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ABSTRACT 

NASA explored the idea of nuclear thermal rockets in the 1950’s and 60’s and has 

recently shown interest in reviving the nuclear rocket program in an attempt to reach manned 

mission to Mars by 2035. One problem with nuclear rockets is finding ways to test them inside 

the atmosphere. NASA’s Stennis Space Center has considered using a non-nuclear device to 

simulate a nuclear reactor during testing. The reactor is responsible for heating the propellant to 

over 1,922 K (3,000 °F), so the reactor simulator should be capable of heating to this 

temperature. A pebble-bed heater at Glenn Research Center was used for nuclear rocket testing 

in the past; however, the device no longer exists. This particular pebble-bed heater used hot 

gases to heat the pebble bed made of high melting temperature ceramics and was able to reach 

2,755 K (4,500 °F) but could only sustain the temperature for 30 seconds at most. 

 If the pebbles were heated by magnetic induction, then heat would consistently be 

generated within the heater, and tests could run longer. Magnetic induction heats a ferrous metal 

by inducing a current on its surface and by rapidly reversing a magnetic field surrounding the 

metal. Unfortunately, it was found that a magnetic induction pebble-bed heater using steel could 

not reach 1,922 K (3,000 °F) due to the Curie and melting temperatures. However, the device 

could be used if a higher melting temperature metal was found that was also magnetic. 

 A small-scale pebble-bed heater heated by magnetic induction was designed, built, and 

tested to analyze its behavior at 27 different combinations of flow rates, pebble sizes, and power 

levels. The temperature changes were recorded for each test. With this data, a relationship 

between dimensionless heat transfer, dimensionless power, and Reynolds number was found. 
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CHAPTER 1 

INTRODUCTION 

 From 1955 to 1972 NASA explored the idea of nuclear thermal propulsion and nuclear 

thermal rockets with the NERVA (Nuclear Engine for Rocket Vehicle Application) program. 

NERVA was successful in building and testing a nuclear rocket engine, but the engine was never 

approved and used on a rocket in outer space. In 1972 the program was cancelled due to lack of 

funding. 

Recently, NASA has been interested in reviving the idea of nuclear thermal rockets 

(NTR). Nuclear rockets provide double the specific impulse (Isp) compared to that of current 

chemical rockets and would therefore make manned exploration to Mars possible by 

significantly reducing the round trip time [2]. One major obstacle of the nuclear thermal rocket 

revival effort that did not exist in the 1950’s and 60’s is testing the nuclear engines in the earth’s 

atmosphere. Several solutions for testing the engines were proposed at NASA’s Stennis Space 

Center (SSC). One of the solutions being to find a nuclear reactor simulator (NRS) that was non-

nuclear but could still heat the hydrogen rocket propellant to the same temperature that the 

nuclear reactor would, which was between 1,922 K and 3,033 K (3,000 °F and 5,000 °F). The 

most promising simulator was a pebble-bed heater (PBH) [48,58,59]. NASA currently has at 

least two pebble-bed heaters—one at Glenn Research Center and one at Stennis Space Center 

[25,34,43]. 

 In order to simulate a nuclear reactor, the pebble-bed heater would first need to heat a 

large number of small steel or ceramic spheres in an internal chamber and raise their temperature 

to over 1,922 K (3,000 °F) before running the hydrogen propellant through the pebble bed. The 

hydrogen would heat up as it passed over the spheres and then make its way to the rocket engine 
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interface. This would allow the engineers to test their rocket engine under nuclear conditions and 

hopefully produce a working product without ever using nuclear materials. 

 Current pebble-bed heaters at NASA facilities use convection and hot gases to heat the 

spheres inside the pebble-bed heating chamber and have been known to reach temperatures up to 

2,755 K (4,500 °F). However, this convection method only allows for a limited testing window 

as the spheres will quickly cool off as the heat is taken away from them, and the hydrogen will 

no longer exit at the desired temperature. This will result in a very short test time for an engine 

that would normally be used for at least several minutes. 

 The purpose of this research was twofold. The first reason being to determine if magnetic 

induction could be used instead of hot gases when heating the spheres inside the pebble-bed 

heater. This would achieve longer run times at a consistent high temperature during nuclear 

engine testing. Secondly, a dimensionless analysis would be performed in order to predict the 

outcome of future pebble-bed heaters. Therefore, the research also included an experiment that 

demonstrates the capabilities of a small-scale magnetic induction pebble-bed heater and the 

effects of certain variables on the system. A small-scale pebble-bed heater and an induction 

heater were designed, constructed, and tested in order to analyze the system’s behavior. The 

experiment was built so that the variables could be easily monitored and varied. The pebble-bed 

heater was tested at a series of flow rates, power levels, and pebble sizes. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

A) Nuclear Thermal Propulsion 

NASA has a stated goal of sending humans beyond the moon by 2025 and sending 

humans on a roundtrip mission to Mars by 2035 [5]. With its increased thrust-to-weight ratio and 

higher specific impulse, the best option for manned missions beyond the moon is nuclear thermal 

propulsion [2]. 

When considering which engine to put on a rocket, one characteristic that is of utmost 

importance is specific impulse. Specific impulse (Isp) in a rocket engine is the ratio of thrust to 

propellant mass flow rate as seen in equation 1 [2]. Higher Isp is more desirable because the 

engine is producing more thrust and going farther for every kilogram of fuel. Therefore, an 

engine with a higher specific impulse is more efficient. In this sense, specific impulse is very 

similar to miles per gallon on a car. Current chemical rockets combust liquid hydrogen and liquid 

oxygen to generate thrust out the nozzle, and the best chemical rockets can only achieve 450 

seconds of specific impulse [2]. Newer methods of powering rockets, such as nuclear fission, are 

able to get much higher Isp. Current nuclear technology with the use of hydrogen propellant can 

achieve between 800 and 900 seconds of specific impulse, double that of a chemical rocket [3]. 

Although, research has been done into propellants for nuclear propulsion that can produce even 

higher specific impulse. The fuels are still in the process of being tested but could be ready 

before 2035 [2]. 

   [ ]  
  [ ]

  [
  

 
]
 

 

   [
 

  
]
 

In the 1950’s and 60’s several companies and agencies discovered these specific impulse 

benefits and experimented with nuclear thermal propulsion (NTP), but no agency at that time 

Eq. 1 
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succeeded in producing a space-ready, approved engine and eventually lost funding. One of the 

most successful nuclear programs was NERVA (Nuclear Engine for Rocket Vehicle 

Application), which was headed by NASA and the US Atomic Energy Commission [45]. The 

NERVA team was able to build and test a nuclear rocket engine as seen in figures 1 and 2. 

  

Figures 1 and 2. NERVA nuclear fission rocket engine and schematic. 

Credit: NASA (Public Domain) [7,36]. 

 

NER A’s engine was a nuclear fission, solid-core, flight-rated, graphite engine designed 

to provide 333 kN (74,861 lb) of thrust with an Isp of 825 seconds, and weighing 92.5 kN (20,800 

lb) [55]. The NERVA engine had a ten-hour supply of fuel and could power up and down as 

many as 60 times allowing it to conserve fuel when thrust was not needed [55]. It consisted of 

three main sections: the turbopumps, the nuclear reactor, and the nozzle (Figure 3); however, this 

discussion will focus mainly on the reactor [36]. The hydrogen would start in the storage tank, 

make its way down to cool the nozzle, proceed to the turbopumps, run through the nuclear 

fission reactor, and blast out of the nozzle, generating thrust [55]. Despite its apparent success, 

there were problems with the overall design and especially the reactor [21]. Several of the main 
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issues with the reactor were caused by high operating temperatures in a corrosive atmosphere as 

well as drastic temperature variations across the reactor [21]. This caused several reactors to fail 

in the testing process. These problems, in addition to others, led to the downfall of the project, 

and in 1972 the NERVA engine was decommissioned.  

 

Figure 3. Cut away of NERVA engine. Credit: NASA (Public Domain). [36]. 

 

There was another promising program at the same time as NERVA called Project Rover 

which existed from 1955 to 1973. The Rover team was able to run 22 full power tests for a total 

duration of 109 minutes [30]. The engine operated at a thrust of 929,678 N (209,000 lb) and a 

specific impulse just over 900 seconds with the hydrogen propellant heated to 2,533 K (4,100 °F) 

[30]. As successful as Rover was, it was forced to shut down due to the insufficient technology 

of the time and lack of funding, as was the case with NERVA. Since its closing, the facilities 

have been torn down, so very little of Project Rover remains. After NER A and Rover’s 

decommission, several companies and programs have tried to bring back the nuclear rocket 

engine program using similar technology, but none have succeeded. 

Once more, NASA is attempting to develop a nuclear rocket engine in order to meet the 

benchmark of sending a man on a roundtrip mission to Mars by 2035. NASA has asked their 

Stennis Space Center engine testing facility (Figures 4 and 5) to run and analyze the nuclear 
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rocket engine on their test stands after the engine has been constructed [48,58,59]. The engineers 

at NASA are studying the pros and cons of the NERVA and Rover programs, so that they can 

recreate and improve the nuclear engine. However, the testing process will prove to be a major 

setback because the world is much more environmentally and safety conscious than it was in the 

1950’s and 60’s. The hurdles that now have to be tackled include containing nuclear radiation, 

residual radioactivity, worker safety, environmental contamination, and nuclear security 

concerns [55]. 

  

Figures 4 and 5. Engine test stands at Stennis. Credit: NASA (Public Domain) [42,46] 

 

In a normal flight, the nuclear reactor is responsible for raising the temperature and 

pressure of the hydrogen, which will then propel the rocket. During the testing process, a nuclear 

reactor simulator (NRS) will be used to accomplish the same task in order to avoid all nuclear 

aspects, which will then eliminate radiation poisoning, contamination, and all the other negative 

effects to the environment and workers [48,58,59]. Several possible simulator devices include a 

hydrogen boiler, a plasma arc heater, and a pebble-bed heater. After a several month-long study, 

NASA Stennis decided that the pebble-bed heater would be the best option. The pebble-bed 

http://upload.wikimedia.org/wikipedia/commons/4/44/Static_Test_Firing_of_Saturn_V_S-1C_Stage_-_GPN-2000-000041.jpg
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heater (PBH) was chosen because it is capable of reaching high temperatures and pressures and 

can be easily controlled to reach a more specific temperature. 

 In order to safely and efficiently test a nuclear thermal rocket engine, the parameters listed 

below must be met by the pebble-bed heater at the interface with the engine’s nozzle [58]. The 

exact temperature, pressure, and flow rate will depend on the specific engine. 

 

 Fluid interface temperature = 1,922 – 3,033 K (3,000 – 5,000 °F) 

 Fluid interface pressure = 2,068,427 – 6,894,757 Pa (300 – 1000 psig) 

 Fluid mass flow rate = 22.68 – 68.04 kg/s (50 – 150 lbm/s) 

 

B) Pebble-Bed Heaters 

A pebble-bed heater is a large cylinder with an internal chamber, which contains a large 

number of steel or ceramic spheres called the “pebble bed” or “pebble matrix.” A pebble-bed 

heater should not be confused with a pebble-bed reactor. While the two are similar, the focus of 

the testing for NASA Stennis would involve a pebble-bed heater to avoid the nuclear aspects 

associated with a pebble-bed reactor. 

A majority of pebble-bed heaters use convection in order to raise the temperature of the 

pebble matrix and subsequently the gas or liquid run through the pebbles, as seen in figure 6. 

Several more advanced models will even incorporate an elevator system to transport the pebbles 

from the bottom to the top in order to get a more even temperature distribution [76]. The first 

part of the heating process is to run nitrogen, air, or some less expensive gas with a high 

convection heat transfer coefficient into the pebble-bed heater [25]. Then, the gas is passed 

through electric heaters or burners in order to raise the temperature of the gas [25]. The gas 
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enters at ambient temperature and can then be heated all at once or in stages to just above the 

desired overall temperature. Next, the hot gas flows through the pebble matrix for 5 to 24 hours, 

depending on the size of the pebble-bed heater, so that the temperature of each sphere inside the 

chamber is uniform throughout the matrix at the end of the time period [25]. Once the 

temperature is uniform, the first gas (“Gas 1”) is shut off. 

 

Figure 6. Schematic of a convection-heated pebble-bed heater. 

 

 Immediately after switching off the first gas, the hydrogen is pumped into the pebble-bed 

heater [25]. The hydrogen flows through the hot pebble matrix in the opposite direction as the 

previous gas and exits the heater. The exit temperature is initially at the desired temperature for 

the engine interface but will slowly decrease in temperature as the test goes on and the spheres 

cool off, so the tests should not exceed 30 seconds with this method [63]. 

