ABSTRACT

KILPATRICK, EVAN GABRIEL. Carbon Fiber and Fiber Bragg Grating Force Balance for
Unsteady Aerodynamic Loads. (Under the direction of Dr. Kenneth Granlund).

Supersonic wind tunnels are characterized by having very higher power requirements to
operate, therefore many are built to small scale. Some use a blowdown design that releases stored
air for a run time of perhaps only seconds. Due to the short time and high speeds, the behavior
during startup can be of particular interest. It is known that high frequency oscillations are
developed in the supersonic flows, but there is not currently a well-established way to measure
them.

Further complicating the startup question is the placement of cavities in supersonic flow.
Cavities are a feature of scramjet (Supersonic Combustion Ramjet) engines, acting as a place to
keep the flame or inject fuel. Scramjets are simpler in design than other options since they have no
rotating parts, and eliminate the need to carry oxygen found in competing high speed propulsion
designs. One of the negative features is that scramjets must generally be at a high speed before
they can be started, and thus cavity flow during startup is a primary concern.

Various researchers have used Schlieren imaging that reveals many of the patterns found
in these flows, and while it can show shapes of the flow field, this method is not suitable for finding
the pressures and forces acting on a given area.

To this end, it was proposed that a sting be created which could measure both moments
and forces on test articles inside an acoustic space at high frequencies using fiber Bragg gratings
to take strain readings. The design was dictated to be an internal balance that could measure normal

force, side force, and pitching and yawing moments, and use removable test articles.
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CHAPTER 1
Introduction
1.1 Motivation
Scramjets represent a substantial development in propulsion because they have
considerably fewer moving parts and can function at higher speeds than traditional jet engines.
The main features that differentiates them are the lack of a compressor section and supersonic
combustion, which can allow for greater efficiency and power in a similar plant size. Making
scramjets not only a reality but making them more available to commercial operators could allow
people to travel at say Mach 8 instead of Mach 0.8 as is the commonly done today. This dream
motivates the further study of high speed flows over reverse steps which are used as combustion
chambers and flame keepers so that these engines can be further developed. Gaining a fundamental
understanding of the high frequency phenomena present in supersonic flows will help give greater

insight into the fundamentals of flow which would occur at higher Mach numbers.



1.2 Problem Statement

Supersonic flows in wind tunnels at small scale mean that most model design features
typically have convective times in milliseconds, and the flows during tunnel startup are particularly
complex. For the supersonic tunnel and testing setup used at NCSU, at Mach 1.5 the convective
time for a 200mm chamber is under 0.4 milliseconds. The discontinuity from an acoustic chamber
causes the shear layer to become very unsteady and turbulent. Traditional steel stings and force
balances have a resonant frequency which is too low to capture anything happening at these time
scales. Pressure sensitive paint offers some ability to read at high frequencies but can be difficult
to read precisely and gives limited results, which generally show shapes of pressure distribution.
Schlieren imaging and other image-based methods such as particle image velocimetry or smoke
can be done at high frequencies, but only show the flow patterns and not the forces and moments
that are generated at a given time and place. To be able to capture oscillations at high frequency,

a new method of measurement would be useful.



1.3 Research Objective

The objective of this research is to produce a 4 degree of freedom force balance that can
measure normal forces, side forces, and pitching and yawing moments at higher frequencies than
currently available balances. The balance is to utilize fiber optics to make measurements, instead
of more typical electrical resistance strain gauges. The balance is to fit inside a store model copied
from previously published geometry which has an outer diameter of 17.5mm, is removable, with
a conical nose and 4 fins. The design, materials, and other details were left open, but the budget
was somewhat of a limiting factor. Testing is to be carried out in the NCSU supersonic wind tunnel
with the store positioned at the shear layer, in the freestream, and inside of an acoustic chamber.

The design of a sting and balance, employment of fiber optic sensors, optimization of store
geometry and materials, fabrication techniques, composite materials, additive manufacturing,
balance calibration, and wind tunnel testing are all topics that could be researched to produce a
thesis or dissertation of their own, and these have been done by others. None are covered in the
finest of detail here, as this effort utilizes methods coming from numerous specialized fields of

engineering.



1.4 Outline

Chapter 2 contains a non-exhaustive review of literature pertinent to supersonic flows over
acoustic chambers, force balances, and fiber optics. Chapter 3 details the design philosophy,
fabrication techniques, and experimental methods used in this research. Chapter 4 states some
results and discusses them. Chapter 5 gives conclusions and a brief speculation on what future

work could be done in this area.



CHAPTER 2
Literature Review

Choubey et al. (2019) provide a review of recent developments in cavity-based scramjet
engines. The main purpose that cavities are used for in this application is as a place to inject fuel,
mix the fuel with air, and keep the flame. Scramjets offer numerous and significant potential
benefits compared to other high-speed propulsion options because of their simplicity, high specific
thrust, high speed, ability to rely on atmospheric oxygen, and good thermal efficiency. A
significant disadvantage is that they must be at high speed before they can function, therefore the
flow characteristics during startup are of primary importance for this class of engine.

Pandian et al. (2018) did a study of cavity flows using Schlieren imaging that reveals some
of the flow patterns found in cavities, and tested at a Mach number of 1.8. The complex shock
system during startup is captured well by high speed imaging, but it does not allow for accurate
prediction of what forces would be in this timeframe. They classified cavities based on length-to-
depth ratio(L/D) into open cavities having L/D<10 and closed cavities having L/D>13, the divide
the open cavities into shallow(LL/D>3) and deep cavities with L/D<1. In deep cavities, oscillations
are predominantly in the transverse direction, while shallow cavities tend to have longitudinal
oscillations. The architecture used for the experiments at NCSU has a L/D of approximately 5 and
could be classed as a shallow cavity.

Malmuth, et al. (2002) conducted an extensive study on behalf of the Air Force Office of
Scientific Research. They focused on stores separating at transonic speeds and laid out the
underlying physics of the problem, as well as develop some computer code to predict store
trajectories. One of their findings is that the shear layer increases lift and can cause a separating

store to ricochet, leading to a potentially disastrous 2™ contact with the parent vehicle.



Bogar, et al. (1984) focuses on inlet response to changes that are downstream in the flow,
particularly with attention to conditions that could cause the system of ramjet and inlet to resonate.
A downstream exciter with variable geometry flaps was utilized to induce various fluctuations.
Schlieren imaging was done at 5,000 frames per second, and the flow speed was Mach 1.84. They
state the most troubling oscillations occur at under 300Hz.

Melcher and Ibrahim (2000) designed proposed a device made up of two trapezoidal plates
that are moved to generate gust like perturbations for high-speed inlets. This work used a 10 x 10
foot supersonic tunnel and appears to focus on obtaining 70Hz frequency response.

Past work done at NCSU (Chin, 2019) focuses on the behavior of various stores near a void
space and experiments primarily used pressure sensitive paint(PSP) and load cells. Pressure
sensitive paint works using the partial pressure of oxygen in the air to change the intensity of
fluorescence of the paint as it is exposed to ultraviolet light. The brightness in a recorded image
will also change with distance and temperature, so a 2nd PSP color is used that allows for
corrections to be made for these factors. Some experiments were done using 2 color PSP, which
enables studies to be made of moving stores. Studies were also done using tandem stores, and
stores in motion out of the void space.

An Arnold Engineering Development Center (AEDC) report titled Sting Dynamics of Wind
Tunnel Models (1976) gives an analysis of various limitations of materials used for stings. It is
interesting to note similar conclusions are drawn in that there is really no way to increase stiffness
of wind tunnel stings other than to find stiffer materials, due to the limitation of tunnel size on the
sting diameter. The materials discussed do not include any composites such as carbon fiber since
it was not in common use at the time. They do however investigate some metals that were not

researched here, including molybdenum alloys, tungsten alloys, sintered tungsten-titanium and



carbide alloys, all of which are significantly denser than steel. It notes highly impulsive flow
conditions in blowdown tunnels create sting oscillations which can influence data acquisition and
accuracy. The frequency calculations are based on a more typical tapered hollow geometry with
several sectional discontinuities, treating the base of the sting as arbitrarily fixed geometry because
it is a rigid structure. The equations used are somewhat complex due to the non-uniform geometry.
An example of scale in this report is a 12 foot long sting with a model of 1,000 Ibs and normal
forces of many tons, although the governing equations do not change when scaled up or down.

A thesis published at Virginia Polytechnic Institute and State University (Edwards, 2000)
used fiber optic sensors on an existing force balance, comparing them to foil strain gauges mounted
on the same balance. He states the advantages of fiber optics as ability to operate in high
temperatures, lack of electromagnetic interference, and higher resolution and accuracy when
compared to conventional electrical resistance strain gauges. While optical sensors were used, the
traditional foil strain gauges were retained for comparison. It used a balance from Arnold
Engineering Development Command (AEDC) that is solid stainless steel 17/4 with flexures, and
the calibration matrix equations were obtained from AEDC. It was assumed that there would be
no interactions between his fiber optic sensors, which is a reasonable approximation because of
the flexures. A finite element analysis (FEA) was performed and obtained strain values that were
close to those obtained experimentally. Edwards uses Extrinsic Fabry-Perot Interferometry (EFPI)
sensors to measure strain. These are made by placing an optical fiber end near to a reflective
surface, and relying on the light to split into one wave path reflected by the end of the fiber, and
another wave path reflected back by the reflective surface after passing through the gap. The gaps
can measure perhaps several hundred micrometers. The white—light interferometric methods used

provide the exact optical path length between the two end faces. This measurement is then



correlated with a strain value to determine the load on the sting. These EFPI sensors have been
successfully used in various applications, but major drawbacks include weak inter-ferometric
signal and difficulty in multiplexing (Rao, 2006). Edwards discusses the low frequency of the EFPI
system, which is limited by the spectrometer which uses a charge-coupled device (CCD) array
measurement system that functions at 66 Hz. The CCD array requires a certain time to read, and
the signal may also shift and cause smearing during that time. It was noted that fiber optic sensors
are less sensitive to their location, and predicted that a balance without electrical strain gauges
could use a simpler design.

