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Abstract

In recent years, increasing deployment of large wind-turbine farms has become an issue
of growing concern for the radar community. The large radar cross section (RCS)
presented by wind turbines interferes with radar operation, and the Doppler shift caused
by blade rotation causes problems identifying and tracking moving targets. Fach new
wind-turbine farm installation must be carefully evaluated for potential disruption of
radar operation for air defense, air traffic control, weather sensing, and other applications.
Several approaches currently exist to minimize conflict between wind-turbine farms and
radar installations, mcluding procedural adjustments, radar upgrades, and proper choice
of low-impact wind-farm sites, but each has problems with limited effectiveness or
prohibitive cost. An alternative approach, heretofore not technically feasible, is to reduce
the RCS of wind turbines to the extent that they can be installed near existing radar
mstallations. This report summarizes efforts to reduce wind-turbine RCS, with a
particular emphasis on the blades. The report begins with a survey of the wind-turbine
RCS-reduction literature to establish a baseline for comparison. The following topics are
then addressed: electromagnetic model development and validation, novel material
development, integration into wind-turbine fabrication processes, integrated-absorber
design, and wind-turbine RCS modeling. Related topics of interest, including alternative
mitigation techniques (procedural, at-the-radar, etc.), an introduction to RCS and
clectromagnetic scattering, and RCS-reduction modeling techniques, can be found in a
previous report.
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1. Introduction and Summary

The wind-turbine industry has successfully followed an evolutionary process moving toward minimum cost,
minimum weight, and high-efficiency designs, but interference caused by large wind-turbine farms to radar
installations remains problem. This report summarizes recent and on-going effort by Sandia National
Laboratories (SNL) to reduce the radar cross section (RCS) of wind turbines, with particular emphasis on the
blades. The RCS-reduction structures described in this work are intended for direct integration into the wind-
turbine blade with minimal cost and performance impact. The intent is to develop treatments capable of being
integrated into the standard construction methods currently in use for manufacturing the blades. Some
objectives of this effort include:

¢  Understanding the radar-to-wind-turbine interaction problem and potential mitigation techniques
suitable for application at the turbine;

* Developing wind-turbine radar-cross-section modeling capability for the purpose of understanding the
turbine’s radar signature and evaluating RCS-reduction approaches;

¢ Developing and evaluating radar-absorbing materials (RAM); and
¢ Demonstrating that effective RAM can be integrated into blade-fabrication process.

A prior study of wind-turbine RCS mitigation, in combination with the literature review included in the section
titled Wind-turbine RCS Problem and Background Material, establishes the baseline for this effort. The
literature review describes the state-of-the-art in absorber design, and further investigation confirms that thin
external coatings of radar-absorbing material (RAM) are insufficient to reduce blade RCS at frequencies of
interest (L.- and S-band) [1]. Significant RCS reduction at these frequencies requires a relatively thick
multilayer absorber [2]. We describe our approach for designing a multilayer absorber that can be integrated
into a wind-turbine blade without severely impacting cost and acrodynamic performance. This effort has been
divided into several primary tasks as described below:

* Electromagnetic-Model Development

We assembled comprehensive models to establish a foundation for future absorber designs and to
enable modeling of complete blades and rotors.

¢  Model Validation (Measurement Phase 1)
We have fabricated flat-plate absorber samples to validate our modeling approach.
o Materials Development and Characterization

We have characterized the electromagnetic properties of existing blade materials, developed new
materials to improve absorber performance, and developed and evaluated various RAM
configurations.

e Integrated Absorber Design
Based on RAM configurations developed in this study, we have proposed structures for integrating
RAM into the blade fabrication process.

e Integration Validation (Measurement Phase 2)

We plan to build flat plate samples with realistic blade-fabrication processes to demonstrate
manufacturability and effectiveness of integrated RAM design (to be included in Part 2 of this
report).

¢  Turbine-Rotor Model Development



We modeled a 126-meter diameter rotor set to gain insight into turbine radar signature. Both metal
and fiber-composite blades were compared, and both static RCS and dynamic Doppler spectra were
investigated.

