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Abstract 

A high temperature molten salt test loop that utilizes FLiNaK (LiF-NaF-KF) at 

700ºC has been proposed by Oak Ridge National Laboratory (ORNL) to study molten 

salt flow characteristics through a pebble bed for applications in high temperature 

thermal systems, in particular the Pebble Bed – Advanced High Temperature Reactor 

(PB-AHTR).  The University of Tennessee Nuclear Engineering Department has been 

tasked with developing and testing pressure instrumentation for direct measurements 

inside the high temperature environment.  A nickel diaphragm based direct contact 

pressure sensor is developed for use in the salt.  Capacitive and interferometric methods 

are used to infer the displacement of the diaphragm.  Two sets of performance data 

were collected at high temperatures.  The fiber optic, Fabry-Perot interferometric sensor 

was tested in a molten salt bath.  The capacitive pressure sensor was tested at high 

temperatures in a furnace under argon cover gas. 
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Chapter 1.  Introduction 

This project has designed, procured and assembled pressure measurement 

instrumentation for application in a high temperature FLiNaK, LiF-NaF-KF (46.5-11.5-42 

mol %), molten salt loop.  The purpose of the molten salt test loop is to perform thermal 

testing of molten salts in a heated packed pebble bed typical of that envisioned for the 

Pebble Bed – Advanced High Temperature Reactor (PB-AHTR).  The salt loop design 

work currently being performed by Oak Ridge National Laboratory (ORNL) will utilize an 

induction pebble heating method that will provide an internal pebble heat source.  The 

inductive heating technology, developed through the ORNL magnetic materials 

processing program, will simulate pebble heating much more realistically than 

techniques used previously.  Instrumentation within the pebble bed will allow both 

thermal and fluid measurements to be performed, examining both heat transfer and 

pressure drop characteristics in the bed.  The salt loop development at ORNL is funded 

by a Laboratory Director Research and Development (LDRD) award. The UT portion of 

the effort is funded by a Joint Research and Development (JDRD) award through the 

UT/ORNL Science Alliance. 

 

 
Figure 1. A typical pressure sensor utilizing capacitive technology to measure 

diaphragm displacement [Wilson] 

The molten salt flow loop will also serve as a platform that can be used for other 

molten salt testing critical to developing high temperature heat transfer systems.  UT has 

primary responsibility in the pressure instrumentation, which is portable to other high 

temperature molten salt applications.  For the design of the pressure instrumentation UT 
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has investigated pressure transducers that infer pressure utilizing diaphragm 

displacement measurements, following the basic principles in Figure 1.  

The peak temperature for this facility is 700ºC, which severely limits the material 

types and instrumentation approaches that may be used.  The salt is also solid at room 

temperature, which also limits conventional approaches to the thermal isolation of the 

sensor via an impulse line. Per Figure 2, the impulse line employs an interconnection 

between a high temperature diaphragm and low temperature diaphragm that would 

enable commercially available electronics.  The high temperature diaphragm would 

apply the pressure to a fluid in the impulse line which transports that pressure to a 

second diaphragm at room temperature.  The impulse line fluid, typically NaK, will 

remain a fluid throughout this temperature range.  The diaphragm next to the salt is 

exposed to the high temperatures.  This diaphragm will need to be thin so that it will be 

compliant to accommodate thermal expansion of the NaK, and to transfer pressure to 

the second diaphragm, where the displacements are measured.  The combination of the 

temperature exposure and maximum stresses imposed on a thin diaphragm give rise to 

concerns of NaK fire and chemical reaction with the salt.  It is desired to be able to 

directly measure pressure on the system due to these reliability concerns.  This has led 

UT to partner with ORNL to develop a custom pressure probe that will utilize 

technologies suited to directly measure displacements of a nickel diaphragm at 

temperatures up to 700ºC. 

 
Figure 2.  An impulse line that would utilize two diaphragms to isolate electronics 

from high temperatures 
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The work performed by UT has identified two potential technologies for 

diaphragm displacement measurements, capacitive and fiber optics.  Both technologies 

have been incorporated into a probe in which the measurement of diaphragm deflection 

can be linearly related to pressure.  These pressure sensors were then tested in a high 

temperature environment up to temperatures of 700ºC.  Nickel was previously identified 

by ORNL as an ideal diaphragm material for immersion directly in the molten salt.  The 

first phase of testing included a pressure test in the molten salt where the results 

confirmed nickel as capable of withstanding the corrosive environment.   

