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ABSTRACT

Microstructured Optical Fibers are small fibers containing one or more holes running
axially through their length. They were originally developed for various optical properties, but
their size, shape, flexibility and strength precludes them to mechanical uses as well. The explored
applications are thrusters for the so-called nanosatellites, flexible capacitors, simple pipe flow
cooling device, pulsating heat pipe, and neutron detector waveguide. The thruster design shows
promise, but requires more extensive testing to determine the accuracy of the theory. A
cyclindrical capacitor with an anode in the center of a single-channel optical fiber, and the
cathode on the outside, has far too low of an energy density to be of use, but more complex
geometries may be more efficient. Simply forcing water through the tubes results in a very highly
effective heat transfer device. The pulsating heat pipe design is simple to build, but its small size
makes it challenging to observe its behavior, and tests should be repeated with more powerful
optical and thermal equipment. The neutron detector design is also promising, though a much

larger scale test is required to determine more quantitatively the effectiveness of the system.
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Chapter 1

Background

Microstructured optical fibers are a type of silica optical fiber formed with air holes
within the structure that run axially along the length of the fiber. They were originally developed
in an attempt to decrease the loss of light passed through the fibers, and the structures were
created such that they modified the total internal reflection in a way that successfully decreases
losses. Extensive research has been done on potential photonic applications of these fibers, and
optimization of the shapes for various functions has created a wide variety of microstructured
optical fibers (Eggleton, Kerbage, Westbrook, Windeler, & Hale, 2001).

As these devices are being used in more and more photonics systems, they have become
easily obtainable, and their variety and availability makes them good candidates for researching
further applications. Due to their small size, flexibility, strength, and high manufacturing

consistency, they are potentially well suited to a variety of mechanical uses.

Miniature Satellite Thruster

For Earth-orbit research, NASA has been increasingly relying on “nanosatellites,” which
are satellites much smaller than those used over the past few years. They often weigh between 10
and 20 pounds, and therefore need smaller thrusters than are commonly used on today’s
spacecraft. An alternative method to provide thrust currently being researched is hydrogen
peroxide, whose decomposition is triggered with a catalyst (Roylance, 2009). Unfortunately, the
testing done so far has used MEMS structures, and analysis of the exit plume has shown

incomplete decomposition. Various potential reasons for this incomplete decomposition have



been suggested, including low Reynold’s number effects, surface tension effects, or thermal
effects (Zhou & Hitt, 2003). For all of these issues, the solution is to increase the length of the
thruster, providing more catalyst surface area on which the hydrogen peroxide can react. Due to
the cost and resources required for increasing the size of the catalyst bed, further experimentation
has focused on changing the bed’s geometry to created better mixing conditions (Zhou & Hitt,
2005).

This paper will explore an alternative to the above catalyst bed technique. Instead of
changing the MEMS geometry to get better mixing conditions, a microstructured optical fiber
with a platinum catalyst coating along its channel may provide an alternate method to utilize
H,O, propellant. The simpler geometry decreases the amount of mixing, but the significantly

longer fiber may provide enough area for complete decomposition of H,O,.

Flexible Capacitor

Electronics is a major industry in today’s world, with circuitry technology advancing
quickly. Miniaturization is the most visible element of this growth, and it can be seen in the ever-
smaller cell phones, laptops, and music players on the market. However, the limiting factor for
this trend is the size of batteries or other energy storage devices. Significant research is being
done on various new types of batteries and capacitors that increase energy density, so that energy
source can be better-integrated into the devices.

An alternative approach, however, could be to find new form factors for the energy
storage elements. This paper will explore the use of microstructured optical fibers of various sizes

and geometries as a basis for building flexible, durable capacitors.



Heat Transfer

As mentioned above, miniaturization is the trend with personal electronics. Smaller
components have higher surface area to volume ratios, and therefore have better heat dissipation.
However, since there is such a strong emphasis on making the smallest device possible, the
components are placed extremely close to each other, and overheating becomes a potential issue.
To combat this, many devices, particularly laptop and desktop computers, have fans to increase
air circulation and provide cooling.