Significant Findings:

The need for minimum cost, minimum weight, and high-efficiency turbine-blade designs means imposing
limitations on the freedom of choice for materials and geometry, especially thicknesses available for
incorporating the treatment in different portions of the blade. Thus significant constraints are in place, and
these constraints have the potential to limit the performance that can be achieved in both the depth of RCS
reduction and in the bandwidth over which the treatment is effective. Nevertheless, we believe the path toward
integrated absorber designs is the right direction for now. However, we also believe that it is prudent to
examine other RCS reduction methods that promise much higher performance, even if they do not initially
appear to be readily integrable with current manufacturing methods. To date, minimal effort has been
expended on this aspect of our research. During the course of the following discussion, some of those ideas are
touched on briefly, and a very brief summary of some of the ideas we are entertaining is included in Appendix
L

Our integrated-absorber designs indicate that 20 dB or greater return loss can be achieved by integrating simple
RAM into the existing blade-fabrication processes. However, 20 dB return loss does not necessarily
correspond to 20 dB RCS reduction for a complete turbine. It is critical to recognize that wind-turbine RCS
cannot be captured by a single number. Several considerations create an array of performance metrics,
including Doppler spectra, monostatic RCS, and bistatic RCS, all dependent on radar view angle. Nonetheless,
it is expected that the RCS of treated blades will be significantly reduced relative to untreated blades, and
consequently Doppler effects will be reduced.

Computing the radar cross section and Doppler spectra of wind turbines entails a number of considerations.

The large wind turbines that are of current interest have rotor diameters that measure hundreds or even
thousands of wavelengths at radar frequencies. The computation of the RCS for such large objects requires
considerable computational resources, in addition to requiring appropriate approximations to the physics of the
scattering process. While the computation of the static RCS requires significant computing time, calculating
the dynamic Doppler spectra is even more intensive. To avoid aliasing of the Doppler shift, a phenomenon
whereby the higher frequencies are mistaken for lower frequencies, the computation must sample the scattered
signal at a rate greater than the Nyquist rate, requiring more than two samples per period of the highest Doppler
shift present in the scattered signal. This can increase the number of computations required by several orders of
magnitude.

The RCS modeling reported here addresses the scattering from the turbine blades alone, without the nacelle,
tower, or even the hub joining the blades. This approach provides some simplification and focuses on the
critical parts contributing to the Doppler spectra. The blades are modeled with realistic composite dielectric
materials, not perfect electrical conductors (PEC) as is often the case. In fact, it is demonstrated that the use of
PEC instead of realistic diclectric materials can produce misleading results, with predicted Doppler shifts for
PEC models as much as 10-20 dB lower than for the dielectric models.

This study has also demonstrated that internal components of the turbine blade can provide significant, even
dominant, contributions to the Doppler spectrum when the blade is made of fiberglass composites, a result that
would not have been discovered had the blade been modeled with only PEC materials. However, this work has
also shown that correct modeling of the blade using diclectric composites is considerably more costly in terms
of computing resources. Consequently, some methods for improving the speed of computation have been
identified and are discussed briefly.



The RCS computations have also shown that, while certain structures such as the spar caps may domimate the
RCS at some aspect angles, all components of the blade will require some RCS-mitigation treatment if
substantial reduction in the RCS and associated Doppler spectra is to be obtained. Importantly, this work has
demonstrated that single-number simplistic descriptions of the RCS performance and RCS reduction are of very
limited use. The complexity of the static RCS and the Doppler spectra as the radar position is varied indicate
the need for complete system-level simulation of specific radar’s responses to wind-turbine scattering to enable
the proper assessment of the value of a particular RCS reduction treatment.

Recommendations:

We have demonstrated the feasibility of integrating radar absorbing material into wind-turbine blades in a
manner compatible with current fabrication processes. Our designs indicate a significantly reduced RCS can be
achieved with even simple modifications to blade structures. In light of these findings, fabrication and testing
of a small-scale low-RCS rotor set (9-meter to 13-meter blade length) is recommended to demonstrate RAM
compatibility with blade fabrication and to allow evaluation of RCS reduction in an operational environment.
In addition, we believe future efforts should focus on the following areas:

*  Wind-turbine RCS Modeling

Significant work remains in the arca of wind-turbine RCS modeling. Wind-turbine models require
an immense amount of computation, and the characterization of the RCS of wind turbines,
including static, Doppler, and multipath effects, is an extremely complex endeavor. Integration
with super-computing resources available at SNL would reduce computation times and enable a
better understanding of turbine radar signature through more thorough and complete simulations.