NASA currently has at least two pebble-bed heaters: one at Glenn Research Center 

(GRC) and one at Stennis Space Center (SSC) [25,34,43]. The pebble-bed heater at Glenn 

Research Center was located in their wind tunnel and used high melting temperature ceramics 

instead of steel in the pebble matrix to allow for higher temperatures, since steel would melt at 
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any temperature above 1,811 K (2,800 °F) [43]. This wind tunnel facility was originally 

constructed in 1966 as the Hydrogen Heat Transfer Facility for the NERVA program and the 

development of nuclear rocket engines [43]. The pebble-bed heater was capable of heating 

hydrogen to 2,755 K (4,500 °F), until the heater was converted in 1969 to a 3 megawatt graphite 

core heater, and the building became the Hypersonic Tunnel Facility [43]. The new facility used 

the modified pebble-bed heater to heat gaseous nitrogen and then mix it with pure, clean gaseous 

oxygen to produce a very accurate air representation. Even though Glenn Research Center has 

permanently transformed their pebble-bed heater, they have still demonstrated that it is possible 

for a pebble-bed heater to reach such high temperatures. There could also be old nuclear engine 

test data from the 1960’s that would help today’s engineers produce an even more suitable 

pebble-bed heater than Glenn Research Center had created before. 

 Stennis Space Center’s pebble-bed heater is a bit smaller in size and not as powerful 

compared to Glenn Research Center’s. It has only been tested up to 978 K (1,300 °F) at 

34,473,786 Pa (5,000 psia) and is therefore insufficient for nuclear thermal engine testing [63]. 

The pebble-bed heater at Stennis currently uses steel spheres with melting temperatures around 

1,366 K (2,000 °F) and therefore would need to be modified for testing at higher temperatures. 

 If Stennis could upgrade their pebble-bed heater to the same style and specifications as 

Glenn Research Center’s heater before the modification or build an entirely new one based off of 

GRC’s, then the heater would be capable of achieving the same 2,755 K (4,500 °F) as before. 

This temperature is suitable for nuclear testing and would therefore make the pebble-bed heater 

an appropriate nuclear reactor simulator. However, even after the pebble-bed heater 

modification, the facility would still only be able to run approximately a 30 second test at these 
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high temperatures before the temperature of the spheres would begin to drastically fall off at a 

rate close to 7.22 K/s (13 °F/s) [63]. 

 In order to resolve the issue of the short run time, this study has been conducted to 

experiment with a pebble-bed heater that has its pebble matrix heated by magnetic induction 

instead of hot gases. The new design will be analyzed to see if it will be capable of reaching the 

temperatures necessary to make it an acceptable nuclear reactor simulator. Due to the nature of 

magnetic induction, the new method would allow tests to be run for extended periods of time at a 

consistent high temperature. 

 

C) Magnetic Induction Heating 

Induction heating is a non-contact, flameless process of heating a ferrous metal by 

inducing a large current on its surface, while it is inside a constantly changing electromagnetic 

field [75]. Michael Faraday first discovered this concept in 1831. He noticed that electric current 

is generated in a metal by the fluctuation of a high frequency current in another metal directly 

next to it [41]. This generated current produces heat in the metal [41]. It was later found that heat 

loss through electromagnetic induction could be transformed into productive heat energy by 

using it as an electric heating system, which became known as an induction heater. 

The process of induction heating is highly effective, because the heat is generated without 

any flame by simply inducing an electrical current on the part [26]. It was found that the amount 

of heat generated could be increased if the fluctuating high frequency current was also used to 

rapidly change a magnetic field which would create more heat due to friction at the molecular 

level [53]. Therefore, the induction heater took on the shape of a coil, so that it could both induce 
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a current and create an alternating magnetic field by putting the piece to be heated inside or near 

the coil. 

General benefits to all induction heaters include less power consumed, high efficiency, no 

moving parts, and quick response time [26]. Induction heaters can consume as little as 10 watts 

but still heat an object to several hundred Kelvin. Naturally, the heater is capable of greater 

temperatures at higher power levels. Induction heaters have contributed to society over the past 

century as engineers began to find uses for the technology including heating, melting, hardening, 

welding, and forging [75]. It was even used by the US military in World War II for hardening 

engine parts [26]. The technology is most commonly found today in the kitchen and in pipe 

welding equipment [1,60].  

By using induction heated stoves and other cooking appliances, fewer burns are possible 

in the kitchen, and therefore they are safer for everyone, especially houses with children. Since 

magnetic induction only heats ferrous metal, someone can place their hand on the stove top with 

the stove turned on and not be harmed or feel any heat [1]. Induction stoves are also highly 

efficient and heat quickly, allowing the consumer to save money and time [1,38]. The design of 

the induction stove is quite simple as well; the system is comprised of the cooking surface on 

top, the concentric spiral-wound coil in the middle, and a magnetic substrate below [38]. A pot 

with a ferrous metal bottom is merely placed on top of the stove and within a minute or two the 

pot can reach boiling temperature. Thanks to all the benefits it provides, induction stoves have 

become quite common in households around the United States. 

Over the past few decades, it has become more widely acceptable to use magnetic 

induction to weld either pipes or metal tubing together at the seam during production. After the 

metal is curled into a circular cylinder, current flows from one sliding contact along the first side 
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of a moving open pipe to the top of the pipe where the edges meet, and then the current flows 

down the other side to a second sliding contact [31]. This produces a large induced current and 

focuses all of the heat at the seam as the two edges are pressed together by rollers, solidifying the 

weld [31]. Pipes and tubes can be welded at hundreds of meters per minute using this method, 

proving that induction heaters are helpful and useful technology in this field. 

An induction heater typically consists of several main parts: a power supply to deliver 

high voltage and current, a copper or brass work coil to carry the current, and transistors to 

rapidly alternate the flow direction of the current [61]. Induction heaters can be made in a variety 

of ways to perform a specific function. They can be customized by altering the circuitry and the 

work coil’s shape for different strength levels, target areas, and work pieces to be heated. Simple 

circuits exist for low temperature induction heating below 533 K (500 °F); but if a higher 

temperature is desired, then a more intricate circuit must be used. The work coil may be wound 

several ways: a single loop, a multiple loop center-tapped solenoid, a multiple loop concentric 

spiral, or several less popular designs [35,60]. The way in which the coil is wound affects the 

size and shape of the area being heated. A single loop is better for localized heating over a small 

area. The multi-loop center-tapped solenoid design is good if a larger area needs to be affected. 

The concentric spiral work coil is best for heating metal that is completely on one side of the 

coil, which is why it is used on pots for induction cooking [38]. For this study, the focus will be 

on the multiple loop center-tapped solenoid work coil in order to have a prolonged heating effect 

and heat up more of the steel spheres, see figure 7. 
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Figure 7. Multiple loop center-tapped solenoid work coil. 

 

The induction heating process is the product of two simultaneous mechanisms: the skin 

effect and hysteresis loss [32]. For the heater to work, a source of high frequency electricity must 

send an alternating current through a solenoid coil of wire. This current will generate a strong 

magnetic field inside the coil. The strength of the magnetic field generated also increases as you 

increase the number of loops per unit length of the solenoid [64]. Any ferromagnetic metal 

object, termed “ferrous,” introduced in or around the coil will cause a change in the existing 

magnetic field [22,37]. A current is subsequently generated on the surface of the ferrous object 

called an “induced current” or “eddy current” [53]. Eddy currents will be stronger on the inside 

of the coil compared to the outside, and the eddy current will be greater the closer the ferrous 

metal is to the coil [79]. This generated current has an inverse directional relationship with the 

current going through the coil and will flow in the opposite direction as depicted in figure 8 

[6,60]. The induced current remains at the surface or “skin” of the object. This large current on 

the metal’s surface in combination with the resistance of the ferrous object produces a substantial 

amount of heat and is referred to as the skin effect [6]. 
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Figure 8. Induced current flowing in the opposite direction as the supplied current. 

 

The quantity of heat generated is dependent on and proportional to the strength and 

intensity of the magnetic field as well as the frequency of the supplied current. The skin effect 

generates more heat than the hysteresis loss, so most of the heating occurs near the surface. It is 

beneficial to have most the heating occur near the surface in the case of the pebble-bed heater, 

since the induction heater will be used to heat the gas/liquid via convection as it flows over the 

spheres. To find out how deep the bulk of heating is taking place, the skin depth can be 

calculated using equation 2. The skin depth is the thickness from the outer wall to the depth 

where 86% of the total heat generation occurs from eddy currents [60,75]. If the ratio of the work 

piece’s diameter to the reference depth is less than 4, then the process will not be very efficient 

[60]. 

  √
 

   
 

where, 

 δ = skin depth 

ω = frequency 

μ = permeability of the material 

σ = electrical conductivity of the material. 

Eq. 2 
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 Hysteresis loss is the second heating mechanism associated with magnetic induction [67]. 

With the rapidly alternating direction of the driving current through the solenoid comes a rapidly 

alternating magnetic field. This causes the ion crystals inside the ferrous metal to repeatedly 

magnetize, demagnetize, flip to align with the new polarity, and magnetize again [60]. Every 

time the crystals flip, there is a large amount of heat produced inside the metal due to the friction 

between the molecules [67]. The amount of heat produced is not quite as high as the heat 

generated from the skin effect, but it still makes a sizable difference. Depicted in figure 9, a 

hysteresis loop is a plot showing the trace of the magnetic flux of the material (B) compared to 

the magnetizing force being applied to it (H) [47]. As the magnetic field is reversed, the trace 

will go from one extreme to another in a counter-clockwise rotation. A metal with a larger area 

inside the hysteresis loop will generate more heat [6]. 

 

Figure 9. Hysteresis loop. 

 

Unfortunately, while the magnetic permeability of ferrous materials is high at ambient 

temperature, there is a temperature called the Curie temperature where steels lose their magnetic 

properties [37]. For most grades of steel the Curie temperature is around 1,033 K (1,400 °F) 

[3,6]. Therefore heating above 1,033 K (1,400 °F) with an induction heater is possible, but it is 
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more difficult, since it must be accomplished with the skin effect alone after this point. To 

accomplish this, the amount of current supplied and consequently induced would have to be 

drastically increased once the steel reaches the Curie temperature to make any difference. 

Evidence has been found of at least two previous magnetic induction pebble-bed heaters, 

proving that it can be done. Both devices were even similar in size to the one built in this 

experiment [9,78]. The first was built by a group in 2011 using a 200 kilowatt induction heater to 

heat three centimeter diameter pebbles, which would in turn heat the salt surrounding the pebbles 

[78]. The salt would function as a coolant to take away some of the heat [78]. It was being used 

to simulate the cooling process of the pebble core region of the high-temperature pebble-bed 

reactor at The University of California. The induction heater in their experiment was much more 

powerful than the heater built for this study. There were no results published in the report 

describing numerically or graphically the temperature to which the heater was able to achieve, 

and no dimensionless analysis was performed. 

 The second magnetic induction pebble-bed heater was mentioned in a 2011 report by a 

different group from the Science and Technology Facilities Council [9]. The researchers were 

testing the cooling rate of a solid target versus one that has a packed pebble bed on the inside [9]. 

The targets would be heated by induction and then cooled by flowing air/helium through the 

packed bed or around the solid target. They were successful in proving that a packed bed object 

would cool faster than a solid target of the same size, since the air could affect more of the 

surface area [9]. The report included several computational models of the air flow and 

temperature throughout the heated objects but still no dimensionless analysis. 
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While both of these reports dealt with a magnetic induction pebble-bed heater, neither 

demonstrated how the temperature would be affected under different conditions or the 

relationship between various dimensionless numbers. 
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CHAPTER 3 

EXPERIMENT APPROACH 

A) Designing the Pebble-Bed Heater 

In February 2013, the idea to use a magnetic induction pebble-bed heater for the nuclear 

rocket program was first considered. The idea was that the metal spheres in the pebble matrix 

could be heated using electromagnetics instead of hot gases. To test this theory, research would 

have to be done on the limitations of this method, and a pebble-bed heater would have to be built 

and experimented on. A full-size pebble-bed heater can be anywhere from 3 to 7 meters (10 to 20 

feet) tall, so it was deemed more practical with respect to cost, time, and space to design a small-

scale pebble-bed heater. The device would be half a meter tall with the heating chamber being 

15.24 cm (6”) long. 

Since the device would not be very tall, and the capabilities of the induction heater were 

unknown at the time, it was decided that the pebble holding chamber should not be very wide. 

The idea of a 5.08 cm (2”) diameter was thrown around and strongly considered, but in the end a 

2.54 cm (1”) diameter pipe was determined to be more suitable to allow the magnetic field 

density to be twice as large so as to achieve higher temperatures. 