During this design process, UT also assisted ORNL in providing system design 

support for the air to salt heat exchanger and system pressure losses.  This included an 

analysis of pressure drop models inside the pebble bed test section and loop 

components using established methods.  Matlab programs were also developed for 

design support of the molten salt heat exchanger. 

1.1 Advantages of Molten Salts 

The conversion of thermal energy to electricity in a heat driven engine is limited 

to efficiencies less than the Carnot Efficiency, [TH-TC]/TH , all temperatures being 

absolute.  The coldest temperature in the cycle, TC, is determined by the environmental 

heat sink in the air, a river or the ocean.  The hottest temperature in the cycle, TH, is 

determined by pressure or material limitations.  Water is the most common working fluid 

in heat engines generating electricity, and water has excellent heat carrying capacity per 

unit volume.  However, the pressure escalates dramatically as the water temperature 

increases, limiting system hot temperatures to less than 307ºC for nuclear electric plants 

and less than 377ºC for coal fired electric generation plants.  The basic knowledge 

regarding the relationship between efficiency and peak temperature is not new, so fluids 

for carrying thermal energy at high temperature and low pressure have been researched 

for some time.  Molten salts and liquid metals both offer high temperature at low 

pressure, albeit with the added complexity of turning solid at environmental 

temperatures.  Molten salts are emerging as the preferred solution due to low chemical 

reactivity, and low implementation costs relative to molten metal alternatives.   
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For similar thermodynamic reasons, hydrogen production from water is most 

efficiently accomplished at high temperatures, so molten salts are logical thermal energy 

transport fluids in hydrogen production facilities.  High temperature molten salts are also 

useful in thermal batteries, where large insulated tanks of hot molten salt are used to 

store thermal energy for later use.  This approach to energy storage can be used by a 

central collecting solar system to allow solar energy captured during the day to be used 

to make electricity during morning and late afternoon electricity demand peaks.  

Interestingly, this solar energy stored during the day may be used to augment the power 

available to a coal fired power plant turbine generator set, a system integration 

researched by the Electric Power Research Institute (EPRI).  This approach saves the 

cost of having a dedicated turbine generator set for intermittent use by the solar collector 

facility.   

Molten salts as well as helium are being considered as the coolant in next 

generation nuclear electric plant designs, in particular the PB-AHTR.  These reactors 

have the ability to obtain temperatures greater than 700ºC which compares favorably to 

the current water cooled reactor temperatures of 307ºC.  The high temperatures 

produced from these reactors are also being considered by the Nuclear Energy 

Research Initiative (NERI) for hydrogen production using nuclear generated process 

heat.  Electricity production and hydrogen production co-exist in this system concept, 

producing electricity during the day at peak demand periods, and producing hydrogen at 

night when demand for electricity is low.  The hydrogen produced would be used to 

replace carbonaceous fuels in the transportation sector, and further reduce carbon 

emissions. 

1.2 Applications of Molten Salts 

The molten salt test loop will provide technical challenges in the areas of 

materials, instrumentation, and components.  Many of these challenges will require 

custom solutions.  Therefore, initial research was performed to identify systems where 

technology might translate well into the high temperature molten salt test loop. 
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1.2.1 Very High Temperature Reactors and the Hydrogen Initiative 

The molten salt test loop will contain a test section that will attempt to model the 

pebble bed core in a PB-AHTR, proposed by the University of California, Berkeley 

(UCB).  The fuel “pebbles” are spheres near 5 cm in diameter, randomly dispersed in the 

core volume.  This type of design is being considered for the NGNP (Next Generation 

Nuclear Plant) in which the heat from the reactor will be used for electricity production, 

hydrogen production, and industrial processes.  Figure 3 provides a process and 

components diagram of the PB-AHTR showing the two high temperature fluoride salt 

loops.  The secondary loop consists of a secondary fluoride salt that will transport the 

heat to a closed-loop CO2 Brayton electricity generation cycle or to a hydrogen 

production facility [Forsberg].  The primary salt loop consists of two pumps each 

providing flow through two of the four intermediate exchangers (IHX).  The IHXs are of 

the shell and tube type taken from a design for the Molten Salt Breeder Reactor (MSBR) 

project [Hyun].   