Fans are efficient cooling devices, but have the downsides of being bulky and noisy when
operating. Therefore, alternate heat dissipation methods would allow these devices to become
smaller and quieter. The microstructures in the optical fibers may be useful as heat transfer
devices. The simplest implementation along these lines is placing the fibers in or on a heat source,
and forcing cool liquid through the fiber. Its small diameter would give a large surface area to
volume ratio, and will hopefully provide a high rate of energy removal for the small amount of
liquid passing through it.

A related heat transfer device that could be built of microstructured optical fibers is an
oscillatory heat pipe. An oscillatory heat pipe is a heat transfer device consisting of one or more
loops of narrow tubing with a heat source on one side of the loop and a heat sink on the other.
The tube is chosen such that its internal diameter is small enough that the working fluid will
always form droplets that completely fill the cross section of the tube; i.e., they will create
“plugs” in the pipe, rather than droplets on the side. The high temperature will cause plugs on the
hot side to evaporate and expand, therefore pushing other plugs toward the heat sink. The vapor,
then, will condense into new plugs on the side of the heat sink. This alternating between plugs
and vapor sends pressure waves through the length of the pipe in a chaotic fashion, causing the

plugs and vapor bubbles to move back and forth, and thereby carrying energy from the heat
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source to the heat sink, effectively acting as a heat pipe (Dobson, 2004). This device, while much
harder to model and predict, is an entirely passive transfer device that does not require a pump or

any other external driving force besides the heat gradient.

Neutron Detector

In nuclear reactors, neutrons are used as a way to monitor reactions and check for issues.
Because neutrons do not interact with many other particles, neutron detectors must use indirect
detection methods, lowering the resolution of images. They consist of a mixture of a boron-
containing material and a phosphorescent material, commonly zinc sulfide (ZnS). Whenever a
neutron collides with a boron atom, an alpha particle is emitted. This alpha particle can then cause
the ZnS to emit a photon. Since this is a two-step process, and the particles are not emitted in
exactly the same direction as the incident particle, the images tend to have low resolution, and
optical devices are needed to create a cleaner image (Goulding & Schlacter).

As mentioned previously, the optical fibers have excellent waveguiding properties, and
their geometry and optical properties could be used together to increase the image clarity for
neutron detectors. If the detection materials were to be placed inside the channel in the fiber, the
photons may be channeled along the length of the fiber, focusing the image and preventing

scattering.



Chapter 2

Theoretical Calculations

For all theoretical calculations, analytical methods were used when possible, with the

assistance of Mathematica.

Miniature Thruster

The purpose of the miniature thruster is to create a small impulse, or change in
momentum, that will cause the orbit of the miniature satellite to change. The maximum impulse
for a decomposing liquid is given by the equation:

ZYR Tstag
y—1

Jmex =

Where v is the ratio of specific heats of input and output, R is the gas constant, and Tig IS
the stagnation temperature of the decomposed gas. For 85% hydrogen peroxide, Is, " = 185 sec
(Zhou & Hitt, One-Dimensional Modeling of Catalyized H202 Decomposition in Microchannel
Flows, 2003). From here, thrust can be obtained from the fact that F = I, g. This assumes that
the fuel is fully consumed, and that material properties do not vary significantly.

To determine the length necessary to assure full decomposition, see (Zhou & Hitt,
Numerical Modeling of Monopropellan Decomposition in a Micro-Catalyst Bed, 2005). For now,
a 0.25 m length of coated tubing will be considered long enough to ensure complete combustion.

A thrust of 145 pN is given as representative of the scale required for these nanosatellites.