The chamber material had to be non-ferrous, so that the induction heater coil, which 

would be wrapped around it, would only affect the pebbles inside and not waste heat on the 

chamber. After some research, several common materials were found to be non-ferrous that 

could work for this experiment including aluminum, brass, and copper [15]. Copper and brass 

were chosen over aluminum, since they were stronger than aluminum. Copper won out because 

while a majority of brass does not contain iron, there are several versions of brass which contain 

slight traces of iron and therefore would be affected by the induction heater if the wrong version 
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was purchased [65]. Even though copper was the most expensive and heaviest of the three, it 

would prove to be the most suitable choice initially. Once the diameter, length, and material had 

been determined, the 2.54 cm (1”) copper pipe for the experiment, pictured in figure 10, could be 

purchased from www.plumingsupply.com [56]. 

 

Figure 10. 2.54 cm (1”) diameter, rigid, type L, copper pipe. 

 

In addition to the central pebble chamber, the device would need a way to measure the 

temperature and pressure both before and after the heat was applied in order to calculate the 

difference. Therefore, copper disk spacers would need to be inserted above and below the pebble 

matrix pipe segment. The spacers would need a way to attach to the central chamber, so the 

copper pipe now required a copper flange on either end as shown in figure 11. The flanges 

should have several holes for bolts to pass through, which would eventually secure the spacers to 

the flange. The spacers were designed so that fittings for a differential pressure transducer’s tube 

and a thermocouple probe could be screwed into the outside wall of each spacer without any air 

leaks. This would mean that the on-campus machine shop would have to drill out the holes and 

grooves in the curved side wall necessary for these two fittings. In addition to the holes for the 

fittings, the machine shop would also need to cut out the 2.54 cm (1”) diameter hole in the center 

for the fluid to flow through and the multiple holes for the bolts to pass through the spacer. The 
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copper disks should have the same diameter as the flanges and be 2.54 cm (1”) thick to allow 

enough space to make the holes in the side wall and have a little extra room left over. The copper 

flanges would come from Grainger, and the copper material for the spacers was taken care of by 

the machine shop [27]. The flanges that were purchased were 10.8 cm (4.25”) in diameter with 

four 1.588 cm (5/8”) holes equally spaced 90° apart for the bolts. The copper from the machine 

shop was 10.16 cm (4”) in diameter, since 10.8 cm (4.25”) could not be found. 

 

Figure 11. Copper flange-pipe-flange assembly. 

 

For the design of the pebble-bed heater experiment, it was determined that it would be 

best to do the test trials using only gas so as to avoid any possible electrical shock or shorts from 

a spilled or leaking liquid. Pebble-bed heaters are perfectly capable of heating and containing 

liquids; this was merely a precaution to avoid major setbacks. Air was chosen as the medium that 

was to be heated, since it has consistent properties, is free, and is readily available. 

In the lab there was an air pump (Figure 12), which could supply up to 20 liters per 

minute of air (LPM) and had the fittings to connect to 0.635 cm (1/4”) tubing, making it an 

excellent candidate for the experiment. Therefore, 0.635 cm (1/4”) outer diameter was the size 
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for all air tubing to and from the pebble-bed heater. Conveniently, the lab also already had 0.635 

cm (1/4”) low-density polyethylene clear tubing, which worked perfectly for the experiment 

because of its size, flexibility, and ability to withstand the hot air exiting the pebble-bed heater. 

 

Figure 12. Air pump used in the experiment. 

 

Before the air can reach the inlet to the pebble-bed heater, it needed to have several 

safety, control, and measurement devices. First, the pump did not have an on/off switch, so the 

system needed an easy-shut-off ball valve (Figure 13) in case the air supply needed to be stopped 

at any time. Secondly, there had to be a needle valve (Figure 14) to control the amount of air 

flow with changes in small increments to reach a precise flow rate as this would be one of the 

three main variables in the study. Finally, a flow meter (Figure 15) would have to be installed 

downstream of both valves to monitor the volumetric flow rate of the air entering the heater. The 

needle valve and ball valve were purchased from Swagelok, and the flow meter was already in 

the lab [69,70]. The flow meter could be recalibrated easily to define zero flow and even be 

programmed to measure the volumetric flow rate of several different gases, but for this 

experiment it was only set to measure air. 
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Figures 13, 14, 15. Ball valve, needle valve, and flow meter. 

 

For each tubing connection to the air pump, valve, flow meter, or the main device there 

would need to be a female fitting that could attach to the tube, secure the tube to its target, and 

make an air-tight seal. Swagelok had female 0.635 cm (1/4”) tube fittings that would be screwed 

on to the end of each piece of tubing, so that it could mate with any of the previously mentioned 

connections. These fittings came in brass and stainless steel, so either brass or stainless steel was 

used depending on what metal the particular tube was connecting to. 

The air would need to be sent through the heater vertically from bottom to top. For air, if 

the flow entered from the top, then the mixed convection would be affected and the net velocity 

decreased. The heat escaping the pebbles would rise and slow the flow of the fluid. For liquid, if 

the heater was run horizontally, then the liquid would only run through the lower half of the 

pebbles. Therefore, the heater would be built vertically with the air entering the base, so that this 

device could be experimented with liquids in the future without any modifications. 

Now that the air has been supplied, all tubing connected, and the speed regulated, it can 

enter the base of the pebble-bed heater. For this connection to exist, another copper disk would 

have to be made by the machine shop for the very top and the very bottom of the pebble-bed 

heater in order to provide a means of screwing in a fitting on both ends to connect the air tubing 

with the heater’s inlet and exit. The fitting on both ends would need a simple 0.635 cm (1/4”) 
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brass male to female fitting. The male side would have NPT (National Pipe Thread) threading so 

as to achieve a more air-tight seal against the copper disk, and the other side of the fitting would 

be equipped to screw into the 0.635 cm (1/4”) female fitting on the end of the tube. The end disk 

would be 2.54 cm (1”) thick and have the 0.635 cm (1/4”) NPT threaded hole cut out on one side 

1.27 cm (1/2”) through and then a straight hole would be made the rest of the way. The disk 

would also need the four holes 90° apart for the bolts to secure the end piece to the rest of the 

device. Figures 16 and 17 show the design of the end disk that the machine shop was to follow 

when tooling the copper. The two brass fittings were ordered from Swagelok, and the 10.16 cm 

(4”) copper material was purchased by the machine shop [72]. 

Since the air tubing entering the base had a 0.635 cm (1/4”) diameter, and the pebble 

chamber surrounded by the work coil was 2.54 cm (1”), something would have to be added on 

the front end of the heater in between the two to normalize the flow and make it more uniform 

over the cross-section before the air reached the pebble bed. This addition would need to be 

placed after the bottom disk where the air entered and before the first disk containing the two 

measuring instruments. To best break up and normalize the flow upon entry, a wad of metal 

  

Figures 16 and 17. The design for the copper end disk spacers. 
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wool (Figure 18) inside a short pipe segment seemed to be the best option. The pipe would again 

be 2.54 cm (1”) copper pipe and have a copper flange on either end to connect to both copper 

disks. To be consistent, it was decided that there should also be a metal wool pipe segment after 

the heating process, so that the air would flow past the second set of instruments in the same way 

as the first. The copper pipe and flanges were purchased in the same shipment mentioned 

previously, and the bronze wool was found at Home Depot [29]. Since the holes in the flanges 

were 1.588 cm (5/8”) in diameter, and there were now four sets of four bolts needed for the 

flanges and copper disks; sixteen 1.588 cm (5/8”) diameter, 5.08 cm (2”) long bolts were also 

ordered from Home Depot along with the bronze wool from earlier and the nuts to go with the 

bolts. 

 

Figure 18. Bronze wool for normalizing the flow of air. 

 

For the steel balls that would make up the pebble matrix, several different sizes would be 

considered, since it was decided that the pebble size would be one of the variables in the 

experiment. The difference in pebble size would reveal if the volume or surface area of metal 

played a role in the exit temperature of the air. First, in order to get more heat out of the steel 
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balls, carbon steel was chosen over stainless steel as the material. Carbon steel and stainless steel 

are both comprised of mainly carbon, iron, and several trace amounts of other materials. 

However, stainless steel’s iron content is closer to 50%, where as carbon steel can have as much 

as 98% iron. Since carbon steel has more iron, it would be more affected by the hysteresis loss 

effect. The pipe segment would only be 2.54 cm (1”) wide, so carbon steel balls smaller than 

1.27 cm (1/2”) were considered. In order to get a large enough number of pebbles, 0.635 cm 

(1/4”), 0.476 cm (3/16”), and 0.318 cm (1/8”) were chosen for the three sizes, and the difference 

between the spheres can be seen in figure 19. Carbon steel ball bearings were available in the 

desired sizes, so the three sets of ball bearings were purchased from MSC Industrial Supply [40]. 

As the diameter of the balls decreases, more balls would be needed to fill the same space; 

therefore, the number of ball bearings which was ordered increased as the diameter decreased: 

500 of the 0.635 cm (1/4"), 1000 of the 0.476 cm (3/16”), and 2,500 of the 0.318 cm (1/8”). 

 

Figure 19. Carbon steel ball bearings: 0.635 cm (1/4"), 0.476 cm (3/16”), 0.318 cm (1/8”). 

 

Once the steel ball selection had been made, it was decided that there would have to be a 

wire grate or wire mesh before and after each segment to prevent the steel balls and even the 

wire wool from moving between the sections of the pebble-bed heater. The wire mesh would still 
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allow the air to flow through unobstructed. It had to be strong enough to support the weight of 

the pebbles and have small enough holes so that the 0.318 cm (1/8”) balls could not slip through. 

After searching several stores, some aluminum wire mesh (Figure 20) was found at Hobby 

Lobby with 0.159 cm (1/16”) holes that were small enough to not let anything but air pass 

through [28]. 

Two thermocouples would be needed for the experiment; one above and one below the 

pebble matrix. As mentioned previously, the thermocouples would come in through the side of 

the middle copper spacers and be held by brass fittings. Thermocouples come in several different 

models or “types”; each type is capable of reading different temperature ranges and serving 

 

Figure 20. Aluminum wire mesh with 0.159 cm (1/16”) holes. 

 

unique functions. Originally, K-type was considered, since it had the most favorable temperature 

range for the experiment, capable of reading up to 1,523 K (2,282 °F). Once it was learned that 

K-type thermocouples did not function inside magnetic fields, they could no longer be used [50]. 

Instead, T-type thermocouples (Figure 21) were found to be a suitable substitute. T-type could 

only read up to 623 K (662 °F) but were unaffected by magnetic fields, so they were the best 

option for the small-scale testing in which temperatures were not going to be close to the 

maximum reading temperature [50]. Using Omega’s selection guide to choose the proper 
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thermocouple, two T-type thermocouples were purchased [51]. In order to reach the center of the 

air flow, the thermocouple should have at least a 15.24 cm (6”) long probe. The two 

thermocouple fittings would come from Swagelok. The fittings needed male NPT threading on 

one end to securely fasten to the copper disk, a female connection on the other end to secure the 

thermocouple, and the interior to be “bored through” so that the thermocouple could pass 

through the fitting [71]. 

 

Figure 21. T-type thermocouple with 15.24 cm (6”) probe. 

 

In order to read the temperature value from the thermocouple, the millivolts could be read 

from the two wires coming out of the instrument using a digital multimeter (DMM). The voltage 

would then be converted to a temperature using the T-type thermocouple reference tables [52]. 

The thermocouple’s wires could also simply be hooked up to a thermocouple reader, which 

would take care of all conversions and display the temperature value. To avoid the hassle, time, 

and potential error from the conversion technique, the thermocouple reader method was chosen. 

The lab owned several thermocouple readers with different capabilities. The reader selected for 

the experiment, which can be seen in figure 22, had the ability to measure up to 10 

thermocouples, read different “types” of thermocouples, and calibrate using an ice bath. 
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Figure 22. Thermocouple reader. 

 In addition to temperature, the pressure difference was also to be measured. To 

accomplish this, a differential pressure transducer (DPT) was to be used. The lab owned the DPT 

in figure 23, which was capable of measuring changes in air pressure. It had a port on either end 

to which a pipe or tube could be attached. This DPT would need to have some of the 0.635 cm 

(1/4") low-density polyethylene clear air tubing attached to each of the two ports—one to 

measure the higher pressure and one for the lower. The lower temperature port would connect to 

the spacer before the heating, and the higher temperature port would connect to the spacer after 

the heating, since the pressure would increase as temperature increased. At each connection to a 

spacer, there would be another bored-through, male NPT threaded fitting to allow the tubing to 

pass through the fitting and read from the middle of the flow [73]. In order to read the difference 

in pressure, a digital multimeter would have to clip onto the two output wires of the DPT. Next, 

the displayed voltage on the multimeter would be converted to difference in pressure in units of 

Pascals (Pa=N/m
2
) using equation 3, which was derived from the instrument’s user manual [49]. 

   [  ]          [
  

 
]     [ ]     Eq. 3 
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Figure 23. Differential pressure transducer with DMM clips attached to output. 