 
Figure 3.  Conceptual drawing of a pebble bed fluoride salt cooled high 

temperature reactor [U.C.  Berkeley]  

The use of fluoride salts also offers several inherent passive safety features.  

Fluoride salts have boiling points well above accident temperatures. This enables salts 

to operate near atmospheric pressure, eliminating the high pressure piping and vessels 
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in water cooled reactors, and greatly reducing containment structure requirements.  

Fluoride salts have high volumetric expansion with temperature thus allowing natural 

circulation in an accident scenario.  Fluoride salts also have high solubility for all fission 

products except noble gases [Yoder, 2009].   

The University of Wisconsin has performed work for the Nuclear Energy 

Research Initiative (NERI) which includes materials compatibility and the design of an 

experimental loop [U.W., Madison].  The designed loop utilized FLiNaK at temperatures 

up to 850ºC.  The test section pressure drop is measured continuously.  The pressure 

gauge was backfilled with NaK.  NaK, 78% potassium and 22% sodium, has low vapor 

pressure and is liquid through the temperature range from 20ºC to 785ºC.  The NaK 

allowed a pressure line to pass from the high temperature salt to room temperature 

where the sensing element is located.  This type of measurement was not desired for the 

ORNL molten salt test loop.  K-type thermocouples were used for temperature 

measurements in the loop.  Ultrasonic flow meters with waveguides were used to 

measure the fluid velocity.  The waveguide acts as a fin to dissipate energy and keep the 

piezoelectric device used to deliver and receive the ultrasound below 100ºC.  The 

molten salt loop being constructed at ORNL will perform similar work; however, the 

thermal-hydraulic properties of the test loop will be studied in a pebble bed test section. 

1.2.2 Central Solar Collection Facilities 

Solar power facilities have used molten salts for their heat transfer properties 

[Kelly].  Solar energy generating facilities such as the Solar Energy Generating Systems 

in California developed in the late 1980s currently use synthetic oil that is heated to 

temperatures higher than 400ºC [Cohen].  Sandia National Labs has performed work 

that has identified Nitrate/Nitrite salts as heat transport fluids in a solar power collection 

facility.  The outlet temperatures are estimated at 450ºC or possibly up to 600ºC.  A 

Venturi tube was used for flow measurement, and the differential pressure measurement 

for the Venturi tube was performed with a Kaman KP 1911 pressure sensor.  From the 

Kaman product description, these sensors can operate for long intervals up to 

temperatures of 430ºC and for short intervals up to 650ºC.  This type of sensor could be 

of interest if a long pressure line is used to dissipate enough heat to get to 454ºC, the 
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melting point for FliNaK salt.  Reports provided by Sandia also suggest the use of NaK 

backfilled gauges for isolating the electronics from high temperatures.   
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Chapter 2.  Experimental Molten Salt Test Loop 

2.1 Proposed Molten Salt Flow Loop Design 

ORNL’s proposed molten salt test loop will use inductive heating of a pebble bed 

test section to model flow characteristics and to develop technologies necessary for high 

temperature heat transfer systems.  The models developed from this test section will 

provide necessary experience to move forward with the PB-AHTR design.   

The PB-AHTR designed by UC-Berkeley under subcontract by ORNL provides 

the excellent heat transfer properties associated with molten salt coolant and passive 

safety features that make it a desirable option in the next generation of energy 

generation nuclear plants.  The core features several 20 cm diameter channels 

approximately 3.2 m in length that are continuously circulated with fuel pellets.  The fuel 

pebbles consist of a center layer of low density graphite, surrounded by an annulus of 

highly packed fuel pellets, and surrounded by a protective layer of high density graphite.  

The fuel pebbles are approximately 3 cm in diameter and develop 1280 W per pebble.  

The PB-AHTR proposes use of the FliBe molten salt, a mixture of lithium fluoride (LiF) 

and beryllium fluoride (BeF2), coolant that flows concurrently to the much slower moving 

pebbles.   