This gives a flow rate of 80 ug/s. Given the density of hydrogen peroxide, this equates to a

volumetric flow rate of 5.46*10™** m*/s (Zhou & Hitt, One-Dimensional Modeling of Catalyized
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H202 Decomposition in Microchannel Flows, 2003). Assuming the larger of the microstructured
optical fibers is used (ID of 320 pum), this relates to a mean velocity of 6.79*10™ m/s. To find the
pressure required to achieve this velocity, the Reynold’s number must be found. The equation for
Reynold’s number is Re = %, and in this situation, Re = 0.0256, an exceptionally low number,

and therefore highly laminar. For laminar, fully-developed pipe flow, the friction factor is f = %,
s0 in this situation, f = 2,500. The pressure loss across a tube with a friction factor of f is AP =

2
fp % (Cengel & Cimbala, 2006). In this case, the pressure required is 660 Pa, a completely

reasonable pressure to achieve in a simple laboratory setting.

Capacitor

The simplest implementation of the microstructured optical fibers as a capacitor is using

a single-channel fiber, with a conductive core and coating, making it a basic cylindrical capacitor.

_ Conductive Coating
Conductive center Radius b

Radius a

Dialectric fiber
Silica glass

Figure 2.1 — Simple Cylindrical Capacitor



This setup is simple to model. Given a charge per unit length, 1 = % where Q is charge
and L is length, then the voltage across a cylindrical capacitor is V = 2%ln % Once the voltage is
known, the capacitance can be calculated from the fact that ¢ = %- Therefore, in this capacitor,

C = 2melIn % From here, the energy stored by the capacitor can be found, since for any
capacitor, U = QZ—V orCTVZ. Therefore, for our cylindrical capacitor, U = %lns.

Now, the critical values for the use of a capacitor are its maximum voltage and its energy

density. The expression for electric field strength in a cylindrical capacitor is E(r) = ﬁ Itis
a
easy to see that the maximum electric field in the dielectric would then be E,,,, = # All
a

dielectrics have a maximum breakdown strength, and with this knowledge, the maximum voltage

. . b . . .
a capacitor can handle can then be given as V., = Ejgx @ In - where Ena is the dielectric’s

2
breakdown strength. The maximum energy stored, then, is U = CV% (Eren, 1999).

The fibers are made of fused silica, so they have the following properties: & = 3.8, Epax =
30 * 10° V/m (CERAM Research Ltd, 2001). Therefore, for the sample fibers used in

experiments, they would theoretically have the following electrical properties if turned into

capacitors:

ID (um) OD(pm) CIL (pF/m) Vinax (KV) Uma/L (/M) | Uy V (KI/IM°)
75 205 212.5 1.13 135.9 4.11

320 450 72.0 1.63 96.5 0.607

Table 2.1 — Theoretical values for fiber capacitances

Unfortunately, these results are not very promising. While the V. is much higher than

traditional capacitors (which often have maximum voltages on the order of 1-100 V), the energy

density is much lower. Traditional electrolytic capacitors have energy densities on the order of

100 kJ/m®, and ultracapacitors exceed 1,000 kJ/m® (Lachapelle & Garcia, 2008).




One proposed method to increase the energy density of the fibers was to optimize the
ratios of inner diameter to outer diameter. The optimization attempts are described in Appendix

A: Optimization of Capacitor Geometry.

Heat Transfer

Simple flow through pipe

As an initial estimate of the usefulness of the fibers as a heat transfer device, calculations
will be done assuming the fiber is long enough and has a high enough surface area that at the end

of the tube, the liquid has fully boiled and has reached the temperature of the heat source.

Working fluid: Water

Diameter 14 Density Coiig Co gas AH,qp Trmin T max
5 um 1.67*10° | 1000 42Ki(kg | 2ki(kg | 2270 kilkg | 25°C 300°C
m’/s kg/m® K) K)

Table 2.2 — Values for flow calculations

From these values the mass flow rate can be calculated. The result is 2.78 *107 kg/s.

The amount of power absorbed to bring the temperature of the fluid is given by the
equation q;;; = m * ¢y jiq * (Tpou — Tinin ), The energy to boil all the liquid is gp,; = m * AH,,
and the energy to raise the temperature of the vapor to the max temperature is qgq, = m *

Cpgas * (Tmax — Thou)- If the mass is replaced with mass flow rate in the above equations, the
equations are added together, and all other values are assumed constant in time, then the resulting
equation is total power removed by the working fluid at steady state (Incropera & De Witt, 1981).
Doing this yields the equation:
q =m(AH, + ¢y gas * Tmax — Splig * Tmin + (€p1ig — Cp,gas) * Thoir)
Plugging in the values from Table 2.1 yields a maximum heat transfer rate of 49.75 W

per fiber. This is an extremely good heat transfer rate, especially considering the small size and




simplicity of the object, so further experimentation will be done to find how close a physical

system is to this theoretical maximum.