 

After both the pebble-bed heater and induction heater had been built, an issue arose with 

the copper pipe center section. The induction heater would short out every time the copper work 

coil touched the copper pipe or any metal object. To resolve this insulation problem, the pebble 

chamber and its two flanges would no longer be made out of copper and instead were designed 

as one solid unit in Solidworks as seen in figure 24. Proper thickness was given to the pipe walls, 

so the material was sturdy and strong enough to support the load of weight above it. The design 

of the printed piece would be the exact same dimensions as the copper version, except that it 

would be made as one solid piece to minimize the possibility of air leaks and weak points. Three 

of these units were successfully printed using ABS plastic material at The University of 

Alabama’s 3D Printing Lab. The main disadvantage of the ABS plastic is that it transitions from 

a hard plastic to a rubbery plastic at 377 K (219 °F), which means that high temperatures cannot 

be achieved with this part as the pebble chamber [68]. This was intended to be a temporary fix, 

so that experiments could be run, not a permanent solution to the magnetic induction pebble-bed 

heater. The permanent solution is covered in the Discussion section later in this paper. 
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Figure 24. Solidworks drawing of pipe and flange assembly. 

Finally, after designing and giving careful consideration to each aspect of the pebble-bed 

heater and having acquired all the parts and tools necessary, the construction of the pebble-bed 

heater could begin. The pneumatic schematic of the system can be seen in figure 25. 

 

Figure 25. Schematic of the pebble-bed heater experiment. 

 

B) Constructing the Pebble-Bed Heater 

Before construction could begin, the two copper flange-pipe-flange sections for the wire 

wool needed to be sweated together by The University of Alabama’s machine shop. The 

sweating process would not only secure the pipe to the two flanges, but it would also make the 

connection air-tight. 
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For the next step of the preparation process, the aluminum mesh was cut to make six 

different circles that were slightly larger than the 2.54 cm (1”) hole. Then, six cardboard cutouts 

had to be made. The cardboard would act as a washer preventing air from leaking out of the gap 

made by the thin wire mesh as well as a means of securing the aluminum mesh circles to the 

different parts of the assembly. The cardboard was cut the same way as the flange. It had a 2.54 

cm (1”) hole in the center, 10.8 cm (4.25”) outer diameter, and four equidistant 1.588 cm (5/8”) 

holes for the bolts. Using cyanoacrylate (Krazy Glue), each piece of aluminum mesh was 

adhered over the center hole in each of the cardboard cutouts. 

With all parts in hand and all preparation work finished, the heater construction began at 

the start with the air pump. The air pump did not require any assembly or wiring, but it did need 

to be secured to the table, since it would vibrate and move while turned on. The air pump had 

holes in its legs that would allow it to be screwed down; however, the spacing of the screw holes 

did not fit with the table that the experiment was being conducted on. Therefore, the air pump 

was kept in place by putting tape underneath it. 

Seven pieces of air tubing were then cut and female fittings secured to each end. Three 

short pieces were cut to be less than 15.24 cm (6”) long, three medium pieces were cut to be 

about 30.48 cm (1’) long, and one long segment was made to be almost 60.96 cm (2’) long. With 

the first short piece, one end was tightened onto the air pump’s exit, and the other was attached 

to the ball valve. Plumbing tape was used on every fitting connection in the entire setup to ensure 

that air could not easily escape through the grooves. Another short piece of tubing was placed 

between the ball valve and the needle valve, and the third was fastened between the needle valve 

and the flow meter. The long cut of tubing connected the flow meter to the fitting at the base 

entrance of the pebble-bed heater. Finally, a piece of padding was placed under the ball valve 
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and needle valve to reduce vibration noise caused by the air pump. Figure 26 shows the entire 

initial configuration prior to the pebble-bed heater. 

 

Figure 26. Experiment configuration from air pump to flow meter. 

 

The fitting at the base was screwed into the NPT threaded hole on the underside of the 

bottom copper disk. Next, the copper pipe with the metal wool was to be installed to help make 

the flow uniform. A small wad of the bronze wool was stuffed inside one of the small flange-

pipe-flange sections but not compacted enough to restrict airflow. A piece of aluminum mesh 

and cardboard was adhered to the outer side of each flange preventing the wool from interfering 

with other parts of the heater. One of the flanges was then secured to the copper base using four 

of the bolts. The progress can be seen in figure 27. 

 

Figure 27. Construction up to the first pipe section. 
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 Next, the first middle copper spacer would be installed. In addition to simply being 

placed atop the flange, the first thermocouple probe and low-pressure DPT tube needed to be 

installed in the side. After being wrapped with plumbing tape, the thermocouple and tube fittings 

were tightened into the side wall. The thermocouple probe was pushed through the fitting and 

fastened to the fitting once the probe was in the center of the inner 2.54 cm (1”) hole. The same 

process was done for the DPT tubing after two of the medium length tubing sections were fixed 

to either port on the DPT. Both fittings are shown in figures 28 and 29. 

 

  

Figures 28 and 29. Thermocouple probe and DPT tube attached to the copper spacer. 

 

 After everything had been attached to the first disk, the 3D-printed, ABS plastic center 

section would follow. Another aluminum mesh and cardboard part was glued to the base of the 

plastic pipe, so that the ball bearings would not fall out of the bottom. The first set of ball 

bearings loaded into the pebble chamber was the 0.635 cm (1/4”) carbon steel balls. The ball 

bearings were counted as they were loaded into the pipe, and it took 300 of the 0.635 cm (1/4") 

size to fill the 15.24 cm (6”) long pipe. Once full, the chamber was bolted to the disk and bronze 

wool pipe section below. Figure 30 shows the development of the experiment up until this stage. 
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Figure 30. Construction up to the main center chamber. 

The fourth cardboard cutout was then attached to the under-side of the second copper 

disk instead of the top of the 3D printed pipe, so that the ball bearings could be emptied and 

filled. The two fittings were tightened into the second middle disk, and then the second 

thermocouple probe and high-pressure DPT tube were attached in the same way as before in 

order to read from the middle of the 2.54 cm (1”) hole where the air would be flowing. 

 The second wad of bronze wool was stuffed inside the remaining short copper pipe, and 

then the last two cardboard and aluminum mesh pieces were adhered to the outer side of each 

flange to contain the bronze wool. One of the copper flanges was then bolted to the copper disk 

and plastic flange. 

 For the final part of the main pebble-bed heater construction process, the second outer 

copper disk was placed atop the remaining flange, and the last set of four bolts tightened them 

together. A 0.635 cm (1/4") tube fitting with NPT threads was screwed into the hole on the top of 

the disk, so that the third medium length piece of air tubing that was cut in the beginning could 

be attached to the exit of the pebble-bed heater. The exit hose was necessary, so that hot air was 

not leaving the system in an uncontrolled manner. The air could now be directed to a safe area. 
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In the event that a liquid is used instead of a gas in future testing, this would also provide a 

means of depositing the liquid into a bucket or sink. 

 Once the heater was finished being built, it needed a way to stand vertically and not be 

knocked over easily. The lab had a large collection of extruded aluminum frame pieces and 

connectors, so a stand would be made out of that to hold the heater vertically [80]. The rods are 

square 2.54 cm (1”) by 2.54 cm (1”) rods of various lengths. The pieces can be attached to each 

other easily in any direction using only the supplied joints, fasteners, and an allen wrench 

making it ideal for creating a customized stand. The base of the heater needed to be about 5.08 

cm (2”) off of the ground, so that the air tube and fitting would have enough room to come up 

and enter the bottom. The rods were spread wide at the base to prevent tipping. Then, a second 

layer perpendicular to the first was set closer to the center for the heater to rest on.  The gap 

between the two rods was barely wide enough for the bolts at the base to fit between. A third 

layer was set perpendicular to the second layer—parallel to the first—with the rods 10.16 cm 

(4”) apart, so that the device would have a very tight fit to keep it from wobbling. Then, several 

longer rods were stood vertically at the four corners and connected to one another, so that the 

pebble-bed heater could not easily be hit and knocked over. The vertical stand and pebble-bed 

heater were now complete as seen in figure 31 with only a few minor steps left. 

In addition to the main construction, the thermocouple reader and differential pressure 

transducer needed to be set up. The thermocouple reader had the ability to measure up to 10 

different probes, so there were 10 locations for thermocouples to attach in the rear. The two 

copper-constantan thermocouple wires were screwed into the first two ports of the device as seen 

in figure 32. The #1 thermocouple was the upstream probe before the matrix, and the #2 
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Figure 31. Completed stand and pebble-bed heater. 

 

thermocouple was the probe after the heating had taken place. Once the instruments were 

connected to the machine, the probes were submerged in an ice bath for ten minutes in order to 

calibrate the device to 273 K (32 °F). After calibration, the probes were reconnected to their 

respective places in the pebble-bed heater. 

 

Figure 32. Rear of thermocouple reader with thermocouples connected to ports 1 and 2. 
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The differential pressure transducer required some wiring before it could be used. The lid 

was unscrewed, and a 250 ohm resistor was added between terminals 2 and 3 as shown in figures 

33 and 34, so that the device would output the pressure reading in volts instead of amps. The 250 

ohms was reached using four 100 ohm resistors in a combination of series and parallel. To 

calibrate the DPT, both the high pressure and low pressure ends were stopped up, so the pressure 

would be the same on either end with no velocity or temperature difference. Once the pressure 

difference was zero, the calibration potentiometer on the far left side of the DPT was twisted 

until the output read 1 volt (1 V = 0 Pa, see equation 3). The lid was re-attached, and the tubes 

were placed back inside the heater. 

A complete step-by-step process of the construction is pictured in the Appendix. The 

pebble-bed heater portion of construction was now fully complete, and the induction heater 

design process could begin. 

 

  

Figures 33 and 34. The internal wiring and wiring diagram of the DPT. 

 

C) Designing the Induction Heater 

The design of the magnetic induction heater in the experiment began with finding a 

practical schematic. The wiring design had to be powerful enough to provide the necessary heat, 

250 ohm resistor 
                                

Calibration Potentiometer 
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but not so complex that it could not be easily reproduced. The schematic chosen for the pebble-

bed heater would come from www.RMCybernetics.com [61]. The design was very simple yet 

powerful and only required nine main parts along with a power supply unit. The schematic was 

modified to add more detail and can be seen in figure 35. This circuit is called a collector 

resonance oscillator circuit. It is both simple and self-resonating, so it will automatically run at 

the resonant frequency determined by the capacitors and work coil [61]. While this circuit was 

practical for a small-scale, low temperature test, it would not be suitable for a bigger scale with 

larger amounts of metal or if a temperature above 533 K (500 °F) was desired. 

 

Figure 35. Schematic of the induction heater used in this experiment. 

 

 The first major component was a DC power supply unit. The power supply needed to be 

capable of providing up to 15 volts and 5 amps and delivering a large surge of current at start up. 

In addition, the voltage and current level had to be easily adjustable, since the amount of power 

delivered to the coil would be the third variable in this study. There were a number of available 

power supply units in the lab. Although, several devices were incapable of being adjusted, some 
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lacked a display, and others did not deliver a high enough voltage. The one shown in figure 36 

was capable of meeting all the needs and therefore chosen for the experiment. 

 The next aspect of the design process was determining the specific electrical components 

necessary to create the induction heater as these details were not included in the original 

schematic. The parts included a work coil, a choke inductor, six capacitors, two resistors, two 

diodes, and two transistors. 

 

 

Figure 36. DC power supply with electronic display and adjustable voltage. 

 

The coil for this schematic was required to be a solenoid with a center tap—a location for 

current to enter at the middle of the solenoid. Different coils were considered and tested to find 

the best fit. The solenoid would need to be made of a conductive material that was thick enough 

to handle the large amounts of current. This meant that the coil could either be a thick wire or a 

small pipe, and the material would be brass or copper. Brass was dismissed once it was found to 

deform at high temperatures, which meant copper was to be the solenoid material [61]. Soft 

copper pipe worked quite well as a work coil. It was easy enough to bend and wind into shape so 
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that it had the desired inner diameter to fit around the pipe. The pipe was able to withstand high 

frequency currents better than a wire, as the current would flow around the outside of the pipe 

instead of building up a resistance. If cool water was run through the center of the pipe, then it 

could tolerate even higher power levels and temperatures. 

Unfortunately, the only soft copper pipe found was uninsulated and the circuit would 

short if any metal touched the coil, so a thick, insulated, copper wire was the final solution. 

While the wire would be thinner than the pipe and unable to carry as high of a current, it would 

allow the solenoid to have more turns per unit length, which would increase the density of the 

magnetic field. Using a wire selection guide, gauge 12 wire was chosen, since it could handle the 

5 amp current for a longer distance than was necessary and was still easy enough to bend into 

shape [23]. The gauge 12, copper, solid-core wire for the solenoid was cut in a 6.096 m (20’) 

long segment from the lab. 