Current absorber designs, though compatible with blade fabrication processes, apply to flat plate
structures. The simulation of the radar scattering from absorbers integrated into a blade model
would provide insight into achievable RCS reduction for an actual turbine.

e Materials Development

Resins doped with ferrites, titanates, and glass micro-balloons expand the material options
available to RF engineers. Initial progress from this effort should be continued, particularly in the
area of integration with blade fabrication processes.

Carbon has desirable electrical and mechanical properties. Carbon-based materials have been used
in EMI, shielding, and absorption, indicating a wide range of electrical properties based on
composition (graphene, fullerenes, fibers). As the use of carbon in structural components of large
blades increases, finding the appropriate composition for both electrical and acrodynamic design
could have immense cost impact.

Material solutions developed in this study (thin metal deposition, polymer coated fabrics, doped
resins) should be further investigated to determine suitability for mass production. The practicality
of these technically viable approaches must be determined with regard to size and cost scaling.

o  Analysis and Design Process Improvement

The treatments designed in this study used standard computing resources and electromagnetic
design tools. Optimized absorber performance is limited by available optimization techniques,
whether random, gradient, or algorithmic, and by computing resources. Development of custom
code and integration with supercomputing resources at Sandia would expand available optimization
techniques and do more with existing techniques.



o Advanced Electromagnetic Analysis

Although significant RCS reduction has already been achieved with a Jaumann absorber approach,
many experts claim that Circuit Analog Absorbers (CAA) can improve absorber performance for a
given thickness [3]. Investigation into CAA approaches could result in further RCS reduction.

The solutions presented in this report assume a metal backed absorber. Non-metal backed
absorbers would allow RF energy to penetrate into the blade structure and possibly pass through
the blade. From a radar perspective, transparent turbines are preferred to absorptive turbines, since
absorptive turbines would still create a shadow region where radar visibility is low.
Electromagnetic analysis becomes significantly more complex for non-metal backed absorbers, but
the potential benefits of applying frequency-selective surfaces [3] to make portions of the blade
more fransparent to radar signals warrants investigation.

Techniques using periodic structures to create novel electromagnetic behavior are finding
increasing application in a wide range of RF systems. Though of limited near-term applicability,
these metamaterials and artificial magnetic conductors hold promise for developing new and novel
low-observable structures, and should be considered in forward-looking research.

2. Wind-turbine RCS Problem and Background Material

Prior to the generation of new absorber designs and RCS models, a literature review was performed to
determine current status and best approaches. In the interest of clarity, the review has been broken into two
sections: one addressing general absorber theory, with the other addressing wind-turbine RCS in particular.
The Absorber Theory section focuses on optimal absorption of radio-frequency (RF) energy without regard to
application, whereas the Wind-turbine RCS Reduction section addresses RCS considerations and modeling
approaches specific to wind-turbine blades. A previous report also contains a substantial literature review on
wind-turbine RCS [1].

2.1 Absorber Theory

Since the development of radar in the 1930°s and 1940°s, avoiding detection by reducing radar signature has
been an area of significant military interest. RCS reduction techniques can be categorized in one of two
categorics: shaping and radar absorbing material [4, 5, 6]. Shaping alters the geometry of a plane, missile, or
other object to direct RF energy away from the radar. Shaping can only reduce RCS over a limited range of
angles, which is often an effective solution when the target is illuminated by a single radar, and the radar
location relative to the target is known (as is often the case for planes flying over radar). RAM, on the other
hand, seeks to reduce RCS by absorbing the incident RE energy and converting it to heat. Most RCS reduction
techniques use a combination of shaping and RAM. Only RAM was considered for this effort because the
wind turbine-blade geometry has significant mechanical and aecrodynamic constraints that prevent significant
shaping.