Pulsating Heat Pipe

Pulsating heat pipes (PHPs) are very difficult to model analytically, due to their highly

chaotic nature (Dobson, 2004). An additional proposed limit to PHP performance was a

theoretical minimum diameter of D,,;,, = 0.7 fm for a given working fluid (Yu-Hsing,
lig —Pvap

Shung-Wen, & Tsung-Yu, 2009). For water, this gives a minimum diameter of approximately 1.9
mm, much larger than the fibers.

However, more recent research suggests that the lower limit is not as important as
initially believed. Tests involving pipes of 1 mm diameter show that below the limit the pipes still
function properly as heat transfer devices. The smaller diameter heat pipes have higher thermal
resistances, but also have much higher dry-out heat fluxes (Yang, Khandekar, & Groll, 2008).
Theoretical methods for modeling PHPs exists, using finite-difference methods (Dobson, 2004).

However, they are beyond the scale of this paper.

Neutron Detector

The primary purpose of the theoretical work for the neutron detector is the determination
of a suitable way to create a neutron detection substance inside the fibers. Since ZnS is insoluble
in water, the immediately obvious method is to create a mixture of two soluble substances out of

which ZnS would precipitate when passed through the fibers.
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Zinc acetate dehydrate and thioacetamide are chemicals that were on hand and contained
the proper ions. The zinc ion is provided by the fact that zinc acetate dehydrate dissociates as
follows:

Zn(0,CCHy),(H,0), => Zn*" + 2 (0,CCH3)* + 2 H,0

The thioacetamide dissociates thusly:

C;HsNS => C,HsN*" + S*

This puts Zn*" and S* in a position where they may react and form ZnS. As ZnS is
insoluble in water, it should precipitate out, allowing the other ions to be washed away with the
solvent. Finally, o-carborane (C,B1oH;y) is included to provide the boron atoms for alpha

particles.
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Chapter 3

Experimental Results

This section will develop experimental techniques to verify and extend the findings of the
theoretical calculations. However, due to constraints on time and resources, not all experiments
were conducted; the recommended experiments will be given, and the use of the data will be

explained.

Miniature Thruster

Due to resource restraints, this test was not able to be performed. However, following is
the proposed test setup.

First, a microstructured optical fiber has a layer of platinum deposited along one end of
its length, using chemical vapor deposition techniques. Selective deposition along the length of
the fiber is possible by heating only the portion of the fiber where the coating is desired
(Krumdieck, 2009).

Because the forces generated are very small compared to what most laboratory
accelerometers are able to detect, a suspended test setup is recommended. A basin for the H,0, is
suspended from two arms attached to angle transducers. The uncoated end of the fiber is placed in
the basin, and the coated end is pointed away from the basin, in the direction such that any force

produced turns the arms attached to the transducers. See Figure 3.1.
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Angle Transducers

— \Q

i

Catalyst-Coated Portion of Fiber Fiber H.O,
Figure 3.1 — Thruster Experiment Setup
A simple force balance will show that F, = m g tan 8, where F; is the force produced by
the thrust, m is the mass of the system, g is the gravitational acceleration, and 0 is the angle of the

arm measured with respect to the horizontal.

Capacitor

Theoretical calculations show that devising cylindrical capacitors out of the optical fibers
is not worthwhile; however, more complex geometries may be useful. For example, the figure
below would allow for the positive and negative channels to be much closer together, allowing

for a higher capacitance and energy storage capability.
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central hole

cladding hole
silica

Figure 3.2 — Complex honeycomb geometry fiber. Courtesy (Huang, Xu, & Amnon, 2004)
The primary obstacle with this geometry is filling the holes selectively, so that short

circuits do not occur, and the conductive filling in the holes do not touch. The solution, devised

by Huang, Xu, and Amnon, is shown below.

filling ’

" icleaving

ﬁlling’ i b .