One notable result from Edwards work is that while 4 fiber optic sensors were installed,
only 2 worked as expected, and data was presented from those. He made the major assumption
that there would be no cross-talk between his sensors, which he justified by saying that the test
model should not produce any side force or yawing moment. Edwards balance was designed for a
23 x 23 cm cross section supersonic wind tunnel with a cone shaped store. Sensitivity to
temperature change was noted and a prediction made that placing the fiber optic sensors internally
would help stabilize their temperature, as well as help to shield them from any physical hazards.
Wheatstone bridges were also required for the electrical strain gauges to allow for better
measurement of small changes in voltage, this makes them somewhat more complex than optical
sensors. One possible disadvantage noted was that the fiber optics may be sensitive to pressure.

Palais (1998) gives a broad overview of fiber optic technology, it’s history, and use. Optical
cable typically consists of a very thin (typically a fraction of a millimeter) glass core which serves
as a guide for light waves, and an outer cladding around the core. Cladding helps protect the core
from contamination and physically shields it from damage, but is possible to have a functional

fiber without cladding. It is not uncommon to have another shield outside of the cladding, typically



called a buffer and often made of vinyl. The light travels down the fiber bouncing off the walls
and as long as the angle is low enough will stay contained with extremely low losses, but if the
fiber is bent into too tight a radius it will start to leak out.

Kashyap (1999) wrote a book Fiber Bragg Gratings where he details the many intricacies,
history, fabrication methods, and properties of FBG’s. FBG’s are not necessarily a unique physical
thing, rather they are written into sections of an optical fiber with a periodic variation in the
refractive index. FBG’s are manufactured by exposing the fiber to ultraviolet light in specific ways
to alter the optical properties. The spacing of these sections with altered refractive index is set to
a certain distance, which is typically measured in nanometers. This distance dictates what
wavelength or frequency of light will not be transmitted back. FBG’s act as band-stop filters, which
means that the rest of the light spectrum keeps going without interference. This characteristic is
extremely beneficial as multiple FBG’s can be used on a single fiber. The change in wavelength
of the FBG over the original wavelength corresponds to the strain multiplied by a correction factor

which is equal to 1 minus the photoelastic coefficient pe, which is typically 0.22. The equation

Z=[1-ple ~078¢ @.1)

gives a close approximation of what should be observed (Hill and Metz, 1997). The value
of 0.78 in equation 2.1 is listed as ranging between 0.77 and 0.81 by Kreuzer (2006).

Xu, et al(1993) studied FBG’s for use as pressure sensors suited for ultrahigh pressure
ranges. They calculate FBG’s inherent sensitivity to pressure. Their experiment consisted of an
exposed single FBG on a single fiber placed inside of a pressure vessel, and pressurized.
Experimentally the sensitivity was found to be around 3 x 10> nm/MPa(3 x 10 /Pa) on a 1,533
nm FBG. A theoretical value for pressure sensitivity is given as -2.7 x 10"!! Pa"! by Hill and Metz

(1997), so the values do not align particularly well between authors.



Properties of carbon fiber composites are covered in detail by Chung (2017). The principle
properties of composites can be roughly predicted by the Rule of Mixtures. The volume of a
composite, V, is made up of the matrix volume, Vi, and the fiber volume, Vi, as shown in equation
2.2. A commonly used term in composites is volume fraction, v, which is the volume of the
component divided by the volume of the composite, as shown in equations 2.3 and 2.4. The mass,
M, is made up of the matrix mass, Mm and the fiber mass, M¢, as shown in equation 2.5. The
density, p, is also made up of the respective component densities as shown in equation 2.6. The
modulus in the direction of fiber lay, E;, is governed in the same way by equation 2.7, but as the
carbon fiber is typically so much higher in modulus than the matrix it is often abbreviated to
equation 2.8. More sophisticated models for analyzing laminates are certainly more accurate if

details of the composite are available, but this gives a first order estimate of what could be

expected.

V=V, (2.2)
74

v = 7f (2.3)
Vi

Uy = 2 (2.4)

M = M; + My, 2.5)

p = Vrpr + UmpPm (2.6)

El = UfEf + UmEm (2.7)

E; = vsE; (2.8)

10



CHAPTER 3
Methods and Procedures

3.1 Design and Fabrication

The wind tunnel installed at NCSU has a 6x6 inch cross section, and the cavity model used
has a length of 216 mm and a depth of 38.1 mm (Chin and Granlund, 2016). With these size
limitations, an internal sting was the only reasonable choice for this project. A store was selected
using a geometry which had been previously published by a group at Sandia National Laboratories
(Wagner, et al., 2016) and this was the basis for the dimensional requirements. In order to get the
find the size of our store, a photo from the Sandia report was examined closely to obtain sizes and
ratios of fin and body thickness. The outer diameter was set at 17.5 mm. A fin thin thickness of
around 1.6 mm was calculated, so a common 1.5mm plate would be suitable. The fin axial length
is assumed to be 14.5 mm, matching that of the tail section length, and the front angle of the fin
was set at 45 deg, making their shape essentially a triangle at the front(8.7mm axially and 8.7mm
radially) and then a rectangle of 5.8mm axially x 8.7 mm radially aft of that. The report shows that
the store occupies 0.82L(length of the cavity) and that there is 0.16L on the front end, leaving
0.02L for the sting to extend between the store and the aft bulkhead where it will be mounted.
Since their cavity is 203 mm long, then 0.02L is 4.06mm of a gap. Initial design estimates for
metals had the sting connecting to the store at the start of the nosecone, this would mean that the
length of the sting would be roughly: the store length(165.5 mm) plus the gap (4.06 mm) minus
the nose cone (33.1 mm) = 136.46 mm. The final design was made shorter than this to get better
frequency response, however the metal designs already in use at NCSU required threading the

nose cone directly to the sting.
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Commercially available 304 stainless steel tubing was used for the body and the wall
thickness was nominally 0.020” or about 0.508 mm. The relatively high density of stainless steel,
with a specific gravity of around 8, means that most of the store weight is due to the body (28 out
of 32 grams) with very little weight in the fins and nose. To obtain a significantly higher natural
frequency for measuring the desired oscillations, the options could include a thinner wall steel
tube, or fabricating a body tube of titanium, fiberglass, or carbon fiber with thin walls. One catalog
listed standard stainless tube with 0.016” wall thickness, but upon inquiry it was not actually
available for order.

The initial fin design was to use stainless fins so they could be welded to the stainless body,
but the NCSU welders advised they could not weld something that thin without warping it, so there
was no longer a reason to use a similar material for the fins. The fins were water jet cut from a
plate of 1.5mm thick titanium and then hand filed to finish. A set of 4 fins weighs around 2.4
grams, compared to 4.3 grams for stainless steel. They were positioned and held in place using a
custom jig and fastened on using JB Weld 2 part epoxy.

The store body and fins were first modeled in Solidworks with 304 stainless steel. The
weight was calculated to be 36 grams when using a theoretical hollow stainless steel with 0.508mm
thick walls nose cone, or around 40g with a solid aluminum nose cone. There is likely some gain
of weight on a hollow nose cone for attachment, and some weight to lose by drilling out or milling
some cuts out of a solid aluminum cone, but these are probably close to what would be realistically

obtained with those materials and designs.
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Figure 3.1 Solidworks Model.

Mounting the fibers internally was considered, but there was no practical way to do this.
Internal mounting would also make the random errors considerably greater relative to the
magnitude of the readings, since the strain readings will be smaller closer to the neutral axis. It is
also unclear how fibers might be mounted precisely deep inside a thin tube. Mounting on the
outside meant that a sufficient gap must be maintained to avoid the body contacting and damaging
the optical fibers and FBGs. Mounting on an outside diameter of 15mm was not easy to do
precisely by hand, even after extensive sanding to make it smooth. When the only available laser
interrogator was single channel, a primary concern was that the single optical fiber needed to bend
repeatedly inside the store, causing considerable stress on the fiber and greatly increasing the risk
of breakage. This significant design constraint vanished when a quad channel laser interrogator
became available.

In most cases, a force balance consists of a machined piece of steel alloy which has been

designed with electrical strain gages that can detect changes in load. Flexures are typically
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designed with geometry that will maximize the effects of a given load and minimize effects of
other loads on surfaces where the various strain gauges are mounted. Since flexures are
significantly less stiff in some direction, adding them tends to also lower the resonant frequency
significantly. The carbon fiber tube used also does not readily lend itself to being shaped to form
flexures. It was anticipated that the lack of flexures would yield less than ideal results since the
balance shape is not optimized in any way for taking measurements, but high frequency response
was the driving design factor in this case.

To capture higher frequency interactions, it is necessary to increase the natural frequency
of the beam so that it does not resonate when exposed to the loads as this will lead to inaccurate
readings and possibly damage the structure of the sting or the model. The natural frequency, F,, of

a cantilevered beam is given by equation 3.1 (Irvine, 2012).

_ 1 3EI : G.1)
27\[(0.2235 pL+m) L

when both p, here used for the beam density per length, and m, the end mass are considered. The
E stands for Young’s Modulus of Elasticity, a material property given by equation 3.2.

_Ao
Ae

E (3.2)

with o being the stress given in units of force per area, and strain € being the change in length per
length. Since the store is designed to be removeable, the sting was considered as a cantilever beam
with an end mass instead of calculating the frequency of the entire package. For initial design
consideration, L = 136.46mm. Stainless steel was the first material considered because it is used
in many existing balances. 304 stainless steel is an austenitic grade containing 18% chromium and
8% nickel, E = 200 GPa and density p = 8.03 g/cm®. Figure 3.2 shows the realm of predicted

frequencies obtainable using stainless steel, titanium, aluminum, carbon fiber, and magnesium rods
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of 15 mm diameter with a 32g end mass are shown in figure 3.2, with length being the variable.
Note that stainless steel has a higher frequency at lengths under L = 0.04 m due to higher modulus,
and carbon fiber has a higher frequency length greater than L = 0.04 m due to lower density. The

advantage will shift towards carbon fiber as the end mass decreases.

Frequency of 15mm Rods with 32g End Mass
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Figure 3.2 Natural Frequency, Varying Length and Material.