The molten salt test loop utilizes an inductive heating method to simulate the 

heat generation inside the pebbles.  This method makes a test section of this type a 

significant improvement and necessary step in providing experimental data for validation 

of models used for reactor licensing.  The proposed test loop will use FliNaK to avoid 

potential health issues associated with FliBe.  The test section will contain approximately 

600, 3 cm diameter graphite fuel pebbles.  The test section is 72 cm in height and 15 cm 

in diameter (5 pebble diameters).  The heated section is 24 cm in height (200 pebbles) 

located in the middle of the test section allowing for 24 cm of unheated pebbles both 

above and below to condition the flow [Yoder, 2010].  The test section boundary is 

constructed of silicon carbide (SiC) to provide an electrically insulating outer flow tube.  

With these materials, at a frequency range of 30 kHz, the magnetic flux will penetrate 

with little resistance the outer flow tube and molten salt and induce a surface current on 

the heated pebbles.  Under these conditions, the induction heating will provide 200 kW 
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to the pebbles which corresponds to approximately 1 kW per pebble in the heated 

region.   

The proposed test section at ORNL will aim to model thermal and hydraulic 

behavior of a static pebble bed using FliNaK as the molten salt.  The test section will 

provide pressure drop and flow characteristics.  The testing loop will also provide 

important materials experience necessary for future up-scaling into plant designs.  

Specific phenomena such as flow resistance of the pebbles, heat transfer from the 

pebbles, and wetting characteristics of salt to graphite will be investigated in the test 

section. 

 

Figure 4.  A rendering of the proposed loop from early 2009 [Yoder, 2010] 
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2.2 Test Operations 

Startup design includes a sump storage tank per Figure 4 such that the coolant 

can gravity drain to the sump in case of shutdown, preventing inadvertent solidification in 

the loop.  The storage tank will need to be preheated to 454ºC to melt the salt before 

pump operation.  During non-operational periods, the salt will solidify; however, unlike 

water, molten salts contract upon freezing, so pump components will not be damaged.  

Trace heating (heating of the flow lines) will be used on the pipes to increase their 

temperature prior to loop filling to prevent thermal shocks.  Current plans will utilize 

commercially available heating tape to preheat the loop to 600ºC.  A cleaning 

agent/solvent will be used prior to initial startup for decontamination of inner flow 

surfaces.  A vacuum pump will evacuate the loop before startup, and a sump tank cover 

gas (argon) will provide pressure to force the salt into the loop through a dipper tube.   

2.3 Instrumentation and Controls 

High temperature instrumentation has been developed and demonstrated in lab 

environments; however, little of that technology is currently commercially available due 

to a small market audience for high temperature systems.  This therefore requires 

custom technology for which long-term reliability and drift has not been identified.  The 

large scope of this project has been to identify available technology and customize it for 

implementation in the loop.  A portion of this work has been performed using previous 

trials available through literature and utilizing resources made available by ORNL and 

UT to support customization.   

Temperature measurements for the loop will be provided with commercially 

available K-type thermocouples.  For long-term solutions for the harsh environments in a 

plant design, other technologies such as fiber-optic coupled pyrometry and Fizeau 

cavity-type thermometers are commercially available, and could be investigated for 

future applications.   

Ultrasonic flow meters will be used for the measurement of flow through the loop.  

Ultrasonic wave-guides will be used to maintain a mechanical standoff in order to protect 

the electronic components from the high temperatures.  The technology for this concept 
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is well developed; in that, there will be essentially no difference between the electronics 

for applications in high temperature water-cooled and molten salt cooled reactors.  An 

alternate option would be the use of a Venturi-type flow meter which requires two 

pressure measurements.   

Ultrasonic technology will be used for level sensing in the heat up tank.  The level 

will also be measured utilizing two rods (one unheated, one heated) lined with 

thermocouples.  The thermocouples immersed in the salt will not show a difference in 

temperature; while, the thermocouples outside the salt, in argon, will show different 

temperature readings.  Using this knowledge, the level can be known within a range of 

the spacing of the thermocouples.   

