𝑤𝑎𝑡𝑒𝑟 − �̅�𝑎𝑖𝑟)
 

𝜕𝑓

𝜕�̅�𝑤

= −
𝑋𝑚𝑒𝑎𝑠 − �̅�𝑎𝑖𝑟

(�̅�𝑤𝑎𝑡𝑒𝑟 − �̅�𝑎𝑖𝑟)2
  

𝜕𝑓

𝜕�̅�𝑎

=  −
𝑋𝑚𝑒𝑎𝑠 − �̅�𝑤𝑎𝑡𝑒𝑟

(�̅�𝑤𝑎𝑡𝑒𝑟 − �̅�𝑎𝑖𝑟)2
 

 

 