Figure 3.3 shows a plot of frequency and wall thickness for a carbon fiber tube of 15mm
outer diameter and length of 136 mm, with varying end mass between 15 and 40 grams. The wall
thickness has relatively little effect on the frequency over the bulk of the range, remaining within
several percent of the maximum stiffness over most of the wall thickness range. So long as the
wall is not very thin, a suitable sized stock tube size will be close to the maximum for that particular

shape and loading.
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Figure 3.3 Natural Frequency, Varying Wall Thickness and Mass.

Reducing the length sharply increases frequency, but length is constrained heavily by the
test article and tunnel geometry. The same governing equations apply to all materials, with varying
density and modulus accounting for frequency differences between them. Several other materials
are shown in table 3.1 for comparison, note that modulus relative to density does not get
significantly better for the metals. Some materials, like glass, are not suited to this design since
they are brittle and have undesirable failure modes. The carbon fiber modulus in table 3.1 was

obtained experimentally, all the other materials shown are standard values.

16



Table 3.1 Various Material Properties (Beer, et al., 2006).

Material Density p, kg/m3 Modulus E, GPa E/p (x100)
Carbon Fiber 2,000 150 7.50
Glass (98% silica) 2,190 65 2.97
Aluminum 2014-T6 2,800 75 2.68
Steel ASTM A36 7,860 200 2.54
Granite 2,770 70 2.53
Magnesium AZ80 1,800 45 2.50
Titanium 4,730 115 243
Stainless Steel 7,920 190 2.40
Cast Iron 7,300 165 2.26
Hickory Wood 720 15 2.08
Monel Alloy 400 8,830 180 2.04
Cupronickel 8,940 140 1.57
Red Brass 8,740 120 1.37

Some finite element analysis (FEA) frequency simulations were done in Solidworks using
isotropic materials and agreed with the analytical calculations using formulas for a cantilever beam
with and without end mass. Figure 3.4 shows a mesh and figure 3.5 shows a frequency analysis

result for a finless store model.

17



Figure 3.4 Mesh for FEA.

Plot type: Frequency Amplitude
Mode Shape : 1 Value = 61086 Hz

Figure 3.5 FEA Frequency Simulation.

Carbon fiber composite was considered next for the sting because of its low weight, high
strength, and very high modulus. One known disadvantage is that the modulus of the material in
finished form is difficult to predict exactly, and is often very uneven directionally. A given piece

could be extremely stiff in one direction, but only a small fraction as stiff when the force is applied
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in a 90 degree angle to the lay of the fibers if they are oriented unidirectionally. Individual fibers
can be had at values near 1,000 GPa, far eclipsing steel in modulus, but by the time the fibers are
epoxied together and dispersed in different directions, they may or may not have much of an
advantage. The modulus of a fiber is also higher in tension than in compression. The density of
the carbon fibers themselves can vary, averaging around a specific gravity of 1.8 but ranging from
around 1.6 up to around 2.2. The expected modulus in a given direction is estimated using equation
2.7 or the approximation of equation 2.8. It is often easier accomplished experimentally since
variances in the fiber’s physical lay from designed orientation will affect how it behaves. Volume
fractions of carbon fiber can get as high as around 60%. 50% was used as an estimated value for
these calculations. In the end, that predicted a stiffer tube than what was observed.

The carbon fiber tube obtained for the sting is made by Rock West Composites and is
manufactured using a fabric roll wrapping technique. Sheets of carbon fiber fabric which are pre-
impregnated with resin (commonly known as pre-preg) are shipped frozen from the carbon fiber
manufacturer, Mitsubishi, to keep it from curing. The sheets are laid out and cut using a CNC
cutting machine. They are then wrapped around a steel mandrel by hand and rolled by a press after
each layer to remove any air pockets. Next they are wrapped in tape and the whole thing is baked
to cure the epoxy or resin. It should be noted that the tape wrapping left the tube with a notable
ridged finish(spiral pattern, with a ridge and groove for each wrap of tape) that was sanded off to
get a smoother and more uniform surface for bonding the FBG’s to. The tape grooves were spaced
approximately 2mm apart. After it has cooled, the mandrel is pulled out by a hydraulic machine
and the tape is peeled off. The manufacturer states that this technique not only gives the high

strength typical with carbon fiber composites, but also a decrease in fiber break-out after damage.
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The particular layup of our selected carbon fiber sting tube, sold as “ultra high modulus”, are given
in Table 3.2.

Table 3.2 Carbon Fiber Tube Layup (Rock West Composites, 2018).

SKU : 45558-UHM Rev NC
Ply # Orientation Location
1 0/90 Inside
2 90 !
3 0 !
4 0 !
5 0 !
6 0/90 Outside

The manufacturer does not offer a finished composite modulus but offers to test their
product for more money, so some conservative assumptions were made for the material properties.
Since the layers are all made in a factory, it is assumed that they are equal in thickness. It was also
assumed that the two woven layers of 0/90 degree could be treated as a half layer of each. It would
be reasonable to expect that 2 out of 6 layers of the fibers are at 90 degrees and 4 out of 6 layers
are at 0 degrees. The 0 degree fibers are what is used for stiffness in the sting, so by taking a
volume fraction of 0.5 with 2/3 of the fibers laying in the desired direction, and ignoring the
stiffness of the filler(likely under 10% that of the fiber) a rather conservative estimate of the
modulus of the composite as around 1/3 of the advertised fiber modulus. In this case the advertised
fiber modulus is 94 Megapounds per square inch or MSI, which translates to approximately 648
GPa, and 1/3 of that is 216 GPa. It is interesting to note that there are no fibers in the 45 degree
orientation, so the resistance to torsion should be low. No significant torsional loads are expected
in the wind tunnel, and a test by maximum hand forces revealed no perceptible give in a longer

section of the carbon fiber tube.
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Using the actual length of 112mm in equation 3.1 gave 837 Hz for the expected modulus
of the carbon fiber rod, if it were to have similar qualities to an anisotropic material. To get the
experimental value of modulus, the design maximum normal force from the calibration was used
with the approximate location of the FBG to back out a modulus, which was significantly lower
than expected with the advertised modulus and orientation of the carbon fiber if it had a 50%
volume fraction. Plugging this lower experimental value back in to equation 3.1 yields 630 Hz.
This result would depend on the mount being absolutely fixed, which is an ideal case.

It should be noted that if a more refined version of this design is to be pursued, there are
some significant gains to be captured by using custom made carbon fiber composite shapes with
both stiffer, stronger carbon fibers and more tailored orientations. Carbon fibers are typically made
from two different precursors, polyacrylonitrile(PAN) or mesophase pitch. High modulus carbon
fibers are produced by graphitization at higher temperatures approaching 2,500°C (Beaumont,
2017). Figure 3.2, taken from Mitsubishi, the manufacturer of the actual fibers used in the
composite tube made by Rock West Composites, shows a comparison of various currently
available carbon fibers and compares them to other materials in strength and modulus. This graph
agrees quite well with a generic one shown in figure 20.2 in Endo (2016, p. 329) which shows that
generally PAN based fibers are able to have higher strength and pitch based fiber are able to have
a higher modulus. A graph from a manufacturer was preferred here because it shows varieties of
what can be readily purchased instead of theoretical items, but there are certainly other companies

to consider.

21



Tensile Modulus and Strength

8,000

7,000 L 4
g— 6,000 ¢ ~
£ 5,000 P4 =
g 4'ow Gl fFibe ’ | Ki35%240 X1392U - K 2
£ JSS‘I f ' 18317 o e [] ‘ . [¢]
3 3'm A Slcilb('f . K139 ,w. ] )
Z’ Aramid Fiber @ . ’ :
S 2,000 %2235 83712 K63AL
-

1,000 [} :

K223 A Steel
0
0 200 400 600 800 1000

Tensile Modulus (GPa)

© DIALEAD™ ¢ PAN based CF* A Other Fibers
* Mitsubishi Rayon Co. Ltd. PYROFIL™

Figure 3.6 Various Material Properties (Mitsubishi, 2018).

Carbon fiber presents some challenges which may be unfamiliar for those who are more
used to working in metals. It can delaminate from any sort of defects that are introduced, and once
it starts to fail can go from fully intact to a pile of dust quickly. Drilling and machining operations
are generally to be avoided if possible. NCSU has a circular saw setup with a water pump to spray
the cutting area and a pan to collect the dirty water, this made quick work of all required cuts.
Sanding was done by hand using wet/dry sandpaper in a sink, keeping it wet to avoid creating
airborne dust. Carbon fiber dust can be hazardous (Castranova, et al., 2013).

By the time carbon fibers are woven in various directions and made into a composite with
the epoxy, the strength and modulus will not be nearly as high as in the fibers themselves. The
fibers used in our tube are a coal tar pitch based fiber made by Mitsubishi, known as DIALEAD
K63712. The tube manufacturer, Rock West Composites, sent a spec sheet and it indicated a tensile

strength of 380 KSI, which is approximately 2.62 GPA in the metric system. Using the advertised
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properties and assumptions mentioned earlier, it is estimated that it should have actual values of

1/3 the fiber strength when acting against normal and side forces.

5= (3.3)

To calculate a deflection(d) for the sting, formula 3.3 was used. With an effective length
of 0.11 m, inner diameter of 11mm and outer diameter of 15mm yielding an I of 1.766 x 10~ m*,
modulus E = 150 GPa, and a force of 89 Newtons (the design load of 20 pounds), there should be
a max deflection of 0.1496 mm. There is a designed clearance between sting and body of roughly
0.75mm, and the fiber diameter is less than 0.2 mm, so with the 20 pound normal load the minimum
clearance should be at least 0.4 mm. Were this clearance to be exceeded(at approximately 75 lb
normal force), damage to the aft FBG’s could occur, along with a possible loss of measurement

capability. A structural failure of the sting should not occur until significantly more load is applied.

McC
Omax = 25 (3.4)

To find a safety factor for structural failure, equation 3.4 was used with M being the
moment and C being the distance from the neutral axis. Since our shape is symmetrical from any
angle, the C distance of maximum stress will be constant and equal to the outer radius of 7.5 mm,
and the “I” will be the same as before, 1.766 x 10 m*. M will be taken as the max expected load
of 89 Newtons (20 1b design load) multiplied by 0.11 m = 9.79 Nm. This yields a max stress of

41.5 MPa. With an estimated strength of 2.62 GPA divided by 3 = 873 MPa, the design safety

873 MPa
41.5 MPa

factor was SF = = 21. The experimentally determined safety factor was corrected to 14.5

after tests found the effective modulus to be lower than the initial estimate. This assumes an equal
loss of strength corresponding to the loss of modulus, which is predicted, but it has not been tested

destructively. If it were to be tested destructively, it would be difficult to reproduce the sting
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exactly since it is made by hand, and the shaping operations likely cause loss of strength and
stiffness by damaging the fibers.