Figure 3.3 — Selective Filling Process. Courtesy (Huang, Xu, & Amnon, 2004)
Since the center hole has a larger diameter, a glue forced into the channels will flow

faster in the largerchannel, and therefore fill faster. This glue is then set using a UV source,
shown in 1 of Figure 3.3. The fiber is then cut, such that the plug in the center channel remains,

and another glue can be forced into the smaller channels, and since the middle channel is blocked,
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this glue can be forced deeper than the plug in the center channel, as in 2. This can then be cut,
such that the smaller channels remain plugged, and the center channel can be filled to whatever
depth is desired, as in 3. The plug for the smaller channels can then be cut off, leaving only the

center channel filled, as in 4, allowing the smaller channels to then be filled, creating a capacitor.

Heat Transfer

Simple flow through pipe

To test the use of the fibers as a heat transfer device with simple internal flow, the

following setup was used.

Figure 3.4 — Simple Internal Flow Setup



15

A syringe pump is on the left, to control the flow rate of water through the fiber. The
syringe is attached to a rubber tube, to which the fiber is attached. On the other side of the fiber,
another tube carries the heated water into the basin on the right. A simple hot plate acts as the
heat source, with the metal block in the center raising the rubber tubing from the heated surface
so that the fiber is heated, but the rubber tubes are not heated and melted. In the foreground is the
thermal imaging camera used to gather the thermal data while the test is running.

Following is an image from the data collected. This run used two 75 pm ID/205 pm OD

fibers, with a volumetric flow rate of 1 mL/min.

>

\

223
Trefl=20 Tatm=20 Dst=6.61 196}2=4.0

3/29/10 2:33:34 PM +0 - +500 e=0.96

Figure 3.5 — Thermal Data for 2 Fibers at 1 mL/min
This data shows that at mass flow rates as low as 1.67 *10”° kg/s, a 30° C surface

temperature difference can be achieved. This is a very good result; however, to find the exact



16

amount of heat being removed, and the efficiency of the heat exchanger made with these fibers,

thermocouples capable of measuring the fluid temperature would be needed.

Pulsating Heat Pipe

The PHP is simple to build; a tube is filled with the operating fluid, the ends are either
connected or submerged in a basin, and the ends are placed on their respective heat sources and
sinks. To test the theory, a simple PHP was built with larger-diameter tubing, to more easily

observe the behavior.

Figure 3.6 — Large Pulsating Heat Pipe setup

This simple test allowed the pulsing liquid plugs to be observed. However, when this

setup was repeated with the microstructured optical fibers, the fibers proved too small to easily
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see the liquid/gas interface. However, with properly heat-resistant microscopes and sufficienly

small thermocouples, the efficacy of this size PHP can easily be determined.

Neutron Detector

The first test that needed performed for the neutron detector was a verification that the
precipitate forming was indeed ZnS, as there was concern that the o-carborane, magnesium, and
any other contaminants, were causing Zn0O, a similarly insoluble white powder, to precipitate
instead. To test the material, an X-Ray Diffraction was performed in the Materials Research Lab
on February 16, 2010 with the assistance of Nichole Wonderling. The results of the diffraction

are below:

neutran detector mixture. xrdml] @Phi=180.0

5000

4000

3000

Intensity(Counts)

2000

1000

00-005-0566= Sphalerite - InS

‘ ‘ 00-036-1450> Whrrtzite-2H - InS

00-039-1363> Whrrtzite-8H - InS

10 20 30 40 £ &0
Two-Theta (deg)

“Penn State [MWONDERLINGIAma 0] Hihols's work\Chi Beorge - BHC Moskenstum_Feb 2010> Tussday. February 16, 2010 08:44a (MDIIADES)

Figure 3.7 — X-Ray Diffraction results
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The black graph is the results of the test, while the smaller colored plots below are the
theoretical results for various ZnS structures. The extremely wide peaks show that the ZnS is
nanoparticle form, rather than a large, discreet structure. However, since the wide peaks of the
test correspond to the sharp peaks of all the various macro ZnS structures, the sample is definitely
ZnS, and not ZnO. Additionally, the o-carborane and magnesium activator are in low enough
concentrations that they do not appear in this test (Wonderling, 2010).