2.4 Preliminary Calculations  

An initial pressure drop and flow analysis was performed using the early 

drawings of the proposed test loop provided by ORNL.  These calculations established 

performance limits for the pressure instruments. Relationships for the modeling of 

packed spherical beds were modeled in Matlab (Appendix B) with the intention of 

recalculating when the completed designs were in place.  The final designs have not 

been completed to date, so the code and calculations are a resource for quick 

comparison of future modeling using software such as Relap5.  The thermophysical 

properties of FLiNaK at 700ºC have been reported by Williams in an assessment of 

potential molten salts.   

Table 1.  Thermophysical properties of FLiNaK at 700ºC [Williams] 

Property Value 

Melting point 454 ºC 

 pCp  , Volumetric Heat Capacity  0.91 cal/cm3- ºC 

, Viscosity  2.9 cP 

k, Thermal conductivity 0.92 W/(m-K) 

ρ, Density 2.02 g/cm3 
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It was assumed that insulation was sufficient such that heat leakage through the 

pipes would not alter the energy balance.  The functional parameters for the air to salt 

heat exchanger are given in Table 2.   

The estimated loop dimensions were given by ORNL and are provided in 

Appendix A.  Two separate methods were used to determine the pressure drop through 

the loop.  A Matlab code was written which utilizes classic heat transport theory to 

determine the pressure drops in the pipes, heat exchanger, and test section.  A second 

method used Fathom 6.0, a program designed to calculate pressure drops in general 

fluid flow systems.  Since both programs utilized classic heat transfer theory, many of 

the calculations were the same.  Fathom cannot calculate pressure drops through a 

pebble bed so a K-factor was utilized that was derived from the Matlab code 

implementation of pebble bed models. 

Table 2.  Functional parameters for modeling the pressure drop in the air to salt 
heat exchanger. 

Parameter Value 

Mass Flow Rate 4.5 kg/s 

HX Performance 100 kW 

Inlet Molten Salt Temperature 700 ºC 

Outlet Molten Salt Temperature 688.2 ºC 

Inlet Air Temperature 20 ºC 

Outlet Air Temperature 65 ºC 

Thickness of Channel Walls 1 mm 

 

For the test section pressure drop, two theories were examined that model 

pebble bed flow, the Ergun relation and Idelchik.  The Ergun relation [Bird]: 
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The Idelchik relation [Idelchik]: 
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The porosity is a complicating issue without knowing the complete pebble bed 

design details.  All previous work assumed a bed length of 111.6 cm with diameter of 15 

cm. however, if this were the case the porosity would be approximately 0.893 with the 

assumed maximum of 150 pebbles. Porosity is almost always less than 0.5 for spheres.  

With pebbles 3 cm in diameter, a single plane of 150 pebbles spanning the bed diameter 

would only reach 88.9 cm.  To fill a 111.6 cm long pebble bed, more than 800 pebbles 

would be needed for a porosity of 0.40, which appears to be the average for a randomly 

packed pebble bed.  The test loop could also be slightly different considering the bed 

diameter is only 5 pebble diameters wide.  This will present challenges in choosing a 

porosity since wall effects will be significant. 

It was assumed that the pebble bed length was 111.6 cm with a porosity of 0.45 

(79°) considering the small diameter of the test section.  Although this could be higher 

with wall effects, the maximum achievable porosity with 90° packing angles is 0.48.  

Using these numbers, it has been assumed that there are 766 pebbles.  Using the Ergun 

equation this gives a pressure drop as a result of packing of 13 kPa and a total with the 

addition of entrance, exit, and gravitational pressure losses of 35 kPa.  With this setup, 

the Idelchik equations will give a pressure drop of 8.45 kPa and total drop of 31 kPa.  

The ORNL requirements list a test section pressure drop of 0.1 MPa.  The Idelchik 

equations, for a packing angle of 60°, give approximately 0.1072 MPa which compares 

favorably to the ORNL results.  A 60° packing angle would be the maximum packing 
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angle possible and corresponds to a porosity of 0.2595.  The Ergun equation, for a 

porosity of 0.2595 gives a total pressure loss of 0.11 MPa.   