Experimentally, the largest calibration load applied was just over 9 kg at 87 mm from the
mount. This would give an effective moment arm of 82 mm to the approximate center of the aft
FBG at 5mm and led to an observed strain was 2.31 x 10 when using a photoelastic coefficient

pe = 0.22 in equation 2.1. When a reverse load was applied, that same FBG showed a decreased

33.5 MPa

———— = 150.2 GPa when the absolute values
2.23x10—-4

strain of 2.15 x 10, These gave amodulus E =

of the two strains were averaged. This value is significantly less than predicted, 30% less than the
original estimated value. Possible causes include a lower than expected volume fraction, different
than expected layup, lower than advertised fiber modulus, and damage to fibers caused by the
sanding required during assembly.

After it was decided that carbon fiber would be used for the sting, it was not as practical to
attach a metal nose cone, and a 3d printed design could be made lighter. Delrin plastic(acetal) was
suggested first because of decent strength and low weight, specifically around 18% of what
stainless steel weighs. The wall thickness should not be below 0.030 inches(0.76mm) for Delrin
parts (Dupont). The inside corner radius should be set at not less than 75% of the thickness so 0.60
mm was selected for this dimension. Eventually it was decided to print one out of
ABS(acrylonitrile butadiene styrene) as it was easier to obtain. ABS is lighter than Delrin, but not
as strong. The nose was designed with a wall thickness of 1.0 mm and a slighter longer lip where
it mounts into the body. With those adjustments, the weight was 1.03 grams, almost unchanged
from the thinner Delrin design. After using several different FDM(fused deposition modeling)
machines that produced poor finish with the ABS, PLA(polyactic acid) was tried next. PLA has a

similar minimum wall thickness to ABS but is capable of printing sharper features, so we kept the
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design essentially unchanged. This is what was used since it had better nose definition and surface
finish, even though it is very slightly heavier (perhaps 0.15 grams more than the Delrin design for
the nosecone). For this project additive manufacturing(AM) was also used to make approximately
60 iterations of the various nose cone designs, testing stand brackets, tunnel mounts, jigs and
spacers to aid in fabrication, and locating inserts for holding the store onto the sting.

The test model was first assembled without any sensors in order to validate the structural
integrity in the supersonic tunnel, one of the primary concerns was that the fins might separate
from the body. This also served to verify that the frequency encountered would not cause resonance
with the natural frequency of the model and sting. The tunnel mounting system did not
accommodate fibers and was based on one used by Daniel Chin for his previous work, but this
design required changing several pieces. The first mount was designed to hold the store in the
cavity, centered between the freestream and the back wall. The tunnel mount was designed to
clamp the carbon fiber rod and hold it firmly in place with bolts. This mount was machined from
a block of aluminum and after boring out a circular hole for the sting, that part was cut in half
leaving a gap so the two halves would exert pressure on the sting when they are assembled.

The next design for holding the store outside of the cavity on the boundary and in the
freestream was designed by mostly Daniel Chin to work with a set of 3d printed plastic inserts that
hold the sting. It is a frame that bolts to the tunnel wall and extends far enough into the freestream
to allow for the furthest out test position, which is where the store centerline is 1 inch out from the
tunnel wall and 2.5 inches from the back of the cavity. To move the store position across the stream
up to that point, a new piece can be 3D printed as a new matching set of upper and lower plastic
inserts. This is a significant benefit compared to the aluminum mounts because we save the time

and expense of involving the machine shop.
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The final iteration of mounts were purely 3d printed(FDM) in PLA and have no metal
components other than hardware. These were designed in cooperation with Daniel Chin and
various modifications were made to accommodate the fibers, alignment/locating pieces, and
various bolts in the X and Y axis(Figure 3.7). The fiber exit is not completely sealed as a clearance
was desired on either side of the fibers to avoid fiber damage. During all the tunnel testing with
fibers (approximately 30 runs) only 1 fiber broke, and this was far from the mount. It should be
noted that the fibers are quite resistant to separating from the sting if you pull on them axially, but
come right off if you pull on the free end in a radial direction. This design is significantly easier to
print using FDM and low modulus PLA, as it would be a difficult job using subtractive
manufacturing techniques and any common metal alloy. The frequency response would likely be
greatly improved if the mounts were metal; this could be another possible use for EBM or similar

PBF techniques.
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Figure 3.7 Example of Mount Internal Geometry.

Figure 3.8 Mount Assembly.
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The initial store model was also used to take some pressure sensitive paint(PSP)
measurements by Daniel Chin. It had no optical fiber components and was not removable. It
consisted of the carbon fiber rod, stainless steel tube body, and 2 spacers which were 1/8” long
pieces cut from a stainless tube that fit between the carbon fiber rod and the stainless body tube.
These spacers did not initially fit the carbon fiber rod and a significant amount of sanding was
required to get them on. The carbon rod manufacturing process involves wrapping it with tape
before the final curing, and this left a helical pattern on the outside of the tube, which was
eliminated after sanding down to size. After they were installed and the body tube fit over, they
gave a bit too much play- enough that the body tube and the sting could contact each other. To
solve this, JB Weld “Steel Stik” 2 part epoxy was used(JB Weld, 2020a). It must be kneaded
together and then forms into a hard material that can be ground, drilled, etc. Both sides of the
stainless spacer bushings were taped off to limit over application, and then the epoxy was applied
over the bushings. The tape was peeled off to limit the amount of excess material that would be
left in place. After it cured, it was filed and sanded until a tight fit was achieved. The body was
then mounted and bonded to it using Loctite Super Glue Ultra Gel Control(Loctite, 2020), which
gives a higher working time than normal super glue and is easier to manipulate without drips,
drops, and runs. It is unclear how much remained on the aft spacer after inserting it S0mm into the
body, but it did seem to bond. A cotton swab was used to applied more glue onto the forward
spacer ring from the front of the body. This yielded a good result with the body evenly centered
on the sting and firmly held in place. The nose cone which was 3D printed had to be sanded down
and still had such a tight fit that gluing was deemed unnecessary. It proved to stay in place well

during tunnel testing. The total store and sting assembly weighed in at 52 grams.
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The first test without fibers yielded good results, with the test article remaining intact and
holding steady in the wind tunnel. The only movement observed was a slight motion of the fins.
A FEA frequency analysis was run on a fin with the root held fixed, and it indicated nearly 18kHz.
However, the epoxy holding the fins on is likely to blame for this motion as it is likely less stiff
than either the steel or titanium. It is not expected that this will negatively effect the results, since
the movement was barely visible and the mass is very low(just under 0.6 grams for an entire
titanium fin) and is centered closer to the root than the wingtip due to the 45 degree angled shape
of the leading edge. Center of gravity on the fin is 3.73 mm from the body surface compared to an
extreme radial dimension of 8.7 mm.

The iteration of the sting and store used for the FBG measurements was more complex. It
was dictated that this store be removable, so the design was modified and that added several grams
for hardware. The rotation of the sting and store also needed to be fixed so that the FBG’s would
be in a consistent place. To meet those goals, the sting was outfitted with some 3d printed inserts
that had locating notches and grooves to set the rotation of the sting in a consistent place which
can be rotated in 90 degree increments when desired. Instead of just filing the contact points until
they fit and gluing them in place like before, it was a longer process to get them to both fit with
minimal play and be removable. To begin, the CF rod was sanded smooth in order to make a better

surface for bonding FBG’s.
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Figure 3.9 Carbon fiber tube, After Sanding(above) and Original Finish(below).

After the FBG’s were all fused together and the extreme length known, the stainless steel
spacer pieces were glued on in position to provide sufficient axial clearance. The optical fibers
were not attached until later. JB Weld SteelStik was applied over the spacer pieces. It is a putty
and not easy to apply in a thin coat, so it was considerably thicker than needed. FDM printed PLA
spacers were created in the correct diameter, and used as a guide for rough filing followed by

sanding (Figure 3.8). The epoxy was sanded with 220 grit sandpaper until it fit into the store.

Figure 3.10 Sanding Using PLA Spacers.
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The cured SteelStik had acquired some pitting during sanding. Next tape was applied on
either side, and a different epoxy was applied to fill in any voids, smooth the finish, and make the
fit slightly tighter. JB Weld MinuteWeld (JB Weld, 2020b) was used for this purpose, it is a
thinner, clear epoxy with a syrup like consistency. The insert at the end of the sting was also
attached using the MinuteWeld. A spacer was printed the thickness of the desired aft cavity gap
and placed between the store and the mounting bracket. The store then was attached with the store
insert being bolted to the sting insert using a titanium M4 nut and bolt. It was then marked, pulled
forward, and the 2 part epoxy applied inside to the mating surface. The store was rotated as it was
slid into position to get more epoxy between the store and the insert. A level rested across the two

top fin roots was used to make sure that the fins were oriented for 45° angle from X plane.

Figure 3.11 Leveling Store.

The forward and aft inserts on the sting that serve to provide consistent rotational location
are both drilled with a 1/16th inch bit on what is being called the top side. This is on a non-mating

surface and serves only to provide a reference mark. This is on the side where the black buffer
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fiber is bonded. The following table and diagram are provided for reference, with the black circle
representing the drilled hole and the connection end fiber cover color being shown.

Table 3.3 FBG Locations.

FBG Locations - All wavelengths ( A ) are in nm
Buffer Color Interrogator Compensating Aft FBG A Forward FBG A
Channel FBG A
Black 1 1544 1532 1564
Blue 2 1528 1568 1552
Grey 3 none 1524 1556
Green 4 none 1540 1572

Aft end of sting, looking forward
Black

Blue Green

Grey
Figure 3.12 Fiber Locations on Sting.