 The current would first be supplied to the solenoid at its center, but before the current 

could reach the center tap of the solenoid, it must pass through an inductor, referred to as a 

“choke inductor.” Choke inductors range from less than one microhenry (µH) to several hundred 

millihenries. Its purposes include preventing the high frequency oscillations from entering the 

power supply and keeping the current at a reasonable level [61]. The choke inductor will 

therefore increase the lifespan of the system and reduce maintenance. Just like the work coil, the 

choke inductor would need to be made of a thick enough gauge wire to handle the high levels of 

current being supplied to the solenoid. Another factor to consider is that in an induction heater 

system, the choke inductor needs to have a reasonably high inductance of several hundred 

microhenries to block the high frequency oscillations, so a 500 µH choke inductor made of thick 

wire was purchased from Mouser Electronics and can be seen in figure 37 [39]. 
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Figure 37. 500 µH choke inductor. 

 Looking at the schematic, there is a capacitor in parallel with the work coil creating a 

resonant tank circuit thus generating a resonant frequency within the system. Instead of having 

one large capacitor, it would be better to distribute the current and heat among more capacitors, 

so that, as a whole, the capacitors could handle a higher power level and be less likely to fail. 

Therefore, six 330 nanofarad (nF) capacitors were combined in parallel to each other and with 

the solenoid to reach 1.98 microfarads, which would reduce the resonant frequency to a safe 

level (21.74 kHz) according to RMCybernetics [61]. After searching online, 1 kV, 330 nF, 

polypropylene capacitors were found from Digikey (Figure 38) [13]. 

 

Figure 38. Six 330 nF capacitors combined in parallel with each other and the work coil. 
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 The voltage and current also enter the circuit through two resistors. Their resistance 

determines how quickly the transistors will turn on and should therefore be a relatively low 

amount. Although, if the resistance is too low, the resistor would be pulled to ground by the 

diode when the opposite transistor is active, so the resistance should be lower than 500 ohms but 

not below 100 ohms [61]. 240 ohms was determined to be a safe value, and the appropriate 

resistors were purchased from www.RMCybernetics.com [62]. 

 The two diodes in the circuit are responsible for discharging a transistor, while the other 

transistor is activated. In order to drain the transistor quickly and completely, the diode selected 

should have a low forward voltage drop and a quick response time. The diode should also be able 

to handle high surges of voltage and prevent a reverse flow of voltage. Schottky diodes were 

considered, since they are known for having a low forward voltage drop and rapid switching 

speed [24]. More specifically though, a Schottky rectifier diode was chosen for the circuit, since 

it was better equipped to prevent reverse voltage flow than a standard Schottky diode [24]. The 

rectifier diodes were purchased from Digikey [11]. 

 The final electrical element to the circuit was the transistors. The two transistors would 

be activated by their resistors and drained by the diodes, and the transistors themselves would be 

responsible for alternating the flow direction of current in the work coil. The specific transistor 

model chosen would need to be capable of functioning at the frequency determined by the 

capacitors and be rated for at least five times the voltage and current that the circuit will be 

supplied with. MOSFETs (Metal-Oxide Semiconductor Field-Effect Transistor) were chosen due 

to their low drain-source resistance and fast response time [74]. This would allow them to both 

drain and turn on/off quickly. A large number of these transistors would need to be ordered, 
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since they are the piece that short circuits easily. They would burn up if anything was wrong with 

the circuit or if any metal touched an uninsulated part of the work coil. The transistors can also 

decline in performance after twenty to thirty hours of use and would eventually need to be 

replaced. The MOSFETs were ordered from Digikey along with the diodes and capacitors [12].  

 Since the MOSFETs were likely to get warm during testing due to the long tests and the 

high operating frequency, it was necessary to get a heat sink for each transistor. The transistors 

had a hole in them for a small screw, so the heat sinks needed to have a small hole of the same 

size. As shown in figure 39, this would hold the transistor to the heat sink for a good connection, 

allowing the heat to easily transition to the heat sink. A suitable heat sink was found on Digikey, 

and one was purchased for each transistor [14]. 

 

Figure 39. MOSFET and heat sink. 

 

 Typically, a solderless breadboard would be used to hold the circuit and connect the 

pieces to one another. Since the circuit would be using up to 5 amps and the lab only had 

breadboards capable of handling up to 1 amp, the circuit would have to be built as a floating 

circuit. This meant that the wires, resistors, diodes, etc. would not be plugged into anything. The 
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wires would simply be twisted or soldered to one another. To make the floating circuit somewhat 

more secure, 10 amp alligator clips and several plastic twist nuts were used to help with 

connections. 

 

D) Constructing the Induction Heater 

The work coil took several attempts before a suitable center-tapped solenoid was made. 

The first efforts involved a 0.847 cm (1/3”) soft copper pipe and then the 12 gauge wire. The first 

attempt with the pipe was a failure, but the second solenoid was made as one solid unit and 

several turns longer than the first. The pipe was easy enough to bend into shape around the outer 

diameter of the pebble chamber. The wire connecting the solenoid to the choke inductor could 

either wrap around a point at the center of the coil or be soldered to the same point. Soldering 

was not as easy on the pipe, so a ring of solder was made around the pipe. Next, the wire from 

the choke inductor was inserted into the solder. The end result, seen in figure 40, was a success 

and would have been used in the final experiment if it had been better insulated. If the copper 

coil ever touched a piece of metal while the power supply was on, the transistors would burn up 

and need to be replaced. 

 

Figure 40. Solenoid made from copper pipe. 
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Finally, the 12 gauge solid-core wire was used to make the solenoid for the induction 

heater. The 6.096 m (20’) long section was wound 35 times around the center section of the 

pebble-bed heater with a final coil length of close to 12.7 cm (5”). The end result is pictured in 

figure 41. There was enough leftover wire on either end to extend down to the surface near the 

circuit so that the wires could eventually be attached to the capacitors. Since the center pipe 

would need to be removed from time to time to change out the ball bearings, there could not be 

any permanent connections to the induction heater circuit. Therefore, alligator clips were put on 

either end of the wire used to make the solenoid, so it could easily be detached and re-attached. 

Using a scalpel, a slit was cut in the wire’s insulation half of the way down the solenoid, so that a 

connection could be made for the center tap. 

A 10 amp alligator clip was fixed to either end of two short pieces of 12 gauge wire. For 

the first wire, a clip was attached to the incision made in the induction coil, while the other was 

clamped to one end of the choke inductor. The second wire was used to connect the other end of 

the choke inductor to the output of the power supply unit. 

 

Figure 41. The final coil for the induction heater. 
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 The next step was to install the capacitors. For best results, the capacitors should be 

placed as close as possible to the solenoid. In order to secure each of the six capacitors to either 

end of the coil’s wire, a short segment of 12 gauge, multi-strand wire was used. Since the wire 

was multi-stranded, the legs of the capacitors could easily be run directly through the middle of 

the wire, wrapped around, and soldered for a permanent connection. This was done for each of 

the capacitors until all six were in parallel. In order to give the clips from the solenoid a good 

grasp on the multi-strand wire, the end of both multi-strand wires going to the coil were covered 

in soldered. Alligator clips were attached to the other ends of the wires going towards the circuit. 

 Before the circuit could be built, some research into MOSFETs had to be conducted. The 

MOSFETs had three legs called the gate, source, and drain. If looking from the front side, the 

gate was on the left, drain in the middle, and the source on the right for the particular MOSFETs 

purchased [66]. If the transistor was “On,” then the voltage would enter the gate, opening a 

connection between the drain and source. This connection would provide a pathway for the 

voltage from the work coil and the voltage intended for the “Off” transistor to be grounded [74]. 

The transistors would then flip roles; the transistor that was “Off” was now “On” and vice versa. 

This would cause the opposite transistor to act as the ground for the work coil compared to 

before reversing the direction of the current and the magnetic field. This process would happen 

as many times per second as the frequency of the resonant tank circuit.  

 Before any wiring took place, the MOSFETs were first fixed to their heat sinks using a 

small screw and nut. A wire was then soldered to each of the three legs to give it additional 

length. A cable was run from the output of the power supply to a wire, which was connected to 

the two resistors by a twist nut. The other end of each resistor was then connected to both the 
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upstream side of a diode and the gate of a MOSFET using a twist nut. The downstream side of 

each diode was then connected to the drain of the opposite MOSFET. The source legs of each 

MOSFET were connected to each other with a twist nut and then connected to the ground of the 

power supply by a cable. Finally, an alligator clip coming from each capacitor wire was clamped 

to the downstream side of one of the diodes. Without a breadboard and with so many junctions, 

the end result of the circuit was a bit clustered, as seen in figures 42 and 43, but functioned 

perfectly. 

  

Figures 42 and 43. Induction heater circuit and wiring. 

 

 To verify that the induction heater was functioning, a screw driver was inserted inside the 

solenoid for 30 seconds. After removing the screwdriver, the temperature was measured using an 

infrared thermometer, and it was found to be over 366 K (200 °F). A paper clip was then entered 

into the same magnetic field was close to 478 K (400 °F) after the time period. This simple test 

proved that the induction heater indeed worked. 
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CHAPTER 4 

TESTING PROCEDURE 

 As mentioned previously, the experiment of the small-scale magnetic induction pebble-

bed heater would be subjected to numerous tests involving different combinations of pebble 

sizes, flow rates, and power levels. There would be tests run at three different voltages, flow 

rates, and pebble sizes with every combination possible. Therefore, 27 total experiments would 

be conducted, and they would be completed in sets of three to minimize strain on the system. To 

reduce the time between tests, the pebble size would only be changed after the 9 tests with the 

current pebble size had been run. The reason being, it would take more time to change the pebble 

size than it would to adjust the knobs and valves for the power supply and flow rate. The three 

pebble sizes were 0.635 cm (1/4"), 0.476 cm (3/16”), and 0.318 cm (1/8”). In order to avoid 

reaching high temperatures that would melt the plastic pebble chamber, 10 volts would be the 

highest voltage applied to the system. The three voltage levels would be 5, 7.5, and 10 volts. The 

air pump had a maximum flow rate of 20 liters per minute (LPM), so the flow rates would be 10, 

15, and 20 LPM. During a performance test with the air pump, the max flow rate from the air 

pump would drop about 2-3 LPM after an hour of testing. Consequently, the higher flow rates 

were always tested first. 

 The first set of ball bearings would be the 0.635 cm (1/4”) diameter set. After filling the 

pebble chamber to the brim, it was found that 300 of the balls could fit inside. Once loaded, the 

pebble-bed heater was bolted back together. Prior to each test session, the air pump and 

induction heater would be shut off, so the DPT and flow meter could be set to zero in order to 

improve the accuracy of the results. 
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 The first set of three experiments would be run at 20 LPM, and the three different voltage 

levels would be applied in increasing amount. By increasing the voltage between tests instead of 

decreasing, it would eliminate unnecessary time waiting for the system to cool back down. Once 

the max temperature was reached at the first voltage, the voltage would be increased to the 

second level, and the temperature would rise from the end of the previous test. The same would 

be done for the third voltage. The current provided to the circuit was automatically adjusted by 

the circuit and the power supply. The current was dependent on the surface area of metal inside 

the solenoid and the voltage level. Equation 4 shows the voltage-current relationship for the 

0.635 cm (1/4”) carbon steel balls as determined by the linear relationship in figure 44, accurate 

to within 0.05 amps. 

  [ ]        [
 

 
]    [ ] 

 

Figure 44. Voltage-current relationship for 0.635 cm (1/4”) balls. 

 

  At 20 LPM the air would reach 90% of the maximum temperature after 10 minutes, but it 

would take approximately 20 total minutes before the exit temperature of the air would stop 

Eq. 4 
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changing. After the 5 volt test had stagnated, the temperatures and change in pressure were 

recorded. The voltage was then increased to 7.5 volts for another test and again to 10 volts once 

the second test was finished. After the three tests had been run, the system was turned off to 

allow it time to cool and rest. The next set of three tests would be conducted the following day 

for ample recovery time. 

 With the 0.635 cm (1/4") pebbles still inside, the needle valve was adjusted to decrease 

the flow rate to 15 LPM, and then the three voltage levels were tested in the same order as 

before. After the temperature and pressure readings were recorded for each, the system was shut 

down, and the next day the same process was done at 10 LPM. It soon became obvious that as 

the flow rate decreased, it would take longer for the air to reach its maximum temperature. At 15 

LPM the tests would take 30 minutes, and for the 10 LPM tests the experiments could last as 

long as 45 minutes. 

 Once the first 9 tests were complete and the data looked consistent, the pebble-bed heater 

was unbolted. The 0.635 cm (1/4") ball bearings were then swapped out for the 0.476 cm (3/16”) 

size. 735 carbon steel balls were required to fill the chamber this time. Then, the system was re-

assembled to prepare for the next round of testing. The voltage-current relationship for the 0.476 

cm (3/16”) spheres was the linear relationship shown in equation 5 and figure 45 within 0.05 

amps. 