So the pressure drop was assumed to be 0.1 MPa using the Fathom code since 

it cannot calculate pressure losses in a bed.  To do this a K-factor of 5,271 was used for 

a pressure drop of 0.1 MPa at full flow.  The K-factor model in Fathom scales pressure 

drop with bed mass flow to the power of two, consistent with the Ergun model. 

A heat exchanger that could remove 100 kW was assumed based off preliminary 

conditions given by ORNL.  The configuration chosen was 30 flattened ducts of width 

22.9 cm, length 132 cm, 0.635 cm thick, and with a wall thickness of 1mm.  Convective 

and radiative heat transfer was considered [Schlunder].  The thermal emissivity of the 

MONICOR or Hastelloy is not known.  So a design with excess heat sink which ranged 

from 99 kW at an emissivity of 0.6 to 112 kW as taken black was considered.  20ºC was 

assumed for T(∞,rad).  The hydraulic diameter of these ducts is 1.27 cm which was used 

in Fathom as the heat exchanger pipe diameter. 

The overall pumping power needed according to Fathom, per Figure 5, is 318 W 

which corresponds to a mass flow rate of 4.5 kg/s and a FliNaK salt pressure head of 

23.63 feet (143 kPa). 
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Figure 5.  Fathom model utilizing preliminary loop dimensions. 
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Chapter 3.  High Temperature Pressure Sensor Design 
Constraints 

3.1 The Basics of Pressure Sensing 

In most pressure transducers, the pressure is inferred by measuring the 

deflection or movement of some pressure sensing element, in this case a diaphragm.  

The deflection can be measured using a number of techniques: 

 Piezoresistive  Electromagnetic 

 Piezoelectric  Optical 

 Capacitive  Resonant 

 Strain Gage / Resistive  

The design of the diaphragm can contribute errors, such as hysteresis, 

temperature effects, and corrosion.  The deflection sensing technique will also contribute 

significantly to the sensor performance.  Capacitive techniques are generally applicable 

to low pressure ranges with high resolution, good stability, and low hysteresis; however, 

they are also highly temperature dependent.  Most electromechanical type sensors have 

the ability to perform well in most conditions; however, many of these sensors using 

silicon semiconductor technology fail above 250 ºC [Mehregany].  New semiconductor 

material has been investigated, but sensor packaging is greatly complicated due to 

temperature sensitivity changes as a result of thermal expansion.  Optical techniques 

have the potential to provide measurements when electrical techniques are not 

applicable, albeit at an increase in cost.   

The performance of the pressure sensor can be defined with a wide range of 

specifications [Figliola].  The resolution is defined as the smallest incremental change in 

pressure that the pressure sensor should detect.  For preliminary calculations, the 

expected peak to peak noise can give an expected resolution.  The desired pressure 

sensing resolution at high temperatures for the molten salt loop is 0.1 psi. The range is 
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the operating pressure range for the pressure sensor.  Capacitive displacement sensors 

have the capability to detect very small displacements making them ideal for low 

pressure ranges.  The designed range of the proposed pressure sensors is 0 to 30 psi 

with a 0 to 10 V output range.   

The accuracy is defined by the error in the system, which is the difference 

between the true value and indicated value.  The static error is for measurements of a 

single pressure.  During the calibration and high temperature tests, the pressure was 

approximately constant.  The drift describes how the sensor measurements change over 

time due to non-pressure related effects.  The ability of the pressure sensor to make 

static measurements can also be specified using the instrument repeatability.  The 

instrument repeatability is defined as twice the standard deviation of a static 

measurement as a percentage of the full-scale output range.   

The hysteresis error relates to the difference in pressure measurements of an 

increasing pressure versus a decreasing pressure.  The hysteresis error is stated as a 

percentage of the maximum hysteresis error over the full-scale output pressure range.  

The hysteresis can be defined during calibration. 

The linearity error is defined as the difference between the linear fit to the 

expected output versus the actual results.  This error will describe the non-linearity in the 

pressure measurement. 

3.2 Design Constraints 

The molten salt test loop will require sensor technologies appropriate for high 

temperatures, high oxidizing/corrosive environments, moderately conductive fluids and 

possible electromagnetic interference.  Very high temperature applications are not met 

by current sensor technologies because of diaphragm material service limitations, 

additional material hysteresis with temperature, and the need to thermally isolate signal 

conditioning electronics. 