The swept wavelength laser interrogator that was used to read shifts in the FBG
wavelengths is a Micron Optics si255. There was some flexibility in positioning the FBGs because
the spacers could be placed further out on the sting, but that would leave more of the model
unsupported and have adverse effects on the frequency. The basic mounting procedure tried was
first marking the sting every 90 degrees, and then taping the fiber in place along the marks before
bonding it. For practice, this was done using Loctite Super Glue Ultra Gel Control. The FGB’s list
a minimum bend radius of 17mm, which is more than double the radius of the sting. In the middle

of the design process a four-channel interrogator became available, simplifying the placement
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greatly as there were then 4 fibers instead of one and no crossing over or bending of the fibers was
required inside the store. This reduced the number and intricacy of splices required.

Micron Optics OS1100 fiber Bragg gratings were purchased (Micron Optics, 2017). To
easily differentiate the readings obtained from the FBG’s in different locations, 15 different
wavelengths were ordered within the range of the interrogator. The individual wavelengths range
from 1,516 to 1,572 nm with a minimum 4 nm between them. During the splicing and bonding
process, 5 FBG’s were destroyed. 2 are extra in addition to the 8 installed on the sting, with at least
one being necessary for temperature compensation. One is currently bonded to a small length of
the same carbon fiber tube to obtain the same thermal response, and another is installed in the fiber
and could be installed somewhere in a wind tunnel. The bonded one is what was used for
temperature correction in the calibration and tunnel readings. This is probably useful for
calibration but not very useful for the tunnel as it does not measure the tunnel temperature.

Connecting all the necessary FBG’s together in the correct sequence was a tedious task.
The available methods for connecting the fiber ends are manufactured mechanical connections,
methods using adhesives, or fusion splicing. Mechanical connections are significantly larger in
diameter than the fiber, similar to how a plug or butt splice takes up significantly more room
compared to soldering an electrical wire, and were accordingly ruled out due to the limited space
inside the store. The fusion splicing method typically uses an electrical arc to provide heat that
melts the two fibers together with hopefully minimal loss in a process that has some similarities to
arc welding.

The fusion splicing machine at NCSU requires the two fiber ends be inserted in
approximately the correct location, and then will do the final alignment. It will reject ends that are

not clean enough or at close enough to a 90 degree angle. It also at times will produce an imperfect
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splice. Once the fusion splicer is satisfied that all parameters are within limits, it splices and tries
to estimate a loss for the connection. It can be quite small, like 0.03 or 0.15 dB. Often it will be
unable to estimate the loss. The fusing process is precise and finicky, and it has a high failure rate.
It is necessary to remove the cladding and clean the fibers thoroughly before fusing. There are two
types of cladding in the fibers we assembled, the most important being polyimide within roughly
Im of the FBG’s. The pigtails are covered in a colored 900um PVC buffer, which appears very
similar to thin electrical wire insulation. The PVC buffer is removed with a stripping tool near the
splice area. The cladding is also removed. There is no buffer present on the fibers that the FBG’s
are written on. It was deemed desirable to place the majority of the fiber length into a cable wrap
that would provide some level of protection and also make it easier to handle the fibers without
tangling or damaging them. The fiber adapter pigtails feature LC/APC connections on one end that
connect to the interrogator, and about 3 meters of Corning® ClearCurve® OM2 / OM3 / OM4
fiber. The FBG fiber is roughly 1m of Corning SMF-28 Ultra fiber which has an advertised core
diameter of around 8.2um. The cladding diameter is listed at 125 + 0.7 pum. The polyimide cladding
on the FBG fiber must be burned off and the charred remnants wiped off of the fiber. The wiping
is done using a lint free wipe saturated with alcohol. The manufacturer lists a 0.6 pound stripping
force. This process, if it works perfectly, makes the portion that has been de-clad more brittle, and
sometimes the fiber will just snap at a non-ideal location during the removal process. Both fibers
need to be cut at the correct location using an optical fiber cleaver which cuts them and leaves very
close to a straight 90° edge. A small length of fiber must remain past the cut location in order for

the cleaver to hold it in place for the spring loaded blade to make a clean cut.
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Figure 3.14 Fusion Splicer.

Figure 3.15 Visible Fault in Splice.
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The functional arrangement features a fiber with 2 FBG’s bonded every 90 degrees on the
balance as described in table 3.2, for a total of 8 strained fibers. Increasing the distance between
the sensors would allow the sensitivity to increase, but would also necessitate making the sting
longer and therefore decrease the natural frequency. In figure 3.14, the 0 mm location corresponds
with the end of the clamping mount at aft end of sting, and just forward of 60mm is the aft store

spacer ring. A splice is present in the uncoated(clear) region of 25-30 mm, 2 FBG’s are in the

regions of 0-15 mm and 45-60 mm.

Figure 3.16 Optical Fiber with Splice and FBG’s.
The attachment of the FBG’s was performed in accordance with the instructions from
Vishay using their MBond 200 kit. Numerous dummy fibers were bonded to other pieces of the

same composite in order to gain practice before attempting with FBG’s.

Figure 3.17 Fiber Bonding.
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Figure 3.18 Annotated Finished Sting.
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3.2 Thermal and Vibration Testing

To determine the coefficient of thermal expansion, the sting was submerged in ice water.
Saturated water is known to have a temperature of 32° F. The room temperature was shown on
the wall thermostat as 72° F and the sting temperature before starting was measured with a Fluke
561 infrared thermometer between 71.8° F and 72.4° F in various locations. The sting was inserted
into the ice water and the FBG peak wavelengths recorded. The sting was allowed to settle for 15
minutes, which should be the steady state temperature of 32° F, and another set of readings taken.
The wavelength of the 1,572nm FBG was averaged from 2,500 readings before as
1572.000014056 nm. After 15 minutes submerged an average was 1571.81777306. This shows
that the wavelength shifts 2.898 x 10® °F!. The speed at which the wavelength shifted when
exposed to ice water was also examined. Heat transfer is driven by a temperature difference, so it
starts at a high rate of change and decreases with the temperature difference. A time constant is
used, with over 99% of steady state being reached at 5 time constants, and a single time constant
giving 63% of the change. 63% here would be at 1571.885202 nm, and this is reached from 1572
nm in only 0.109 seconds. Some portion of that time may have been spent only partly submerged.
This means that the wavelength should reach within 1% of steady state value in under 0.6 seconds.
Water is normally around 800 times denser than air and has a specific heat more than 4 times that
of air, so the rate of temperature change will be significantly greater in water than in air if all other
factors are the same(Ynus and Turner, 2005). Heat transfer seems to often rely on experimentally
derived coefficients, so it may take some doing to figure out the tunnel heat transfer rates. The ice
water was still, while the air in a wind tunnel is turbulent and moving at extremely high speeds, so
it may not be as far from the actual response to temperature changes as the thermal properties

would suggest.
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Carbon fibers have a negative coefficient of thermal expansion, meaning that they shrink
when heated, in contrast to most engineering materials which expand when heated. Since the tube
used is a carbon fiber composite, the matrix is what provides the material with a positive
coefficient. It is possible to manufacture a composite with a zero coefficient, at least behaving that
way within the range of moderate temperatures found in wind tunnels. It should also be noted that
since the epoxy matrix is typically going to be isotropic and the fibers anisotropic, it is likely to
obtain significantly different coefficients of thermal expansion in different direction, particularly
if using a unidirectional layup. It should be possible to create a sting with composite that is not as
sensitive to temperature in the desired direction, or not sensitive at all. There is an example given
by Chung (2017) of a composite with Toray T300 300GPa modulus fibers which has a coefficient
of thermal expansion of -0.3 x 10% K! in 0° orientation, and 28 x 10 K'! in 90° orientation. In
contrast, the example given of a fabric composite has 3.2 x 10 K™! in 0° orientation and 2.1 x 10"
6 K! in 90° orientation. These align well with the experimentally found value. A 0.6 volume
fraction composite of higher modulus fibers oriented uniaxially should have a larger negative
coefficient. Obtaining zero temperature response on-axis is a potentially conflicting design
consideration which may not align well with the desired frequency response of the composite being
designed.

To determine the natural frequency of the sting, laser Doppler velocimetry (LDV) was
used. LDV is a non-contact measurement technique that uses the Doppler shift in reflected laser
light to calculate velocity. One requirement is a reflective surface, so a small piece of reflective
tape was affixed. Since LDV uses light, it can work extremely fast — in this case readings were
taken at 20 kHz. The test consisted of hanging a 1kg weight off the sting using a thin string, and

then burning off the string to create a negative impulse, allowing the sting to vibrate at it’s natural
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frequency. The sting was tested on the calibration stand with and without the store attached. The
results were loaded into MATLAB and a fast Fourier transform or FFT was used to transform the
signal from the time domain to the frequency domain. On the calibration stand, the results were
378 Hz with the store and 716 Hz without the store. The PLA mounts work well for keeping the
store in place and were the only accessible way to make an intricate design to accommodate the
fibers and provide repeatable axial and rotational indexing of the sting. The downside is that PLA
has a very low modulus which is lowered even more by the FDM process, a typical value for
printed PLA is 2.35 GPa (Ultimaker, 2018). This reduces the observed frequency significantly

from what it could be in a steel mount for example, with modulus of 200 GPa.

Figure 3.19 Laser Doppler Vibrometer and Balance.
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3.3 Calibration

The American Institute of Aeronautics and Astronautics(AIAA) Recommendations for
Wind Tunnel Stings (AIAA, 2003) were used to set the conventions regarding signs for moments
and forces. These set normal force up as positive and force to starboard (right when looking
forward) as positive. Pitching moment is positive when the nose would go up, and yawing moment
is positive when the nose would move to starboard, as shown in figure 3.20. The calibration used
gravity and weights, so the sting orientation was changed to load it in different directions, with the

locating pieces ensuring the rotational and axial alignments are repeatable.

-
Ym e
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Front End RM

v Aft End AF

ZBAL
Figure 3.20 Balance Axis System (AIAA, 2003, pp. 3).

A Terco MT 3005 Twist and Bend Test Machine was used as a base for the calibration
stand. The MT 3005 consists of three parallel 20mm diameter circular steel rails with cast end
plates to hold them such that two rails are on top with 65mm between them and the lower rail
approximately 130mm below them. The length is 790mm overall. For this project, the sting was

mounted on the top two rails only. Mounting brackets were 3d printed using PLA.
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Figure 3.21 Leveling of Calibration Stand.