With the neutron detection mixture verified, the effect of the optical fibers should next be
tested. Setup is given below:

Photon Detector for
off-axis detection

AN

Photon detector for
on-axis detection

MNeutrons from Reactor

Fiber with detector material

Figure 3.8 — Neutron Detector Test Setup
The fiber is placed axially along the neutron path, so that the fiber is most likely to guide

the resulting photon to the photon detector directly in line with the neutron. The off-axis photon
detector will then be able to detect the relative number of photons that are being scattered in the
detector, rather than following the shape and path of the fiber.

An additional recommended test would be the same as above, but replacing the fiber with

a container of the ZnS mixture of equivalent volume to that contained in the fiber. This would



19

then give a benchmark for the number of photons that stay on the same direction of travel, and the

number that end up deflecting off the path.
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Chapter 4

Conclusions and Potential Applications

The following is an overview of results for each area of interest. All areas have shown
potential for applications. However, these potential applications all require additional

development and testing, and so the suggested course of action is given.

Miniature Thruster

As the miniature thruster concept was not tested, it is not possible to give a definite
answer to the suitability of the fibers for this application. However, the research and theoretical
calculations suggest that it is feasible, and may prove cheaper and easier to manufacture than

nanoscale thrusters. Further testing is recommended.

Capacitor

The capacitor use of microstructured optical fibers is also untested, but the theoretical
calculations suggest that a simple cylindrical capacitor does not have any outstanding properties
to make it worth the cost in effort and materials to manufacture one.

However, more complex geometries could potentially be worth further investigation.
They allow for higher energy densities, and can be custom-shaped to the application, to optimize

their electrical properties. Further calculations and testing is recommended.
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Heat Transfer

Simple flow through pipe

Testing has shown that the fibers are excellent in this use. Their small size means a high
surface area for heat transfer. This means not only a quick response time to temperature
fluctuations, but also that relatively small flow rates are required to transport useful amounts of
heat. Additionally, the small form factor means that is easily incorporated into small devices and
situations where space is limited and focused heat control is needed. The one recommendation for
further development is a couple to allow the fibers to be more easily attached to other tubes or

syringes.

Pulsating Heat Pipe

The pulsating heat pipe design was unable to be tested in a useful manner, due to the
constraints of the optical and thermal measuring equipment available. However, due to the fibers’
success in a simple flow situation, they show promise in this application as well. Further testing is

recommended.

Neutron Detector

The neutron detector experiments were not able to be performed, but since the neutron
detector material mixture seems to have been created properly, testing in the nuclear reactor is

recommended.
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Appendix A

Optimization of Capacitor Geometry

A few efforts were made to optimize the geometry of the fibers for capacitor energy

density. First, considering only a cylindrical capacitor, the ratio of radii z = a/b, can be

1
e

maximized for energy density. The result is that the optimum ratio is z = —.. However, this

Bl

optimum geometry does not give a significant increase over the fibers used.

The next effort made was using finite element methods. In COMSOL, the optimization
package was used, and a moving mesh/parameterized geometry was attempted. However, in the
limited time of the project, the errors were never fully worked out, and results were never
achieved.

Finally, a topological optimization was attempted. This method, implemented in
COMSOL, is outlined in (Sigmund, 2001). This method is based on a distribution of two
materials, and the method is used to optimize the distribution of materials throughout the area of
interest. Unfortunately, in a capacitor, the geometric element of interest is the shape and position
of boundaries between materials, which is not as well defined. However, with some application of
finite element concepts, it may be possible to adjust this method to look at boundaries and their

relative positions, greatly increasing the applicability of the method to alternate problems.
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