There are several limiting factors that exist on current sensor technologies.  All of 

the components must maintain all of their mechanical and electrical properties in the 

harsh service environment.  This includes the diaphragm which must be able to resist 
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corrosive environments and mechanical property changes at 700ºC.  The signal must be 

compensated to address non-linearity in the relationship between pressure and 

temperature.  This is a demanding task at very high temperatures with current sensor 

technologies.  The most common way of dealing with high temperatures is protecting the 

electronics from high temperatures by an intermediary fluid transmission line, typically 

using a fluid with small density changes with temperature that is liquid throughout the 

temperature range.  However, as mentioned previously, the impulse line method was not 

acceptable for this application.   

3.3 Commercial Availability 

Commercially available pressure sensors are currently limited to temperatures 

below 600ºC.  Fiber optic based pressure sensors are recommended at temperatures 

above 600ºC [Udd].  The fiber optic line provides the thermal isolation of the electronics 

from the high temperature salt and diaphragm. Luna Innovations and Sporian 

Microsystems offer high temperature fiber optic pressure sensors.  These sensors are 

produced using micromachining technologies and are getting attention in high-

performance turbine engine technology.  However, the silicon diaphragm materials used 

for these applications are not compatible with the FliNaK salt. Prior to UT undertaking 

the custom design task, Luna Innovations was contacted to collaborate on the project of 

developing a custom fiber optic probe to be paired with the custom nickel diaphragm 

required for the FliNaK salt application.  Their displacement sensors utilize the extrinsic 

Fabry-Perot interferometry methods.  This optical fiber method to convert the signal from 

the optical interference pattern to displacement has been well documented by Luna 

Innovations [Pulliam] [Luna] and other researchers [Wang] [Murphy].  The posted 

information by Luna Innovations suggests their current developments produce a sensor 

capable of working in an environment of 600ºC.  This sensor utilizes silicon as the 

diaphragm material and silica optical fiber.  Silicon begins to lose some of its mechanical 

properties around 900ºC, thus making it undesirable for the molten salt test loop.  

However, Luna Innovations is currently performing research on replacing the silicon 

diaphragm with a SiC diaphragm.  SiC has an operational temperature of 1100ºC.  The 

general operating temperature limit of silica fiber is generally considered to be around 

900ºC.  This satisfies the test loop requirements; however, if needed, this limit could be 
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extended through use of sapphire fibers.  Packaging of the sensor would also be 

required to withstand the harsh environment.    

An initial potential collaboration between UT and Luna would have contracted 

Luna to provide assistance with the "internal" workings of the pressure sensor for the 

molten salt test loop.  Luna would have provided technical support and the 

interferometer readout equipment.  This includes details such as data analysis and 

measurement readout support.  Typically these electronics are rented for a period of 

around three months depending on availability.  UT with the support of ORNL and Luna 

was to design and fabricate the sensing diaphragm and other materials for the fiber optic 

sensor.  This partnership was not followed when the budget proposed by Luna fell 

outside the planned budget provided by UT and ORNL.  Similar discussions were also 

held with Sporian Microsystems, INC, another fiber optic displacement sensor 

manufacturer, with similar results [Sporian]. 
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Chapter 4.  Interferometric Fiber Optic Pressure Sensor  

4.1 Fundamentals of Fiber Optic Sensing 

A pressure sensor was manufactured that utilized extrinsic Fabry-Perot 

interferometry to operate in high temperature FLiNaK molten salt.  The Fabry-Perot 

interferometer is a device that is based on the constructive interference formed by 

coherent light between a reflective diaphragm surface and the optical fiber end, as 

shown in Figure 6.  The two mirrors for the proposed pressure sensor are the fiber optic 

end-face and the diaphragm.  The volume between the two mirrors is referred to as the 

Fabry-Perot cavity.  The transmitted beam will reflect several times between the cavity 

walls, forming multiple interferences.  The main cost and design problem associated with 

these sensors is the detection of the interference phase change of an interferometer, 

which is non-linear and periodic.  The laser source and interrogator provided by Micron 

Optics was used for the signal conditioning.   