Three small PLA rings with center grooves were glued to the outside of the store and served
to fix the location of the line used for loading. These weigh around 0.5 grams each. The center one
for taking forces is centered between the two spacer rings on the sting, which corresponds to 87
mm from the mounting bracket on the sting or 83 mm from the aft end of the body. The two rings
used for moments are one inch from it in either direction, so this point will also be what the
moments are taken about.

Brackets were made that hold ball bearing pulleys such that a weight on a line run over the
pulley will exert a force exactly horizontal to the centerline of the store and sting when the stand
is on a level surface. The brackets were built from 3D printed pieces that sit on top of one rail and
extend to contact the other rail only from the bottom side to avoid over constraining the piece. The
first attempt at these brackets tried to make 2D contact with both rails. This worked in some
locations, but it was found that the distance between the rails was not constant, so the second rail
was reduced to one dimensional contact only. Two pieces are bolted together between the rails
using a little spacer piece and M4 bolt with washers, and then a M8 bolt with various washers to
mount the pulley outside of the rails. To give pitching and yawing moment loads, equal and
opposing side forces were put on both sides at a set distance apart, shown in figure 3.22. This

configuration does not give a pure moment, so these reactions were adjusted accordingly.
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> .

Figure 3.22 Brackets for Applying Moments.

The mount that holds the sting and store on the test stand was designed taking care to not
over-constrain any piece after some of the initial attempts showed unwanted interference. The top
piece wraps around one rail and just touches the other, and is 35mm in length. The bottom piece
provides only 1D contact with both rails, and will be centered by their contact with the sting. There
is a Imm athwartship gap designed into the block to let it align with the orientation of the sting,
which is set by the top piece in contact with a mounting rail. Grooves were designed into both
pieces to avoid damage to the optical fibers. The two halves are clamped to the rails using two M8
bolts. After the first iteration was produced and a length of the carbon fiber sanded down to fit, it
was determined that a gap needed to be added in the vertical direction as well, since the upper and
lower half’s were clamping down on each other and leaving a loose fit on the 2nd rail. After
assembly, 2 correctable shortcomings were noted: first, it was difficult to put it together with the

fibers fitting inside the small(1mm) slits allowed for them. Second, the mount allowed a lot of flex
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under heavy loads. The next iteration was made with a Imm taken off the mating surfaces between
the two blocks, and larger slits made into the top half where it mates with the sting to reduce the
chances of damaging the fibers during assembly. The printing parameters were changed to include
higher infill, more wall layers, and changing the orientation of the pieces to better align the internal
structure for holding the sting firmly in place. The wall layers contribute significantly to the
stiffness of the mount since they are furthest from the neutral axis, and the infill has a lesser effect.
When the calibration range was changed to include significantly higher loads, the lower bracket

for the test stand was lengthened to 70mm long in order to reduce flexing.

Figure 3.23 View of Mount from Rear.

Some of the engineers from AFRL visited NCSU mid-way through this project to perform
an assessment, and indicated that the loads should be increased. The increase meant the calibration

methods needed some adjustment. The line used was changed from 121b test nylon monofilament
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to 20Ib test braided Spiderwire “EZ Braid”. This uses Dyneema, which is their trade name for
ultra-high molecular weight polyethylene (DSM/Dyneema, 2019), a light and strong material used
in some varieties of ballistic armor. It takes advantage of longer molecular chains to add strength
and toughness compared to normal polyethylene. The primary reason for the change was the well-
known tendency of nylon monofilament lines to stretch a lot, at times over 25% (Berkley), so they
would not be as suitable even though they are cheaper and easier to tie. It should be noted that 12
or 20 Ib test does not mean this is breaking strength of the line — that is used in the fishing line
market as more of a class, with typically undamaged breaking strengths being significantly greater
than the rating. If one desires a line that actually breaks at or under the rating, it will be more
expensive and they are sold as certified line class lines. It is likely that the 201b test used will break
at more towards 30 pounds in undamaged condition. Even were it to break at 20, it is doubled so
it should not exceed 10 pounds load per side. The braided lines are typically much more difficult
to tie. After some testing with various knots, the “non slip loop knot” (Spiderwire, 2019) was
selected since the Palomar knot was not feasible with the rail going through the ring. From the
steel “S” hook hung a 5 gallon bucket. 16 half liter water bottles were used as weights. The bucket
and 16 bottles weigh 19.8 Ibs on the scale. Each of the individual bottles used were measured and
found to be between 510 and 518 grams. They are marked with numbers on the lid to differentiate
and each weight was recorded. The bucket was then weighed with each increment of 1 water bottle
to avoid compounding errors. The five gallon bucket is 740 grams empty, with the carrying handle
attached. With all 16 bottles of water, it came out to within 2 grams of the individual weights added
up. The ring, hook, and some line weighed in at 90 grams. An Adam Equipment LBK-25a digital
scale was used. The manufactured weights used came from several sets but were all calibrated in

grams. For consistency, other weights were weighed in grams and then converted to pounds at the
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end since pounds were requested. 453.59237 grams per pound was used, this was noted as an exact
conversion factor (Ynus and Turner, 2005).

Obtaining normal forces was done by hanging weights off the store. The sting was rotated
to change the direction of the force. Since the third rail was positioned centrally between the top

two rails it would tend to get in the way of hanging weights from the store, so a steel ring was used

to bypass the lower third rail.

Figure 3.24 Steel Ring Arrangement to Bypass Center Beam.
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Figure 3.25 Sting and Store on Calibration Stand with 20 1b Normal Load.

The characteristics of FBG’s make them in some ways easier to use than electrical strain
gauges. They are not affected by water or electromagnetic interference. FBG’s act as a band stop
filter for the light (Kashyap, 1999), and the interrogator senses this and identifies and tracks a peak
wavelength for each FBG. While a strain gauge measures a difference in resistance due to
elongation and corresponding change of cross-sectional area of a very thin wire, and is typically

arranged with a Wheatstone bridge, the FBG reads directly in a peak wavelength. The change of
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wavelength should correspond linearly to the strain of the material it is bonded to, and the
conversion is trivial, as shown in equation 2.1. The random error from this interrogator seems to
be very small, typically within + 0.002 nm. The stiffness of the sting that is necessary for high
frequency unfortunately minimizes the response to load and significantly lowers the definition of
the load readings.

The interrogator measures all the different peaks at 1kHz and records them in a text file.
Values from a one second recording at each load point taken. The 1,000 different readings were
then averaged to get a more representative value for each load condition because the wavelengths
fluctuated slightly despite any and all efforts to stabilize them. The dot referenced is a hole drilled
into the aft end of the balance for reference (see figure 3.12), as it is otherwise symmetric and
could be easily confused. It was noted that the Micron Optics Enlight software running on a
Windows 10 laptop would not consistently record the desired length of run on numerous occasions.
It was set to take one second of readings, and at 1kHz these should all be 1,000 readings for each
FBG peak. Some attempts stopped significantly short of the goal, going down to as low as 8
readings per peak. This necessitated re-running of numerous data points, which certainly did not
help with the temperature varying throughout the calibration.

To apply temperature compensation, a base reading with no load was taken before each set

of'loaded readings. The FBG which had been affixed to similar carbon fiber rod, A=1,544nm, based

A;AO . This shift was then subtracted from the shift of every other
0

off this reading, Ao, to get a shift

FBG, so at least when not in the wind tunnel the readings should stay fairly similar with any
temperature change. It is still not ideal and shows sensitivity to temperature, likely because the
FBG’s on the sting are shielded to varying degrees by the store body and the compensating FBG

was not. However, the slow rates of temperature change inside the building helped to keep the 2
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pieces of carbon fiber rod changing size at similarly low rates. This subtraction will also decrease
the uncertainty somewhat since there is then two different sets of random variation going into each
individual temperature corrected shift.

Each of the 4 types of load being measured(normal force, side force, pitching moment and
yawing moment) was taken in 2 different sequences for positive and negative values, because the
calibration stand uses gravity to apply the loads and reversing them would have required another
set of pulleys and brackets to reverse the load. Noting the high failure rate with prior attempts at
fiber optic sensors on stings (Edwards, 2000), this one was built to have double the number of
sensors that would be needed to obtain these 4 load components. The carbon fiber composite
displayed different values in the positive and negative loading, meaning that each function can be
given piecewise.

The calibration load testing was done initially with roughly 70 points on each force
direction and 45 points on each moment direction. Likely due to the long time this took and
temperature fluctuations that may have gone on, the results were somewhat linear but had
noticeable discontinuities (figure 3.26). Most likely is there was a pause in testing and the
temperature shifted enough in the room such that it looks like a significant step in a pattern which
should be linear. To remedy this situation, a second complete set of readings taken with emphasis
placed on faster and less interrupted sessions, and fewer points, 25 to 30 for each line. For the same
FBG referenced in figure 3.26, the next set in figure 3.27 is visibly more linear, with a R? increasing
from 0.9240 to 0.9997. Also note in figure 3.28, without the temperature compensation there is an
approximately 2 in-1b offset, which is 13% of the full measurement range. This was done in a

windowless office in a large climate-controlled building.
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Figure 3.26 1,552 nm A Shift with Yawing Moment, 40 Points, Compensated.
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Figure 3.28 1,552 nm A Shift with Yawing Moment, 26 Points, Uncompensated.