  [ ]        [
 

 
]    [ ] Eq. 5 
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Figure 45. Voltage-current relationship for 0.476 cm (3/16”) balls. 

 

 With the 0.476 cm (3/16”) pebbles, testing was conducted in the same manner as with the 

0.635 cm (1/4”) pebbles. The 20 LPM test set was performed first for each of the three power 

levels, the three 15 LPM tests the following day, and the final set at 10 LPM the day after that. 

 Once the second set of 9 tests had been run and produced reasonable results, the 0.476 cm 

(3/16”) spheres were changed out for the smaller 0.318 cm (1/8”) size. 2,500 of these balls were 

needed to fill the center section. Once the pebble-bed heater was re-constructed, the new current-

voltage relationship was found to be equation 6 from figure 46. 
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Figure 46. Voltage-current relationship for 0.0.318 cm (1/8”) balls. 

 

 The same testing procedure was followed for this group of 9 tests as the 0.635 cm (1/4”) 

and 0.476 cm (3/16”) experiments. After three more days, the remaining 9 data sets of 

temperature and pressure values were recorded, and then all 27 tests had been completed. Now 

that all testing had concluded, the data could be observed and analyzed to search for the behavior 

of a pebble-bed heater powered by magnetic induction and for a relationship between the 

Dimensionless Heat Transfer, Dimensionless Power, and Reynolds number. 
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CHAPTER 5 

RESULTS 

 The experiment data from each of the 27 tests was recorded in an organized and easy to 

read table (Table 1). The table shows how the maximum temperature would increase and 

decrease under the different variable combinations. The pebble-bed heater hardly had an effect 

on the pressure with the largest pressure increase being less than 650 Pa (0.1 psi); therefore, 

pressure will be left out of this analysis and considered to be constant. 

 

Table 1. Temperature data from all 27 tests in °F, °C, and K. 

 

 In short, the exit temperature would increase if the voltage/power applied to the system 

increased as seen in figures 47-49, since a greater current would be induced, and the magnetic 

field would be stronger. The error bars were not included in the plots, since the uncertainty was 

Pebble D Flow Rate

[in] [LPM]

1/8 20

1/8 20

1/8 20

1/8 15

1/8 15

1/8 15

1/8 10

1/8 10

1/8 10

3/16 20

3/16 20

3/16 20

3/16 15

3/16 15

3/16 15

3/16 10

3/16 10

3/16 10

1/4 20

1/4 20

1/4 20

1/4 15

1/4 15

1/4 15

1/4 10

1/4 10

1/4 10

Current Voltage Power Tempin Tempout Tempin Tempout Tempin Tempout ΔT ΔT

[A] [V] [W] [F] [F] [C] [C] [K] [K] [F] [K]

3.34 10 33.4 75.7 162.4 24.3 72.4 297.4 345.6 86.7 48.2

2.49 7.5 18.7 74.4 120.8 23.6 49.3 296.7 322.5 46.4 25.8

1.64 5 8.2 73.0 93.2 22.8 34.0 295.9 307.2 20.2 11.2

3.34 10 33.4 76.8 182.7 24.9 83.7 298.0 356.9 105.9 58.8

2.49 7.5 18.7 76.6 137.6 24.8 58.7 297.9 331.8 61.0 33.9

1.64 5 8.2 76.8 102.6 24.9 39.2 298.0 312.4 25.8 14.3

3.34 10 33.4 74.7 203.4 23.7 95.2 296.9 368.4 128.7 71.5

2.49 7.5 18.7 73.6 148.2 23.1 64.6 296.3 337.7 74.6 41.4

1.64 5 8.2 73.5 105.5 23.1 40.8 296.2 314.0 32.0 17.8

3.99 10 39.9 73.8 166.4 23.2 74.7 296.4 347.8 92.6 51.4

2.96 7.5 22.2 72.9 124.5 22.7 51.4 295.9 324.5 51.6 28.7

1.94 5 9.7 72.5 96.4 22.5 35.8 295.7 308.9 23.9 13.3

3.99 10 39.9 72.8 189.2 22.7 87.3 295.8 360.5 116.4 64.7

2.96 7.5 22.2 72.5 139.6 22.5 59.8 295.7 332.9 67.1 37.3

1.94 5 9.7 72.1 105.8 22.3 41.0 295.4 314.2 33.7 18.7

3.99 10 39.9 75.6 214.1 24.2 101.2 297.4 374.3 138.5 76.9

2.96 7.5 22.2 75.6 160.4 24.2 71.3 297.4 344.5 84.8 47.1

1.94 5 9.7 75.6 115.6 24.2 46.4 297.4 319.6 40.0 22.2

4.43 10 44.3 73.4 188.7 23.0 87.1 296.2 360.2 115.3 64.1

3.28 7.5 24.6 72.8 140.2 22.7 60.1 295.8 333.3 67.4 37.4

2.14 5 10.7 72.4 107.2 22.4 41.8 295.6 314.9 34.8 19.3

4.43 10 44.3 73.2 212.2 22.9 100.1 296.0 373.3 139.0 77.2

3.28 7.5 24.6 72.7 157.5 22.6 69.7 295.8 342.9 84.8 47.1

2.14 5 10.7 72.2 117.2 22.3 47.3 295.5 320.5 45.0 25.0

4.43 10 44.3 73.2 233.0 22.9 111.7 296.0 384.8 159.8 88.8

3.28 7.5 24.6 72.8 176.3 22.7 80.2 295.8 353.3 103.5 57.5

2.14 5 10.7 72.3 132.1 22.4 55.6 295.5 328.8 59.8 33.2
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only +/- 0.1571 K (+/- 0.2828 °F). Except for the 10 LPM test with the 0.635 cm (1/4”) ball 

bearings, the trendline equations are more than 96% accurate. 

 

Figure 47. Temperature change vs power supplied at fixed flow rate for 0.635 cm (1/4") balls. 

 

 

Figure 48. Temperature change vs power supplied at fixed flow rate for 0.476 cm (3/16") balls. 
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Figure 49. Temperature change vs power supplied at fixed flow rate for 0.318 cm (1/8") balls. 

 

 If the flow rate decreased, the exit temperature would also increase. The faster moving air 

would cool the spheres and not allow them to reach as high of a temperature. As mentioned 

earlier, if the flow rate decreased, it would take longer for the temperature to stagnate. Therefore, 

there is a downside to lowering the flow rate to increase the temperature if time is a factor. 

Lastly, the exit temperature increased as the diameter of the ball bearings increased. This was 

due to the fact that the larger diameter balls had a lower overall volume and surface area 

compared to the smaller sizes (Table 2). If the same amount of current is being induced on a 

smaller total surface area, then there will be more resistance and more heat generated. Likewise, 

an identical alternating magnetic field being applied to smaller volume of metal will produce a 

greater hysteresis loss effect. 

 

Table 2. Volume, surface area, and mass for the different ball sizes in imperial and metric units. 

#_1/4 300 -- V_1/4 2.454 in3
SA_1/4 58.90 in2

m_1/4 0.69704087 lbm

#_3/16 735 -- V_3/16 2.537 in3
SA_3/16 81.18 in2

m_3/16 0.72045709 lbm

#_1/8 2500 -- V_1/8 2.557 in3
SA_1/8 122.72 in2

m_1/8 0.72608424 lbm

#_1/4 300 -- Vol_1/4 4.02E-05 m3 SA_1/4 3.80E-02 m2 m_1/4 3.16E-01 kg

#_3/16 735 -- Vol_3/16 4.16E-05 m3 SA_3/16 5.24E-02 m2 m_3/16 3.26E-01 kg

#_1/8 2500 -- Vol_1/8 4.19E-05 m3 SA_1/8 7.92E-02 m2 m_1/8 3.29E-01 kg

Number of Carbon Steel Balls Volume of Carbon Steel Balls Surface Area of Carbon Steel Balls Mass of Carbon Steel Balls
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 In order to convert the results into dimensionless form, several air properties had to be 

found first: density, specific heat, thermal conductivity, and kinematic viscosity. Since each 

property was dependent on temperature, the same value could not be used for every test. The 

temperature used to determine the exact density, specific heat, conductivity, or viscosity was the 

exit temperature of the air for each test [16,17,18]. The temperature dependent value for each 

property was linearly interpolated from the appropriate table. The density range was 0.923 to 

1.18 kg/m
3
; specific heat was 1005 to 1011 J/kg-K; conductivity was 0.0267 to 0.0322 W/m-K; 

and kinematic viscosity was 1.64*10
-5

 to 2.43*10
-5

 m
2
/s. In addition to the air properties, the 

thermal conductivity of carbon steel was also needed and found to be 43 W/m-K [20]. 

 With the air density known from the table, the mass flow rate could be calculated from 

the volumetric flow rate using equation 7. Then, the amount of heat given to the air via 

convection (Qconv) was able to be determined using equation 8 [33]. Finally, the efficiency of the 

system could be found for each case using equation 9.  
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The greatest efficiency was 67.8% using the 0.635 cm (1/4") balls, 20 LPM, and 10.7 

watts; the lowest efficiency was 30.7% with 0.476 cm (3/16”) balls, 10 LPM, and 39.9 watts. 

The efficiency would typically increase at higher flow rates and lower power as seen in figure 

50. The pebble size did not have a consistent effect on the efficiency, so only one plot was 

included. Error bars were not included in this plot, since the efficiency error was between +/- 

Eq. 7 

Eq. 8 

Eq. 9 
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0.01 and +/- 0.03. The power lost in the system could be heat conducted through the wall of the 

pebble chamber as well as the inefficiencies in the heat generation process from the induction 

heater. 

 

Figure 50. Power applied through the solenoid vs heating efficiency with 0.476 cm (3/16”) balls. 

 

 To determine the Dimensionless Heat Transfer, the heat generated in the steel balls via 

conduction had to be calculated. The first step was to find the “resistance” of air and the 

“resistance” of steel to conduction. The resistance of air and steel required a characteristic length 

(Lc) to be chosen for each. For this experiment, the characteristic length of air in the pebble 

chamber would be the cube root of the volume of air as shown in equation 10. Likewise, the 

characteristic length of steel would be the cube root of the volume of steel inside the chamber 

(Equation 11).  
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 The cross-section of both air and steel was assumed to be a solid circle, so the “effective 

area” of each would just be the area of a circle with the characteristic length being the diameter 

Eq. 10 

Eq. 11 
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(Equations 12 and 13). Once the effective areas were determined, the resistances could finally be 

calculated using equations 14 and 15 with the thermal conductivity (k) values found in the tables 

earlier [33].  
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 The resistances would be treated as though they were acting in parallel (Figure 51), since 

the air and pebbles are mixed together in the same pipe section. With this in mind, the heat in the 

spheres via conduction can be calculated with equation 16, and then the Dimensionless Heat 

Transfer (NHT) can finally be determined from equation 17 [33].  

 

Figure 51. Resistance diagram for air and steel. 

 

     [ ]  
          [ ]

(
 

    
[
 

 
]  

 

      
[
 

 
])
   

    
     [ ]

     [ ]
 

Eq. 12 

Eq. 13 

Eq. 14 

Eq. 15 

Eq. 16 

Eq. 17 
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 The second dimensionless number in this experiment would be the Reynolds number. 

The kinematic viscosity (ν) values were found already by linearly interpolating the data tables, 

and the characteristic length of air has been calculated, so the only unknown in the equation was 

the air’s velocity. The velocity could easily be determined by dividing the volumetric flow rate 

by the air’s effective area as seen in equation 18. The Reynolds number (Re) was then calculated 

using equation 19 [33].  
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 The final dimensionless number would account for power and be called “NP.” The only 

unknown in equation 20 was the operating frequency. An oscilloscope lead was attached to 

either end of the solenoid coil and the frequency of the sine wave was measured to be 21,740 Hz 

as seen in figure 52. The frequency was unaffected by the power level; an increase or decrease in 

power would only change the amplitude of the wave. The Dimensionless Power could now be 

found.  
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Figure 52. Sine wave and frequency of the experiment. 

Eq. 18 

Eq. 19 

Eq. 20 
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Once all three dimensionless numbers had been calculated for each case, a linear 

relationship was found between the three variables using equation 21. The results were then 

plotted against each other as shown in figure 53. Error bars were included, and most cases 

overlap with the linear trendline. Values for the uncertainty can be found in the Appendix. The 

Dimensionless Heat Transfer and Reynolds number would both increase as flow rate increased, 

power decreased, and pebble diameter decreased. This chart can be used by other researchers to 

compare and verify the data from their own magnetic induction pebble-bed heater as well as 

predict the output of a pebble-bed heater. All values for calculating the dimensionless numbers 

can be seen in tables 3 through 5. A further discussion of the results will be covered in the 

following section.  

        
 

                       

 

Figure 53. Dimensionless relationship in a magnetic induction pebble-bed heater. 

Eq. 21 
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Table 3. Efficiency and Heat Transfer data. 