RF absorbers and RAM are mature topics in electromagnetics [4, 5, 6]; nonetheless, significant discussion
remains regarding what constitutes an optimal absorber. Metrics for absorber performance include:

e Thickness
e  Weight
¢ Reflection Coefficient

e Transmission Coefficient
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e Frequency of operation
¢ Bandwidth
* Angle of Incidence

The comprehensive goal in absorber design is to minimize thickness, weight, and reflection coefficient while
maximizing bandwidth over the chosen operating frequencies and angles of incidence. Transmission

coefficient is zero for all absorbers discussed in this report, since all absorbers are terminated in a metal
backing.

2.1.1 Fundamental Absorber Limits

Before a large set of absorber designs is generated, performance limits should be determined and a figure of
merit established to evaluate the quality of each individual design. For each design, the designer must be able
to verify that the reflection coefficient achieved over the bandwidth and angles of incidence is near optimal for
given thickness, weight, and material constraints. In [2], Rozanov calculated analytic limits for absorber
bandwidth and reflection coefficient given absorber thickness and magnetic permeability according to

[0 { 2 ) A = Awin ) < 27° > 4., (1.1)

in which g, is the magnitude of the reflection coefficient, A . and A . are the maximum and minimum

wavelengths, i is the layer number, £ is the magnetic permeability of layer i, and d, is the thickness of layer
I. Ascanbe seen from (1.1), and as expected from electromagnetic theory, the following principles apply:

* Increased bandwidth requires increased reflection coefficient, all else being equal
e Increased thickness allows lower frequency operation, all else being equal
¢ Increased thickness increases bandwidth, all else being equal

e Increased thickness reduces reflection coefficient, all else being equal

e Magnetic materials ( & > 1) improve bandwidth and reflection coefficient, all else being equal

¢ Magnetic materials (44 > 1) reduce thickness, all else being equal

These principles are illustrated in Figure 1. The limits derived in [2] strictly apply only at normal incidence.
Since absorber treatments integrated into wind turbines must perform over a range of incident angles, the limits
shown in Figure 1 have limited applicability. The principles above nonetheless provide an approximate figure
of merit for normal incidence and establish several useful design principles. Additional figures of merit will be
established in the Development of Absorptive Treatment section.

11
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Figure 1 Absorber performance limitations. Lefl - Thickness needed for a certain reflection coefficient, all
else being equal Right - Thickness vs. permeability, all else being equal

2.1.2 Types of Absorber

Radar absorbing materials can be categorized as either magnetic or non-magnetic. As demonstrated in the
previous section, magnetic materials allow significant performance enhancement or thickness reduction.
Magnetic materials tend to be extremely heavy and are thus used primarily in applications where weight is not a
concern (stationary land-based systems, etc.). Although magnetic materials have not been ruled out a priori as
a RAM technique for wind turbines, weight constraints indicate that their use will be limited.

Non-magnetic absorbers fall into one of several categories: Jaumann absorbers, Dallenbach absorbers, and
circuit-analog absorbers (CAA) [4, 5, 6]. Jaumann absorbers consist of resistive sheets separated by low-loss
dielectric materials. In Jaumann absorbers, the resistive sheets convert RF energy to heat, and the dielectric
material properties and thickness determine the frequency of operation and bandwidth [7, 8, 9]. Dallenbach
absorbers consist of layers of high-loss diclectric material, in which the layered materials both absorb RF

energy and determine the frequency of operation [4, 5, 6]. Figure 2 provides a schematic comparison of
Jaumann and Dallenbach absorbers.

Resistive

/ Sheets

Figure 2 Schematic comparison of Jaumann and Dallenbach absorbers. Jaumann absorbers confine loss to
layer interfuces, whereas Dallenbach absorbers provide continuous loss throughout.