Once all the data points were taken, they were compiled and plotted, with a least squares
fit line applied to each. The resulting slopes for each individual FBG with each load condition,
positive and negative, are shown in table 3.4 and table 3.5, and the corresponding coefficient of

determination or R? values are shown in table 3.6. Table slopes are given in temperature

compensated AA—A per pound for normal forces(NF) and side forces(SF), and temperature

compensated AA—A per pound inch for yawing moments(YM) and pitching moments(PM). R? values

are taken from a linear least squares regression.
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Table 3.4 Calibration Slopes, Black and Blue Fibers

1532 1564 1552 1568
NF + -8.2793E-06 -2.8300E-06 -2.5402E-07 -7.9926E-07
NF - 8.1558E-06 3.0713E-06 3.4473E-07 8.0883E-07
SF + 6.7344E-08 -1.5831E-08 2.6196E-06 7.1545E-06
SF - -4.8977E-07 -1.9992E-07 -2.4887E-06 -7.6830E-06
YM + -1.9666E-07 2.4500E-08 2.1200E-06 2.0529E-06
YM - 2.7190E-08 3.2111E-08 -1.9294E-06 -2.0208E-06
PM + -2.1770E-06 -1.9620E-06 -1.2473E-07 -3.1220E-07
PM - 2.1224E-06 1.9341E-06 -8.4254E-08 7.1043E-08
Table 3.5 Calibration Slopes, Grey and Green Fibers
1524 1556 1540 1572
NF + 8.1249E-06 2.7576E-06 -9.9223E-08 -6.9014E-07
NF - -8.7146E-06 -2.5672E-06 -1.1680E-07 4.0304E-07
SF + -3.7480E-07 -6.0854E-07 -7.7722E-06 -3.4724E-06
SF - 1.7095E-08 5.2900E-07 7.7953E-06 3.5825E-06
YM + 1.2276E-07 -1.4348E-07 -2.1049E-06 -1.9936E-06
YM - 3.4587E-08 2.5900E-07 2.2749E-06 2.0831E-06
PM + 2.2525E-06 1.9117E-06 -1.5801E-07 -3.0307E-07
PM - -2.3994E-06 -2.1441E-06 -6.0200E-09 2.1564E-08
Table 3.6 Calibration Slope R? Values
1532 1564 1552 1568 1524 1556 1540 1572
NF + | 0.99950 | 0.99927 | 0.95593 | 0.99678 | 0.99980 | 0.99837 | 0.75550 | 0.99871
NF - ]10.99919 | 0.99859 | 0.90704 | 0.95914 | 0.99818 | 0.99890 | 0.45705 | 0.93989
SF+ | 0.63486 | 0.06492 | 0.99985 | 0.99996 | 0.97309 | 0.98555 | 0.99970 | 0.99983
SF- 10.97895 | 0.98250 | 0.99978 | 0.99962 | 0.23535 | 0.98678 | 0.99972 | 0.99985
YM+ | 0.88529 | 0.38811 | 0.99973 | 0.99960 | 0.83746 | 0.94708 | 0.99978 | 0.99968
YM- | 0.14203 | 0.09489 | 0.99945 | 0.99942 | 0.22288 | 0.97857 | 0.99951 | 0.99927
PM + ]0.99929 | 0.99924 | 0.83585 | 0.98444 | 0.99908 | 0.99855 | 0.60501 | 0.95797
PM - | 0.99572 | 0.99370 | 0.42598 | 0.23519 | 0.99642 | 0.99607 | 0.00156 | 0.03155
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The lines are linear and the goodness of fit is acceptable when treated as piecewise
functions, with all R? values being above 0.998 for the forces and above 0.993 for the moments.
Due to the anisotropic nature of carbon fibers, with greater modulus is tension than compression,
it is not surprising that the positive and negative values do not match precisely. Since initial wind
tunnel runs had been completed before the calibration was started and the temperature shifts found
to be large enough to cause wavelength shifts of greater magnitude than the expected loads in some
cases, it was decided that this sting was unlikely to be particularly useful for precise tunnel
measurements in the current form. Knowing this, and in accordance with the Recommended
Practice (AIAA, 2003) several assumptions were made. Instead of treating the slopes as piecewise,
they were averaged using 2 slopes for positive and negative load to produce a single slope. The
cross-correlation from off-axis loads was ignored. These were all recorded in the calibration, but
were at least an order or two of magnitude smaller, and with lower R? values did not necessarily
form much of a discernable pattern in some cases. Neglecting the cross-terms was also done by
the other fiber optic sting thesis (Edwards, 2000).

The OS1100 FBG is listed as having a length of 10mm (Micron Optics, 2017). Within a
60mm length, if they were aligned right to the ends, the distance would be 50mm center to center.
From the 87mm x-y plane that forces were applied on, this means there should be a ratio of roughly
2.56 times the distance to the aft FBG than to the forward FBG, and therefore that should be the
ratio of observed strain when loaded. It turns out the actual observed ratios were between 2.65 and
3.39, so the exact FBG location has some significant deviation from the design. FBG’s could either
go further aft than designed into the clamped area, or be cut short at the forward end.

A force applied on a cantilevered beam produces a strain that should increase linearly with

the distance from the applied load to place where the measurement is taken. A pure moment should
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produce an equal strain at any distance between the moment and the base of the beam. Pure yawing
or pitching moments typically don’t occur on tunnel models since forces are primarily generated
by air at different relative speeds in different locations. Pure moments also don’t occur in the
loading sequence employed for calibration, since it used forces at different distances. It is possible
to use a pure moment for calibration, but it is a more complex.

The shift of wavelengths, oA, is found for every FBG by equation 3.5. If temperature
compensation is used, as was used during the calibration, then the shift of the temperature
compensating FBG, 6A1544, will be subtracted from every stressed 6Ai. The FBG’s were examined
in sets of two on a single optical fiber. Each set is in the same radial position but differs by
approximately 5S0mm axially, with the forward one being immediately aft of the aft spacer ring
and the aft one being immediately forward of the mount. Each set indicates the normal force and
pitching moment for those on the X axis, or side force and yawing moment for those on the Y axis.
On this sting, force loads should cause the aft FBGs to have greater wavelength shift than the
forward ones. The ratio, R, of the FBG reactions was found during calibration taken by dividing
the wavelength shift per pound force of the aft FBG by the wavelength shift per pound force of the
forward FBG as in equation 3.7. For the moment loading curves, there is some inequality due to
the non-ideal way the moments were applied. To remove this, the difference between the shifts

was used to remove the force component from the moment loads as shown in equations 3.6 through

3.8,
51 = 28 (3.5)

A= 8Aap — BAsa 3.6)

Shmoment = SApwa — o= = Odage — A — = (3.9)
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6/1force = SAtotat = Omoment 3.9

To extract the actual loads from the fiber readings in the tunnel, a A\ is taken first by
equation 3.6. Next the moment portion of the shift found by equation 3.8, then the actual moment
found by dividing §1,,omene by a calibration constant, which varies by fiber but are all just under
2 x 10 per in-Ib, or negative that on the opposite sides. The force is then found by dividing
8Asorce On the aft FBG by a calibration constant, which are around 8 x 10°° per pound force, or the
negative on the opposing side. Since there are 2 sets of FBG’s that output each type of load, each
of the four outputs comes from two readings which are averaged. An Excel spreadsheet was
arranged so that the Micron Optics Enlight output text file can be cut and paste in, and it will
perform the sequence of calculations for every reading, giving the normal and side forces, and
pitching and yawing moments. It is useful to have the intermediate outputs from the individual sets

of FBGs as examination reveals some interesting trends due to temperature shifts.
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3.4 Wind Tunnel Testing

The supersonic wind tunnel at NCSU is an AEROLAB 6x6 inch cross-section model,
which can obtain speeds ranging from Mach 1.4 to 4.0. It is a blowdown type tunnel, meaning that
air is compressed and stored in tanks, then released through the tunnel for approximately 6 seconds.
The air tanks are located outside, which means the air used is going to be at roughly the outside
temperature, introducing a large degree of temperature variability. The tunnel space is

temperature-controlled, there will be a significant difference in temperature during the run period.

Figure 3.29 Wind Tunnel with FBG Test Arrangement.
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Figure 3.30 Optical Fibers Exiting Tunnel.

The FBG sting and store was run in the wind tunnel approximately 30 times. It was set in
the void space, with the centerline 0.75 inches back from the wall. All wind tunnel testing was
done at Mach 1.5.

The sting seemed to perform as intended. Micron Optics Enlight software was used to
record the FBG peak wavelengths. It would record flawlessly every time with the tunnel off, but
would repeatedly stop prematurely when the tunnel was running. At the time it was speculated that
the un-attached FBG on the fiber was vibrating excessively and making it stop, because it may
have exceeded the default limits of each peak’s identification range of + 1.5 nm. However, after
reviewing some of the shortened data files it does not appear like that external FBG was moving

even 0.01 nm and there was likely some other cause. Taping the fibers down more did seem to
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make this problem go away, and during the last testing day there were no failures to record the

desired duration.

|

Figure 3.31 Test Article in Tunnel
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CHAPTER 4
Results and Discussion

A large portion of this project is to determine if this method of balance design, fabrication
and calibration is feasible, and if carbon fiber composite is suitable as a material for this
application. The actual results of these experiments are readings from the wind tunnel tests. These
results indicate normal force, side force, pitching moment, and yawing moment. The peak
wavelengths were recorded at 1 kHz, which is below the optimum time resolution for the type of
oscillations occurring near a void space at a Mach number of 1.5. There some limited ability to see
what is going on in these measurements, with a noticeable spike in the normal force when the
shock wave comes through during the tunnel startup shown in figure 4.1. While there is clearly a
jump, it is not possible to say if the highest value captured is the peak of the normal force that
occurred, or is just a random point when the reading happened to occur as the force value rose or
fell. Figures 4.1 through 4.4 show a 1.5 second time duration which fully captures the tunnel

startup, and each of the four plots shows the same time period for the same run.
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Figure 4.1 Normal Force.

Figure 4.2 Side Force.
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Figure 4.3 Pitching Moment.

Figure 4.4 Yawing Moment.
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The largest issue that was not satisfactorily dealt with is temperature correction. If one were
to place the temperature sensor in the tunnel, it would still not be a simple problem to correctly
compensate all the FBGs. One issue is that the FBGs are mounted to the sting, which has a thermal
mass much greater than that of a FBG. It would be necessary to mount the temperature
compensating FBG on a similar carbon rod that is not stressed somehow, and there is not room for
that in this small scale tunnel. If there was room, it still would not be easy to even roughly replicate
the air flow over it and provide the same shielding effect that the stainless tube body has on the
sting FBGs. The shielding is far from uniform, as the forward ones are a recessed S0mm in an
under Imm gap away from any flowing tunnel air, while the rear portions of the aft FBG’s are
exposed directly to the flow. The flow and also the degree of exposure to it will change with any
different store that is used.