 

Table 4. Additional Heat Transfer data. 

kair L c_air Aeff_air Rair L c_steel Aeff_steel Rsteel Qcond NHT

[W/m-K] [m] [m2] K/W [m] [m2] K/W [W] [--]

0.0294 0.03281 8.456E-04 6.128E+03 3.473E-02 9.474E-04 3.741E+00 1.288E+01 1.286

0.0278 0.03281 8.456E-04 6.490E+03 3.473E-02 9.474E-04 3.741E+00 6.895E+00 1.392

0.0267 0.03281 8.456E-04 6.754E+03 3.473E-02 9.474E-04 3.741E+00 3.002E+00 1.428

0.0302 0.03281 8.456E-04 5.966E+03 3.473E-02 9.474E-04 3.741E+00 1.574E+01 0.934

0.0284 0.03281 8.456E-04 6.339E+03 3.473E-02 9.474E-04 3.741E+00 9.064E+00 0.995

0.0271 0.03281 8.456E-04 6.661E+03 3.473E-02 9.474E-04 3.741E+00 3.834E+00 1.059

0.0310 0.03281 8.456E-04 5.809E+03 3.473E-02 9.474E-04 3.741E+00 1.913E+01 0.602

0.0289 0.03281 8.456E-04 6.247E+03 3.473E-02 9.474E-04 3.741E+00 1.109E+01 0.657

0.0272 0.03281 8.456E-04 6.633E+03 3.473E-02 9.474E-04 3.741E+00 4.755E+00 0.704

0.0296 0.03291 8.508E-04 6.058E+03 3.464E-02 9.425E-04 3.760E+00 1.369E+01 1.282

0.0279 0.03291 8.508E-04 6.416E+03 3.464E-02 9.425E-04 3.760E+00 7.628E+00 1.390

0.0268 0.03291 8.508E-04 6.681E+03 3.464E-02 9.425E-04 3.760E+00 3.533E+00 1.442

0.0305 0.03291 8.508E-04 5.880E+03 3.464E-02 9.425E-04 3.760E+00 1.721E+01 0.929

0.0285 0.03291 8.508E-04 6.283E+03 3.464E-02 9.425E-04 3.760E+00 9.919E+00 1.005

0.0272 0.03291 8.508E-04 6.590E+03 3.464E-02 9.425E-04 3.760E+00 4.982E+00 1.060

0.0314 0.03291 8.508E-04 5.696E+03 3.464E-02 9.425E-04 3.760E+00 2.048E+01 0.598

0.0293 0.03291 8.508E-04 6.107E+03 3.464E-02 9.425E-04 3.760E+00 1.254E+01 0.648

0.0276 0.03291 8.508E-04 6.498E+03 3.464E-02 9.425E-04 3.760E+00 5.913E+00 0.744

0.0304 0.03332 8.721E-04 5.739E+03 3.426E-02 9.220E-04 3.844E+00 1.667E+01 1.266

0.0285 0.03332 8.721E-04 6.124E+03 3.426E-02 9.220E-04 3.844E+00 9.747E+00 1.370

0.0272 0.03332 8.721E-04 6.416E+03 3.426E-02 9.220E-04 3.844E+00 5.032E+00 1.441

0.0314 0.03332 8.721E-04 5.570E+03 3.426E-02 9.220E-04 3.844E+00 2.010E+01 0.917

0.0292 0.03332 8.721E-04 5.981E+03 3.426E-02 9.220E-04 3.844E+00 1.226E+01 0.997

0.0276 0.03332 8.721E-04 6.324E+03 3.426E-02 9.220E-04 3.844E+00 6.507E+00 1.111

0.0322 0.03332 8.721E-04 5.428E+03 3.426E-02 9.220E-04 3.844E+00 2.311E+01 0.597

0.0300 0.03332 8.721E-04 5.833E+03 3.426E-02 9.220E-04 3.844E+00 1.497E+01 0.646

0.0282 0.03332 8.721E-04 6.193E+03 3.426E-02 9.220E-04 3.844E+00 8.648E+00 0.700
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Table 5. Reynolds number and Dimensionless Power data. 

After the efficiency and dimensionless analyses were completed, a study of the 

inefficiencies and uncertainty was performed. At 100% efficiency, the power supplied to the 

system would equal the power converted to heating the air. However, the efficiency for this 

system was always between 30% and 70%, meaning that some heat was lost through the pipe 

wall or by some other means. 

 The heat lost through the pipe wall was not consistent along the pipe. More heat would 

escape towards the pipe’s exit than inlet, since the air’s temperature would increase as it went 

through the heating chamber. Regardless, to account for maximum loss, the outer wall 

temperature of the pipe was assumed to be uniform, and the value used would be the temperature 

at the exit of the pipe. Using one of the T-type thermocouples from the experiment, the outer 

wall temperature was measured just below the top flange once the exit air temperature had 

Velocity Viscosity Reynolds # NP NHT/(NP
1/6)

[m/s] [m2/s] [--] [--] [--]

3.94E-01 2.03E-05 636 1.248E-10 57.55

3.94E-01 1.80E-05 720 6.972E-11 68.60

3.94E-01 1.64E-05 789 3.057E-11 80.75

2.96E-01 2.15E-05 452 1.248E-10 41.77

2.96E-01 1.89E-05 513 6.972E-11 49.04

2.96E-01 1.69E-05 573 3.057E-11 59.87

1.97E-01 2.27E-05 285 1.248E-10 26.94

1.97E-01 1.95E-05 331 6.972E-11 32.39

1.97E-01 1.71E-05 378 3.057E-11 39.81

3.92E-01 2.06E-05 627 1.492E-10 55.65

3.92E-01 1.82E-05 709 8.309E-11 66.55

3.92E-01 1.66E-05 778 3.617E-11 79.27

2.94E-01 2.19E-05 443 1.492E-10 40.34

2.94E-01 1.90E-05 508 8.309E-11 48.10

2.94E-01 1.71E-05 565 3.617E-11 58.31

1.96E-01 2.33E-05 277 1.492E-10 25.96

1.96E-01 2.02E-05 319 8.309E-11 31.01

1.96E-01 1.77E-05 365 3.617E-11 40.89

3.82E-01 2.18E-05 584 1.656E-10 54.03

3.82E-01 1.91E-05 668 9.207E-11 64.45

3.82E-01 1.72E-05 741 3.997E-11 77.96

2.87E-01 2.32E-05 412 1.656E-10 39.12

2.87E-01 2.01E-05 476 9.207E-11 46.93

2.87E-01 1.78E-05 538 3.997E-11 60.09

1.91E-01 2.43E-05 262 1.656E-10 25.49

1.91E-01 2.11E-05 302 9.207E-11 30.39

1.91E-01 1.86E-05 342 3.997E-11 37.87
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leveled off. With these temperature readings, the amount of heat lost through the wall could be 

calculated using equation 23 [33]. The amount of power that did not go to heating the air or 

escaping through the wall was called Qremaining and calculated with equation 24.  
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 The amount of power remaining ranged from 9.63 watts to negative 3.44 watts as seen in 

table 6, but in an ideal case it should be zero watts. There were three negative values greater than 

1 watt for Qremaining, and each of them occurred at 5 volts. Either the quantity of heat escaping 

through the pipe was too high or the heat to convection was too low. The opposite could be said 

for the readings producing positive values greater than 1 watt. The inaccuracy in the amount of 

Qremaining could be due to the fact that heat lost through the pipe was assumed to be uniform. 

There could also be other sources of power loss in the induction heater system that were not 

accounted for. The uncertainty of the power supplied, the heat to convection, and the heat lost 

through the pipe were calculated and can be seen in table 6 along with the rest of the data from 

this analysis. The calculated uncertainty was able to account for a few of the experiments, but 

most fell outside of the range. Therefore, the uncertainty analysis does not completely account 

for all error. A more in depth study into the losses of the induction heater system and the 

temperature loss across the pipe would need to be conducted. 

Eq. 23 

Eq. 24 
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Table 6. Inefficiency data from all 27 experiments. 

 

  

Pebble D Flow Rate

[in] [LPM]

1/8 20

1/8 20

1/8 20

1/8 15

1/8 15

1/8 15

1/8 10

1/8 10

1/8 10

3/16 20

3/16 20

3/16 20

3/16 15

3/16 15

3/16 15

3/16 10

3/16 10

3/16 10

1/4 20

1/4 20

1/4 20

1/4 15

1/4 15

1/4 15

1/4 10

1/4 10

1/4 10

Power

[W]

33.4

18.7

8.2

33.4

18.7

8.2

33.4

18.7

8.2

39.9

22.2

9.7

39.9

22.2

9.7

39.9

22.2

9.7

44.3

24.6

10.7

44.3

24.6

10.7

44.3

24.6

10.7

Qconv

[W]

16.6

9.6

4.3

14.7

9.0

4.1

11.5

7.3

3.3

17.5

10.6

5.1

16.0

10.0

5.3

12.2

8.1

4.4

21.1

13.3

7.3

18.4

12.2

7.2

13.8

9.7

6.1

Touter_wall Touter_wall Q loss_wall Qremaining U_Power U_Q_conv+loss Overlap

[F] [K] [W] [W] [W] [W] [--]

121.8 323.0 12.20 4.61 0.500 0.426 No

99.1 310.4 6.53 2.52 0.375 0.261 No

84.0 302.0 2.77 1.12 0.250 0.149 No

132.9 329.2 14.97 3.72 0.500 0.499 No

108.3 315.5 8.82 0.81 0.375 0.315 Yes

89.1 304.9 4.05 0.07 0.250 0.166 Yes

144.2 335.5 17.79 4.07 0.500 0.583 No

114.1 318.7 10.27 1.10 0.375 0.375 No

90.7 305.8 4.45 0.38 0.250 0.190 Yes

124.0 324.3 12.75 9.63 0.500 0.450 No

101.1 311.5 7.04 4.59 0.375 0.284 No

85.7 303.0 3.21 1.38 0.250 0.165 No

136.5 331.2 15.85 8.09 0.500 0.541 No

109.3 316.1 9.10 3.17 0.375 0.346 No

90.9 305.9 4.49 -0.09 0.250 0.201 Yes

150.1 338.8 19.25 8.44 0.500 0.618 No

120.7 322.4 11.93 2.18 0.375 0.416 No

96.2 308.8 5.83 -0.54 0.250 0.238 No

136.2 331.0 15.79 7.40 0.500 0.537 No

109.7 316.3 9.18 2.11 0.375 0.349 No

91.6 306.3 4.68 -1.24 0.250 0.209 No

149.1 338.2 18.99 6.88 0.500 0.621 No

119.1 321.6 11.53 0.87 0.375 0.418 No

97.1 309.3 6.04 -2.58 0.250 0.260 No

160.4 344.5 21.82 8.68 0.500 0.696 No

129.4 327.3 14.10 0.87 0.375 0.491 Yes

105.2 313.8 8.07 -3.44 0.250 0.316 No
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CHAPTER 6 

DISCUSSION 

 This study was able to research the capabilities and limitations of a magnetic induction 

pebble-bed heater, design and construct a fully-functional scaled-down model, and determine a 

pebble-bed heater’s behavior under different conditions. The following will be a discussion of 

the research, experimental findings, potential improvements to the design, and future testing 

possibilities. 

  The research in this study determined that if a pebble-bed heater was powered by 

magnetic induction, it could only be a suitable nuclear reactor simulator for testing nuclear 

thermal rocket engines if a metal was found that had a melting temperature well above 1,922 K 

(3,000 °F) and was both magnetic and electrically conductive. However, if the pebble matrix is 

heated by convection in the same manner as Glenn Research Center’s pebble-bed heater had 

been in the mid 1960’s, it is possible to use it as a simulator, and high melting temperature 

ceramics could be used in the pebble bed instead of steel. The downside to the convection 

method is that it is limited to at most a 30 second test window before the pebble matrix has 

cooled too much. This was the reason for looking into magnetic induction as a heat source, since 

magnetic induction provides a continuous supply of heat, allowing tests to be run for as long as 

necessary. 

For the nuclear simulator case where a magnetic induction pebble-bed heater will actually 

be used as a nuclear reactor simulator, several important characteristics should be considered 

when choosing the steel type and grade that will make up the pebble matrix and chamber. First, 

the steel must be hydrogen-embrittlement-free, since the propellant that will be used for the 

nuclear rocket engines is hydrogen. Hydrogen embrittlement is a destructive process that makes 
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high strength steels brittle and eventually fracture after exposure to high temperature hydrogen 

[4]. At high temperatures, hydrogen atoms can actually seep into certain metals. If several 

hydrogen atoms gather together in a small pocket inside the metal and form molecules, then the 

molecules can begin to create internal pressure and eventually cause the metal to crack open [4]. 

Embrittlement is most commonly found in high strength and low alloy steels, so these should be 

avoided. It would be a disaster if the chamber cracked, and fractured steel balls could skew 

results. 