Circuit-analog absorbers are actually a variant of Jaumann absorbers. Whereas Jaumann absorbers contain
uniform resistive sheets, circuit analog absorbers insert sheets consisting of periodic patterned circuits, also
known as frequency selective surfaces (FSS), containing both conductive and resistive materials [3, 10, 11, 12,
13, 14, 15,16, 17, 18, 19, 20]. Figure 3 illustrates some common CAA circuit patterns. These patterns
determine equivalent circuit parameters (resistance, inductance, and capacitance) that can be used to reduce
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absorber thickness, improve bandwidth, or improve performance over angle of incidence. An absorber can
contain more than one of the approaches above (e.g. both Jaumann and Dallenbach, or CAA with magnetic
layers); in fact, combining loss mechanisms tends to improve performance at the cost of additional fabrication
complexity.

Much debate remains concerning the optimal selection of CAA dielectric constant and resistive or conductive
pattern to reduce thickness and weight while maximizing bandwidth and oblique angle performance. Jaumann
absorbers, on the other hand, are a mature technology well suited to simple fabrication techniques. Jaumann
absorbers are the focus in this effort. Initial comparisons between Jaumann and CAAs did not indicate that the
improved electromagnetic performance for CAAs was worth the additional design and fabrication complexity.
The capacitive circuit absorber (CCA) concept and associated design processes presented in [10, 11] showed
the greatest promise for thin, wideband CAAs. CCAs could be investigated further in future phases to improve
electromagnetic performance while maintaining a relatively simple design and fabrication process.

Figure 3 Common CAA4 or F'SS circuit patterns. Upper left — square patch, upper right — cross, lower right —
Jerusalem cross, and lower left — hexagonal loop. Patterns can be conductive, resistive, or a
combination of the two.

In addition to the absorber categorics outlined above, significant research continues on the application of
metamaterials, artificial magnetic conductors (AMC), and high impedance surfaces to improve absorber
performance [21, 22, 23, 24]. Since these technologies remain unproven, further research on their absorber
applications was considered beyond the scope of this effort.

2.2 Wind-turbine RCS Reduction

The above discussion illustrates the established state-of-the-art in absorber design and creates metrics for
design evaluation. However, actual integration of RAM into a working wind turbine further constrains the
design space by limiting material options and constraining fabrication processes. Furthermore, several issues
specific to the radar-windfarm problem, such as the impacted radars, turbine-to-turbine RF interaction, and
turbine blade aecrodynamics, determine the salient performance considerations. A list of design considerations
and the practical factors that drive them is provided below:

¢ Does the absorber need to be broadband or narrowband?

13



What radars are impacted?
Are said radars broadband or narrowband?
Are multiple radars impacted by a single wind farm?

e Does the absorber need to operate well over a wide range of incident angles?
Is multipath (turbine-to-turbine RF scattering) a significant factor in interference with radar?
How does blade curvature and flexing under aerodynamic loads affect absorber performance?

e Does the absorber need to be integrated into the blade construction, or can it be applied externally?
How well must the blade perform aerodynamically?
How much cost does RAM add to blade fabrication?
How much weight and thickness does RAM, external or integrated, add to a blade?

As can be seen from the list above, scope definition and initial assumptions determine the critical performance
metrics. To prevent an inappropriate scope, a literature review on radar-windfarm mteraction and prior
approaches to wind-turbine RCS reduction was performed. RCS reduction of the wind-turbine blades was
emphasized, since the demanding weight and acrodynamic constraints make the blade the most difficult
component. Solutions that effectively lower blade RCS are likely to be implemented for the tower and nacelle
without significant technical difficulty or increased cost.

2.2.1 Radar-Windfarm Interaction

This section attempts to highlight important aspects of the radar-windfarm interaction problem, thus providing
a framework for potential solutions, particularly rotor RCS reduction. Studies on radar-windfarm interaction
tend to focus on one of two areas: radar operation, with a focus on radar application (air surveillance, weather,
or air traffic control), or RF scattering effects of wind turbines. General RF characteristics of wind turbines
will be addressed first, followed by impact on specific types of radar.