 
Figure 6.  Sensor setup [Xu] and Fabry-Perot Cavity [Pulliam] 

In order to achieve the high accuracy and resolution capability of fiber optic 

sensors, the fiber tip must be within the coherence length of the source to observe the 

optical interference. The coherence length is approximately given by [Wang]: 
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    (4.1.1) 

The light source will provide a center wavelength of 1550 nm with a spectral width of 80 

nm. Therefore the Fabry-Perot cavity should be less than 30 m.  
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4.2 Flat and Rigid Diaphragm 

The diaphragm design for the fiber optic probe was chosen as flat with rigid 

perimeter because of its simplicity.  The fiber optic techniques being used are capable of 

reading displacement in the nanometer range.  The material considered was nickel or an 

almost pure nickel alloy.   

Table 3.  Nickel properties relevant for diaphragm design 

Material Young’s Modulus Poisson’s Ratio 

Nickel 161 GPa 0.28 

 

These material properties will change slightly at higher temperatures.  The 

mechanical properties of Nickel 200 at elevated temperatures are shown in Figure 7.  

Due to its low carbon content, Nickel 201 is resistant to graphitization thus making it 

preferred at temperatures above 600°F. 

 
Figure 7.  Nickel 200 properties at higher temperatures [Special Metals] 

Initial evaluations use thin plate theory with small deflections, with a corrugated 

diaphragm to be considered later if necessary.  The edge will be considered to be rigidly 

fixed. 

The derived equations employed are based on the following restrictions [Di 

Giovanni]: 

1.  The plate is flat and of uniform thickness. 

2.  Isotropic and homogeneous materials used in diaphragm construction. 
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3.  The maximum deflection allowed is one-fifth of the diaphragm thickness. 

4.  All loads are applied normally to the plane of the diaphragm. 

5.  The plate is not stressed beyond the elastic limit. 

6.  The plate thickness should be no more than 20% of the diameter. 

7.  The plate deflection is due mostly to bending such that the median plane of the plate 

endures no tensile forces. 

The three important variables considered are: radius of the diaphragm, thickness 

of the diaphragm, and cavity height.  The theory of this design follows the reference of Di 

Giovanni.   

 A Matlab code given in Appendix C was written that allows ease of design 

performance assessment.  Initial analysis investigates a diaphragm approximately 1/2” in 

diameter since these are the dimensions of the pressure access tube.  The deflection of 

the diaphragm as a function of pressure and radial distance is given by: 
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The maximum deflection will occur at the center of the diaphragm: 
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The one-fifth rule allows for the diaphragm to be in the linear range of deflection 

versus pressure, often referred to as small deflection theory.  This can be used to find a 

diaphragm thickness: 
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The sensitivity of the diaphragm is given as the amount of displacement per unit 

of applied pressure.  The sensitivity at the center is the place of concern since it is the 

measurement point for the displacement sensor.  The linear operating range of the 

diaphragm follows the relation: 
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The results of these calculations using properties from Figure 7 are provided in 

Table 4. 

Table 4.  Diaphragm displacement versus applied pressure 

Max Pressure: 29 psi Diaphragm Radius: 0.25 in.  (6.4 mm) 

Diaphragm Thickness: 

 0.0076 in (0.19 mm ) 

Maximum Deflection: 

0.0015 in (0.039 mm)  

Sensitivity: 1.34 m/psi (linear within 0 to 29 psi range) 

The deflection profile in Figure 8 is calculated using Matlab, and the code is 

presented in Appendix C: 
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Figure 8.  Diaphragm deflection profile 

Equations 4.2.1 through 4.2.6 are satisfactory for bending stresses only.  Higher 

pressures may be accounted for as well, although the response to pressure changes is 

no longer linear.  The general characteristic equation for a flat diaphragm can be used to 

account for both bending and tensile stresses seen in larger loads.   

For small displacements:  
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For larger displacements: 
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By method of superposition: 
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Appendix G.  Labview Code for Capacitive Pressure Sensor 

 
Figure G-1.  Labview block diagram for capacitive pressure probe 
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Figure G-2.  Labview interface for capacitive pressure probe.
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