There is a degree of uncertainty due to the reading error in the interrogator. This is not a
sign that the interrogator is a poor instrument, but shows the strain being measured is extremely
small. The measurement error is a slight amount in every FBG, and if they are random normal
distributions it would be possible to follow the 8 individual uncertainties through the sequence of
equations to get an uncertainty for each output. It is much simpler to just take the outputs and look
at some readings with no load, and examine how they vary. Since the curves are linear, the random
error uncertainty should be the same throughout the range. A sequence of 10,000 readings in the
wind tunnel with no air flowing was examined. Averages were taken, maximum and minimums
for that particular sample, and the standard deviation was used to calculate a 95% uncertainty and
corresponding percentage of full scale output. The uncertainty of the slopes was found by
averaging the difference between the max and minimum slopes for a given load and putting into a

percentage of full scale outoutput. The total uncertainty was found by adding the uncertainties of
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slopes and measurement, and listed in table 4.1. To illustrate, uncertainty without temperature for
normal force is + 1.27 % of full scale at no load, increasing linearly to + 7.23 % at full load.

Table 4.1 Measurement Uncertainty Without Airflow.

NF SF YM PM
95% Uncertainty +0.2537 1b +0.2488 1b +0.7093 in-1b | +0.9088 in-1b
% of Full Scale +1.27% +1.24 % +4.73 % +6.06 %
% Slope Uncertainty +5.96 % +3.92 % +5.78 % +5.44 %
% Total Uncertainty +7.23% +5.16 % +10.5% +11.5%

The uncertainty from temperature during the tunnel runs is far more significant than the
uncertainty due to the calculated measurement and calibration error. From section 3.3, the FBG’s
shift with temperature at 2.898 x 10 °F"!. A temperature shift of 13° F, which was recorded in the
tunnel, but is not likely to represent that largest temperature swing, was used to calculate the
uncertainty. The wavelength shift for 13° F was taken and divided by the calibration constants for
each component. Values are shown in table 4.2. This uncertainty is in some cases greater than the
full scale output.

Table 4.2 Temperature Uncertainty in Tunnel.

NF, Ib SF, 1b YM, in-lb PM, in-lb
Uncertainty 4.53 4.96 18.90 20.23
% of Full Scale 22.6% 24.8% 126.0% 134.8%

The aft FBG is more exposed, so it is expected that it changes temperature far quicker than

the forward one. If the aft FBG would shift greatly and the forward one shift much less, it should
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show a large force and then indicate a larger amount of negative shift from moment to compensate
for the large difference between the aft and forward wavelength shifts. Some of the moment
readings are larger in amplitude than anticipated, and this is a potential cause. The presence of
opposing FBG’s on the other side of the sting should average out some of the temperature effects,
but there is no reason to hope that a FBG on the tunnel side that is directly exposed to flow would
behave similarly to the twin FBG on the opposite side, which is a greater distance from the free
stream and is sheltered behind the store body, fins, and sting.

To investigate moment readings being generated by temperature shifts, data from the ice
water test described in section 3.2 was examined. Before the test was started, the sting was
stabilized at around 72°F then reduced to 32°F. When examining the outputs from each set of
FBG’s on a single fiber, it is apparent that the potential errors are very large. A baseline was
established by averaging readings at 72°F, and then the averages taken from 100 readings at steady
state in ice water. The yawing moments averaged 59 and -57 inch-pounds, and the pitching
moments averaged around 61 and -64 inch-pounds. The normal force readings average 1 and 0
pounds, and the side forces average both less than £1 lIb. The forces stay relatively steady because
they are read by the difference in peak shifts between the FBG’s on a given axis, and that is not
generated by a uniform temperature change. It would still be practical to use this balance with a
large degree of very slow temperature change. The nature of the wind tunnel flow and particularly
the area in and around a void space leads to drastically asymmetrical flowfields on opposing sides
of the sting, and the difference in heat transfer rates between the exposed FBG’s and those that are
shielded and recessed are likely to be significant.

The time variation is not ideally captured. Whatever the sting is doing in response to the

flow, it was read at only 1 kHz which is not enough to give good definition on the oscillations
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occurring in the cavity. It would be ideal if a 5 kHz interrogator were used, but the best efforts to
obtain one in time failed.

There will be some shift from pressure as well. A value for pressure sensitivity is given as
-2.7x 107" Pa’! (Hill and Metz, 1997). It is unclear how this effect would be altered since the FBG
is under a layer of epoxy, and how it interacts with the coupling to the composite. If an FBG by
itself were to be subjected to a perfect vacuum from atmospheric pressure of ~100,000 Pa, this
would lead to a wavelength shift of roughly 2.7 x 10, which is roughly equivalent to a 1.4 in-lb
moment on a single FBG. Since the pressure is not likely to be an absolute vacuum, should equalize
far quicker than temperature, and propagates freely inside the store and the sting, it should have
an approximately equal effect on all FBGs and balance out to nearly 0 net effect, and pressure can
reasonably be ignored here. If a more purpose designed balance were to be made with less

uncorrected temperature shift or without double of every sensor, then pressure could be revisited.
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CHAPTER 5
Conclusions

This project involved designing, fabricating, calibrating and testing a store and balance
using carbon fiber composite and fiber Bragg gratings to obtain high frequency response while
using only commercially available off the shelf materials. While this was a measured success at
demonstrating this technology can work, it mainly shows that there is some work to do before
being able to use a similar item as a production balance. The primary factors that affect frequency
are stiffness and weight. If one were to custom make both the carbon fiber balance and the store
with more optimal geometry, significant increases of natural frequency would be possible. The
fibers could be oriented uniaxially and molded with optical fiber based strain and temperature
sensors embedded in the composite. This would allow for less of a gap between the sting and store,
further increasing the stiffness. The FBG’s could be written onto the fiber in precise, known,
uniform locations, which would make it more symmetrical in response to loading. A stiffer sting
does however work to make it more difficult to take accurate strain readings. It would also be
possible to optimize the location of sting/store mounts in order to increase the distance between
the FBG’s, allowing for better resolution of moments and forces. In this case distances available
were somewhat limited because the fitting was done by hand and it was not known exactly how
much room was going spare before it was assembled.

Reducing the weight of the test article is one of the primary ways to increase the frequency.
The current store model uses a length of stainless steel tube with non-optimized geometry and
uniform cross-section, 4 titanium fins, 2 stainless spacer rings, a polymer locating piece, a washer,
some epoxy and 2 different adhesives. All these parts could all be reduced to a single piece of

titanium, aluminum, or other metal which could incorporate all of these same functions while
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lowering complexity. This single structure could have higher strength and significantly lower
weight, and incorporate any desired nose shape. While it would not be possible to cast or machine
a model like this, it seems plausible to produce using additive manufacturing(AM). The wall
thickness could be tapered to minimize weight, and the fins being made of the same material would
allow them to be thinner. Likelihood of fin detachment would be greatly decreased by eliminating
the joints. One available AM technology is Electron Beam Melting(EBM), a form of Powder Bed
Fusion(PBF). EBM technology was invented at Chalmers University of Technology in Sweden
and brought to market by Arcam AB around 2001. EBM uses a bed of metal powder as the build
material, and this is pre-heated to near the melting point (Gibson, 2015). The EBM process takes
place inside a vacuum chamber, maintained in the Arcam A2 to 10-4 mbar. A beam of electrons
is moved in patterns to selectively melt the powder in thin layers. Unlike most other metal AM
processes, EBM metal grain structure will be very similar to that of a cast part, and Arcam claims
that the strength will be higher than a casting. This process is capable of creating complex internal
geometries and negative angles, which would be very difficult to realize through casting or
subtractive methods. One limitation compared to other PBF techniques such as metal laser
sintering (MLS) is that EBM must maintain a continuous electrical path through the workpiece,
which would not be necessary for MLS. In EBM the residual stresses are greatly reduced due to
smaller differences in temperature between the bed and the metal melting point.

NCSU has an Arcam A2 EBM machine which would be capable of generating any store
geometries desired at this scale out of titanium. The build envelope is 200 x 200 x 350mm, larger
than the cavity used here. It has a short range(10mm) accuracy of 0.13mm and long range(100mm)

accuracy of 0.2 mm. One of the only downsides for this application is that post processing will
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likely be required to obtain a smooth surface texture. This would not be necessary on the interior
surfaces (Arcam, 2020).

Using Mitsubishi K13D2U fibers with a modulus of 935 MPa, and forming a sting with
62% volume fraction such that 55% were orientated in the axial direction, one would arrive at an
effective modulus of around 514 MPa. If using a purpose designed EBM model of similar form
designed for whatever the expected load conditions might be, one could guess that the store weight
could be conservatively cut in half to 16 grams. Using the same formula as in chapter 3 and
assuming a composite specific gravity of 2.0, length of 112mm, diameter of 15mm, and wall
thickness of 4.3mm, this would yield a resonant frequency of 1,695Hz. A more accurate laminate
model model of the sting is highly recommended, and would be attainable if designing the

composite, instead of buying a stock piece without knowing many of the material properties.

1600

1400

1200

1000

Natural Frequency, Hz

3800

600

i I BT R ETTI R R R
1 2 3 4 5 8 7

wall thickness, mm

Figure 5.1 Frequency of Optimized Sting and Store
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Having a balance with a very high natural frequency is not very worthwhile if there is no
way to take readings on it at those speeds or at the required resolutions. The interrogator used at
NCSU has a maximum sampling rate of 1kHz, so the Nyquist frequency would be 500 Hz. Micron
Optics makes a SkHz interrogator, and there may be other companies that offer similar devices.
Obtaining one would be almost a necessity for further development of this concept, and would
make it worthwhile to repeat the wind tunnel testing with this balance.

Thermal expansion produces effects on the readings from this balance which cannot be
satisfactorily accounted for. The large flow rate and significant pressure fluctuations in a
supersonic tunnel, coupling with the thermal mass of the sting, and non-uniform shielding effects
from the test model body make it difficult to predict how the temperature changes will affect
readings. Even though a temperature compensating FBG is employed, it is not located inside the
small confines of the cavity or the tunnel, so it is not likely to provide accurate corrections. One
possible solution that shows promise would be to mount one or several more FBG’s on the sting
inside of glass capillary tubes alongside the stressed FBGs. This would allow them to avoid
straining with the sting and show only thermal effects. This might offer a significant improvement
but obtaining optimal results would likely require another FBG alongside each of the stressed

FBG’s.
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