Numerous studies have characterized wind turbine RF scattering behavior, either in isolation or in a farm [25,
26, 27,28, 29,30, 31, 32, 33, 34, 35, 36]. Due to the significant effort required to measure a structure as large
as a wind turbine while calibrating for outdoor effects (interfering RF signals, wind speed and direction, etc.),
several of these studies are restricted to simulated results. An alternative approach to full-scale measurement is
measuring a scaled turbine at higher frequency in a controlled anechoic chamber [28, 35], assuming the high
frequency radar signature of a miniaturized turbine mimics that of an actual turbine at low frequency. This is a
valid assumption if material properties are stable over frequency, and it appears that turbine RF scattering
shows similar behavior at both low and high frequencies.

Several conclusions can be drawn from previous efforts. The predominant scatterer (not considering Doppler
effects) is the tower (80%), followed by the nacelle (15%), and blades (5% each). Stationary returns from
tower and nacelle could be compensated for in a similar manner to large buildings, but blade rotation creates
time-varying Doppler spectra which prevent radar from filtering out rotor returns (see Figure 4). Furthermore,
the nacelle and blades rotate to align with the wind, so wind direction changes create unpredictable variations in
both radar signature and Doppler spectra. Large, transitory RCS increases occur when the rotating turbine
blades pass through certain configurations. Most of these effects apply to backscatter (or monostatic RCS).
Forward scatter has received little attention, and bistatic turbine RCS remains largely uninvestigated due to
monumental measurement and computational difficulty.

14
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Figure 4 Representative Doppler spectrum, showing monostatic response over time and frequency.

Analysis of wind-turbine scattering has several implications for both radar-based and turbine-based solutions.
Radar signal processing needs significant refinement to compensate for Doppler effects and blade flash
variations with yaw and blade rotation, but these factors should not complicate absorber design, as long as the
absorber bandwidth encompasses a narrow band of Doppler frequencies. Furthermore, perhaps tower and
nacelle returns can be filtered out at the radar if the Doppler effect can be addressed by radar absorbing blades.
Further studies on bistatic turbine RCS would shed light on multipath effects in a farm environment and help
establish performance metrics for absorber designs, in addition to providing valuable insight into turbine
spacing to maximize RF signal propagation through wind farms.

Other studies focused on the problem from the radar perspective, with emphasis on empirical analysis of radar
performance in the presence of wind farms [37]. Several flight tests have been performed [38, 39, 40, 41, 42,
43, 44, 45, 46] in the presence of large wind farms, and radar performance evaluated. Studies reveal a number
of problems created by wind farms, including the creation of shadow regions that hide targets, increased clutter
that reduces the likelihood of target detection, and multipath that creates false plots of target location.

Wind farms can create a shadow region in which radar signal does not propagate, as shown in Figure 5. The
same phenomenon occurs for large buildings, but wind farms spanning several miles with turbines approaching
200 meters high can create extremely large voids in which the radar system is blind. Diffraction effects reduce

shadow region size, indicating appropriate turbine placement can mitigate this problem. Increasing wind farm
distance from the radar also reduces shadow region impact.

Shadow Region

Figure 5 Shadow region caused by obstructions to RF propagation.
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Radars operate by transmitting an RF signal from an antenna, and receiving the reflections of that signal from
illuminated objects or targets. Clutter consists of reflections off of non-targeted environment (buildings, birds,
ground traffic, etc.). Modern radars operate using statistical methods in which a power detection threshold
determines the probability that the received signal reflected from a target, as opposed to the non-targeted
environment. When the received power crosses a certain threshold (indicating a high target probability), the
radar plots and tracks the target. A high detection threshold will cause the radar to miss targets, whereas a low
detection threshold will cause the radar to detect non-existent targets, also known as false alarms

Air surveillance and air traffic control share a common goal, to detect and track airborne targets. As a result,
windfarms cause similar problems for these two types of radar [47, 48]. Target-tracking radar has numerous
performance metrics, with probability of detection, constant false alarm rate, and false plots being the most
important. A false alarm is the detection of a target that does not exist. A false plot is the inaccurate mapping
of a detected target. High-performance radar maximizes probability of detection and minimizes constant false
alarm rate and false plots. Increased clutter raises the detection threshold, reducing probability of detection or,
if the detection threshold remains low, increasing constant false alarm rate and false plots. Flight tests near
wind farms have documented both effects |38, 39, 40, 41, 42, 43, 44, 45, 46].