Secondly, the metal for the spheres must be magnetic and have a very high melting 

temperature, as it will obviously be operating at several thousand degrees Kelvin. Melting 

temperatures for stainless steels range from 1,672 K to 1,803 K (2,550 °F to 2,785 °F), and 

carbon steels range from 1,683 K to 1,811 K (2,570 °F to 2,800 °F) [10,19]. Even though certain 

high carbon steels can sustain a slightly greater temperature than the stainless steels, they are not 

as corrosive resistant or embrittlement-free as some of the stainless steels. It is therefore 

recommended to choose stainless steel over carbon steel in the nuclear simulator tests. The two 

stainless steel grades with the highest melting temperature are grades 409 and 410 [10]. Grade 

409 is a ferritic stainless steel and subsequently prone to hydrogen embrittlement. Grade 409 is 

therefore not an option for nuclear testing [8]. However, grade 410 is a martensic stainless steel, 

which makes it hydrogen-embrittlement-free and magnetic [8]. In conclusion, grade 410 stainless 

steel is the best candidate for the steel pebbles inside the pebble matrix for the nuclear reactor 

simulator. If a hydrogen-embrittlement-free steel is later manufactured with a higher melting 

temperature, then it would clearly be a more suitable option. 

In addition to the melting temperature, another setback to the magnetic induction method 

is the Curie temperature of steel. The Curie temperature is the point at which a material is no 
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longer magnetic and for most steels this is usually around 1,033 K (1,400 °F). To be a simulator, 

the heater would need to heat hydrogen up to 1,922 K (3,000 °F). Beyond the Curie temperature, 

heating is still possible with induction heating but without the hysteresis loss portion of the heat 

generation. The process would be much slower past this point and require additional power, 

since only the skin effect would be heating the steel. 

A magnetic induction pebble-bed heater still has other beneficial uses besides a nuclear 

reactor simulator, especially at lower temperature levels. Due to its high efficiency, no moving 

parts, and non-invasive, flameless method of heating gases and fluids, there are many possible 

applications for the heater. The device was found to have been used on at least two other 

experiments. One was to test the cooling capabilities of salt by putting a specialized salt in a tube 

full of graphite spheres and heating the graphite with an induction heater. Another experiment 

was to test the cooling abilities of a metal tube packed with little balls inside that has air flowing 

through it compared to a solid metal pipe with air flowing over it. It could also be used in a home 

as a local hot water heater for a sink/shower or any instance where a gas, liquid, or even a metal 

object inside a tube needed to be heated without a flame or any invasive tactics. 

The design of the experiment allowed all 27 tests to be run and data to be recorded. The 

better aspects of the pebble-bed heater design from this experiment include the two middle 

copper spacers and the bronze wool. The copper spacers allowed the temperature and pressure 

measuring instruments access to the air flow directly before and after the heating process without 

allowing any air to leak out. The bronze wool successfully normalized the flow of the air, so that 

it had a uniform distribution when it met the two sets of instruments and when it entered the 

pebble matrix. 



68 
 

The pebble-bed heater design had several flaws. The main issues being insulation and 

weight. In order to hopefully solve the insulation issue in the future, the center section of the 

pebble-bed heater should be made out of a high melting temperature ceramic. Since aluminum, 

brass, and copper are all conductive, none of them are suitable candidates. Conductive metals 

would not only be affected by the skin effect but would also risk shorting out the system if any 

contact is made with the work coil of the induction heater. While 3D printed ABS plastic was a 

great substitute for this low temperature test environment, it would not be feasible for most 

applications given its low “melting” temperature. Therefore, a ceramic with a high melting 

temperature should be used as the material for the pebble chamber and be molded or 3D printed 

into the appropriate flange-pipe-flange shape for the job at hand. The chamber could also be 

wrapped or coated in additional insulation to reduce heat lost through conduction in the pipe wall 

and improve the overall efficiency. 

There was another insulation issue with the upstream thermocouple and the differential 

pressure transducer (DPT). The induced current from the work coil would interfere with the DPT 

and first thermocouple’s readings, so all pressure and intake temperature readings were recorded 

once the maximum temperature was reached and just after the induction heater was turned off. 

The exit temperature and volumetric flow rate would be the same but without the electrical 

interference. To resolve this issue, there should be a rubber or non-conductive thin layer between 

the instrument spacers and the center section. In addition, the metal mesh circles could be 

attached to the rubber washer instead of cardboard. To insulate the DPT, it should be placed on 

top of a piece of wood, cardboard, plastic, or other non-conductive material. These adjustments 

were not performed in this set of experiments but will hopefully reduce the amount of 

interference from induced currents in the future. 
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The second major issue with the design was the weight of the pebble-bed heater. Copper 

was chosen as the material for most of the heater, since it was not magnetic and easy to machine; 

however, copper is both heavy and expensive. Copper was the main material used in this 

experiment, so the system weighed close to 111 N (25 lb). In hind sight, aluminum would be the 

best option for the disk spacers in the middle and at either end. Copper is 73% heavier than 

aluminum, so switching to aluminum would eliminate a lot of the weight [57]. The thickness of 

the end spacers could also be cut in half, and it would still be more than enough for the NPT 

fittings on either end to screw in. In order to remove all copper, the two smaller flange-pipe-

flange sections could be made out of aluminum or the same high melting temperature ceramic as 

the center pipe section. Aluminum would work for these sections because there is no chance of 

touching the work coil. 

The induction heater schematic chosen was fitting for this application. The heater was 

easy enough for someone with minimal electrical experience to learn how it worked and put all 

the pieces together. There were not many components, and the parts were not difficult to find or 

expensive. Lastly, this circuit was capable of heating metal to almost 533 K (500 °F), which was 

more than enough for the experiment. 

Several improvements that could be made to the induction heater would be the work coil 

and the addition of a breadboard. The one-piece, 0.847 cm (1/3”), copper pipe originally used in 

the experiment produced higher temperatures than the 12 gauge insulated wire that was later put 

in its place. The pipe could also handle higher currents and even be water cooled if the pipe were 

to get too hot. If the pipe, flanges, and bolts are either non-conductive or insulated from the 

solenoid, then the copper pipe should be used for the solenoid. 
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Since the breadboards in the lab were only able to support up to one amp of current, a 

floating circuit had to be made. However, it is recommended that a breadboard be purchased that 

could handle 5 amps or maybe even more than 5 amps and used for the induction heater circuit. 

The resistors, diodes, capacitors, and transistors could then easily be securely connected to the 

breadboard, power supply, and one another. One of the frequent issues during the testing process 

was with the wires attached to the transistors. The wires would occasionally be bumped, and the 

solder would come loose, then the transistors would short circuit instantly and need to be 

replaced. If the transistors could be plugged straight into a breadboard, then the problem would 

not be as likely to happen. This would allow for less maintenance and fewer transistors would 

need to be ordered. 

The behavior of the heater was tested over 27 experiments at different conditions. This 

study shows how the exit temperature is affected by the flow rate, pebble size, and power level. 

It was found that the amount of temperature change would increase with increasing pebble size, 

decreasing flow rate, and increasing power. As the flow rate decreased, it would take longer for 

the test to reach the maximum temperature. This should be taken into account if time is a factor. 

Changing the amount of power supplied to the system had the quickest effect on the temperature. 

Therefore, increasing the power is the best way to increase the exit temperature. The overall 

efficiency would decrease as the power increased and as the flow rate decreased, so a higher exit 

temperature would mean more wasted power. 

After a series of calculations, the Dimensionless Heat Transfer, Dimensionless Power, 

and Reynolds number were calculated for each of the 27 cases. The results were put into a chart, 

so that the data can be used to predict the capabilities of a future pebble-bed heater or verify the 

results of an existing pebble-bed heater. The same characteristic length formula should be used 
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when verifying and predicting results. A linear trendline was used to establish the relationship 

between the three dimensionless numbers. If the Reynolds number is held constant, then the Heat 

Transfer number would increase with an increase in flow rate, a decrease in pebble diameter, and 

a decrease in power.  

 

In conclusion: 

 For a magnetic induction pebble-bed heater to function as a nuclear reactor simulator, a 

magnetic metal would have to be found with a melting temperature above 1,922 K (3,000 

°F) and as high of a Curie temperature as possible. 

 The exit temperature through the pebble-bed heater increases with increasing power, 

decreasing flow rate, and increasing pebble size. 

 There is almost no difference in pressure with the small-scale pebble-bed heater. 

 The efficiency increases with decreasing power and increasing flow rate. 

 If Reynolds number is constant, the Heat Transfer number will increase with decreasing 

power, increasing flow rate, and decreasing pebble size. 

        
 

                       

 

 

Future work: 

 Test the properties and relationships of a different gas or even a liquid. 

 Do a Prandtl number analysis between different gases. 

 Test at different pipe diameters. 

 Use a high melting temperature ceramic for the heating chamber. 
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 Use a small, copper pipe instead of a thick wire for the work coil. 

 Put the circuit in a 5 amp or more breadboard 

 Electrically insulate the middle instrumentation disks from the heating chamber 

 Use more aluminum and less copper for the parts of the experiment (except the work 

coil) 
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APPENDIX 

1) Step-by-step assembly process of the pebble-bed heater: 
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2) Extra Uncertainty Data: 

 

 

U_Current 0.05 A

U_Voltage 0.005 V

U_vol_flow 8.3333E-06 m3/s

U_Density 0 kg/s

U_Temp 0.1111111 K

U_c_p 0 J/kg-K

U_k_plastic 0 W/m-K

U_L_wall 0 m

U_r_out 0 m

U_r_in 0 m

U_number 0 --

U_r_ball 0 m

U_freq 10 Hz

r_in 0.0127 m (0.5")

r_out 0.01905 m (0.75")

L_wall 0.1397 m (5.5")

k_plastic 0.25 W/m-K

U_massflow U_ΔT U_Q_conv U_ΔT_wall U_Q_loss U_Q_cond U_N_HT U_Np U_Nu/Np

[kg/s] [K] [W] [K] [W] [W] [--] [--] [--]

8.525E-06 0.157 0.418 0.1571 0.085 0.418 0.053 1.88E-12 2.368

9.242E-06 0.157 0.247 0.1571 0.085 0.247 0.061 1.41E-12 3.034

9.500E-06 0.157 0.123 0.1571 0.085 0.123 0.071 9.36E-13 4.054

8.250E-06 0.157 0.491 0.1571 0.085 0.491 0.043 1.88E-12 1.914

8.792E-06 0.157 0.304 0.1571 0.085 0.304 0.047 1.41E-12 2.334

9.392E-06 0.157 0.142 0.1571 0.085 0.142 0.054 9.36E-13 3.075

7.983E-06 0.157 0.576 0.1571 0.085 0.576 0.035 1.88E-12 1.576

8.708E-06 0.157 0.365 0.1571 0.085 0.365 0.039 1.41E-12 1.946

9.367E-06 0.157 0.170 0.1571 0.085 0.170 0.044 9.36E-13 2.480

8.458E-06 0.157 0.442 0.1571 0.085 0.442 0.052 1.88E-12 2.281

9.183E-06 0.157 0.271 0.1571 0.085 0.271 0.061 1.41E-12 2.923

9.542E-06 0.157 0.141 0.1571 0.085 0.141 0.070 9.36E-13 3.862

8.167E-06 0.157 0.534 0.1571 0.085 0.534 0.042 1.88E-12 1.842

8.833E-06 0.157 0.335 0.1571 0.085 0.335 0.048 1.41E-12 2.295

9.358E-06 0.157 0.182 0.1571 0.085 0.182 0.053 9.36E-13 2.932

7.884E-06 0.157 0.613 0.1571 0.085 0.613 0.035 1.88E-12 1.515

8.542E-06 0.157 0.407 0.1571 0.085 0.407 0.039 1.41E-12 1.854

9.833E-06 0.157 0.222 0.1571 0.085 0.222 0.047 9.36E-13 2.579

8.167E-06 0.157 0.530 0.1571 0.085 0.530 0.051 1.88E-12 2.192

8.833E-06 0.157 0.338 0.1571 0.085 0.338 0.059 1.41E-12 2.776

9.333E-06 0.157 0.191 0.1571 0.085 0.191 0.066 9.37E-13 3.608

7.884E-06 0.157 0.615 0.1571 0.085 0.615 0.042 1.88E-12 1.774

8.575E-06 0.157 0.410 0.1571 0.085 0.410 0.047 1.41E-12 2.223

9.583E-06 0.157 0.245 0.1571 0.085 0.245 0.056 9.37E-13 3.056

7.689E-06 0.157 0.691 0.1571 0.085 0.691 0.035 1.88E-12 1.486

8.330E-06 0.157 0.484 0.1571 0.085 0.484 0.038 1.41E-12 1.813

9.042E-06 0.157 0.304 0.1571 0.085 0.304 0.043 9.37E-13 2.327