Weather radar suffers many of the same effects of increased clutter, Doppler shift, and creation of shadow
regions, but the operational impacts manifest differently. For weather radar, windfarm interaction results in
inaccurate precipitation estimation, misidentification of thunderstorm features, and false tornadic vortex
readings [49, 50, 51, 52, 53]. These effects directly impact the quality and reliability of meteorological data.

Radar-windfarm interaction has been investigated from many different perspectives, both at the radar and
turbine. The outline above is intended to summarize current status and highlight key features, rather than
provide a comprehensive analysis of radar-windfarm interaction. Nonetheless, it provides insight into areas in
which particular solutions will have the most impact.

A number of radar upgrades or changes to radar procedure have been suggested to mitigate interaction with
wind farms, however, each increases radar cost or operational complexity [54, 55, 56, 57, 58, 59, 60]. At the
radar solutions include gap filling, track initiation inhibit, range azimuth gating, statistical techniques to reduce
clutter, among others [21, 22, 23, 24]. In all likelihood, a combination of radar upgrades, procedural
modifications, and low RCS turbine designs will be required to address all aspects of radar wind farm
interaction [61, 62, 63, 64].

2.2.2 At-The-Turbine Solutions

At-the-turbine solutions fall into three approaches: shaping, applying radar absorbing material (RAM), or
including active components to aid in radar identification and filtering [65]. Shaping applies primarily to the
tower and nacelle regions, since blade shape controls acrodynamic performance and energy efficiency. Active
component solutions alter blade Doppler response with a phase-switched screen, either by shifting Doppler
reflections outside of the detectable spectrum, or by adding a high intensity Doppler response that can be used
to identify wind turbines [66, 67, 68, 69, 70]. Both approaches require active switches or similar components
which increase fabrication complexity and cost. Active components also have a higher failure rate than passive
layers and increase the likelihood that RAM would have to be maintained in fielded wind turbines. Although
active approaches show long-term promise, the technical benefit (Doppler spectrum control) was not
considered substantial encugh to investigate in this effort, given increased fabrication complexity, increased
cost, and the viability of passive RAM solutions [71, 72, 73, 74, 75, 76].

Passive RAM solutions can be external, in which a coating is applied after construction, or integrated, in which
construction is altered to include RAM while maintaining structural and acrodynamic performance. Initial
studies indicated that a high performance absorber (wideband absorption over a wide range of incident angles)
must be approximately 1-1.5 inches thick at S-band and 2-3 inches thick at I.-band. Coating a blade with such
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thicknesses would be extremely difficult, not to mention operationally impractical in terms of blade weight and
shape; as a result, integrated RAM is critical to successtul at-the-turbine solutions.

3. Development of Absorptive Treatment

Given the lack of agreement in the literature regarding absorber design processes, a significant modeling effort
was performed in order to provide a foundational design process and obtain the best possible absorber
performance. This chapter outlines four modeling tools: ADS® [77], HFSS® [78], CST MWS® [79], and
Xpatch® [80]. HFSS and CST MWS, full-wave clectromagnetic (EM) solvers capable of analyzing the RCS of
complex structures, were used to develop unit-cell models for multilayer absorbers. ADS models were then
developed to reduce time between design iterations and allow access to powerful optimization tools. HFSS
models for large flat plates were created for comparison to measured structures.

As measurement of complete blades was outside the scope of this effort, Xpatch blade models will provide
simulated data that can be compared to future measurements. Xpatch blade models incorporating absorber
designs developed in ADS and HFSS into a complete wind-turbine blade will provide a comparison with
existing blades, and give feedback regarding multipath and the effect of blade curvature on RCS. Table 1
summarizes the limitations and strengths of the various modeling tools, and Figure 6 illustrates the project

design flow from tool to tool. The following sections discuss the capabilities of each modeling tool in order of
their use in the process flow.

Table 1 Strengths and limitations of the EM design tools used in this effort.

Tools ADS HFSS & CST MWS Xpatch
« Extremely fast solve time N
Strengths « Optimization tools « No S|m_pI|fy|_ng + Models extremely large
L approximations structures
« Statistical/process tools
Limitations « Assumes flat, infinite « Time-limited to small . Physica_il op_tics
absorber structures approximations
| DS Cireuit L "HFSS Flate. Xpa'tfc'h'sss-adé .
Mode! Cell Madel - Plata Model Modals RLS Reduction
=
e
\Q‘.!V
Vaidate with

. Limeasured platesé

AAAAAAAAAAAAAAAAAAAAA

Figure 6 Process flow for blade integrated absorber design, including measurement of flat plates io prove
model validity and full blade models to establish an RCS reduction metric.

3.1 ADS Models

ADS is an RF circuit simulator, and is commonly used to design RF circuits and systems. It provides access to
a wealth of design equations that have been compiled from decades of rescarch and development. Since ADS
calculates circuit performance based on closed-form equations (rather than numerical solutions, as will be
discussed in the following sections), it runs much quicker than HFSS or CST MWS. Numerical solvers such as
HESS and CST MWS can model almost any structure, whereas ADS is limited to those structures for which
design equations have been derived. ADS also has access to a suite of powerful optimization and statistical
analysis tools that are unavailable in numerical solvers at this time. These tools are critical to the design of a
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high performance multilayer absorber with constrained design parameters and practical fabrication limitations.
In order to leverage ADS’ quick run time and powertful optimization techniques, the following assumptions
must be made to simplify absorber design into a circuit model.

o The absorber is flat or curvature is small relative to a wavelength.
o The absorber is infinite in extent or very large relative to a wavelength.

Although these assumptions may seem unrealistic in light of the curvature and size of an actual blade, the
following sections on numerical solvers will clarify how designs generated in ADS apply to an actual wind-
turbine blade. Results from ADS circuit models have a firm physical foundation, and agreement with
numerical solvers is excellent.

3.1.1 Transmission-Line Equivalent-Circuit Model

Figure 7 illustrates a multilayer absorber and the equivalent circuit model in ADS. Each absorber layer is
modeled as an equivalent transmission line; the resistive layers are modeled as shunt resistors, and the metal
backing terminates the absorber with a short circuit. For CAA, the shunt elements would have an equivalent
capacitance or inductance (determined by CAA geometry) as well. For Dallenbach absorbers, the equivalent
transmission line sections would be lossy. The model in Figure 7 assumes that the absorber is perfectly flat and
infinite.

LT Biginng

Figure 7 Multilayer Jaumarm absorber (top) and equivalent ADS circuit model (bottom).

The bottom half of Figure 7 shows a circuit model for normal incidence, but incident RF energy can
arrive at any angle, as indicated in the top half of the figure. Absorption over a range of oblique
angles of incidence is an important metric of absorber performance, as the vast majority of RF energy
does not arrive at normal incidence. Improving absorber performance over a range of angles of
incidence typically increases thickness and weight.

An equivalent circuit model was derived to calculate absorber performance over a broad bandwidth at

all angles of incidence. The derivation is based on theory from [81], which can be referenced for
further detail. At normal incidence, the goal in Jaumann abgorber design is to match the impedance of
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the metal backing (short circuit), to that of free space (77, =377€2). This is achieved with transmission
lines whose properties are

(2.1)

where 4 is wavelength, ¢ is permittivity, & is permeability, L, is the physical length for cach layer, i, is the
clectrical length for cach layer, 7, is the characteristic impedance, and x is the layer number. Shunt resistance
values are determined by the sheet resistance, in chm/square, of the infinite resistive sheets between layers.

For oblique incidence, transmission line impedances vary according to

2y gp =cos0, [é/#x
/%/
N4
cos &, (2.2)

X, TM
L. cosO \je i,
lire = - 1

. L.\Je.H,

M T >
* Acos @,

where TE and TM refer to the electric field polarization (also known as parallel and perpendicular, according to
whether the E-field is parallel or perpendicular to the page, reference Figure 7), and €, is the incident angle in
cach layer according to Snell’s law. Shunt resistance values remain the same as for normal incidence. The
impedance of free space £, varies according to

Zy rz =(37702) cos 8
(377Q) (2.3)

cos 8

0,7 —

for oblique incident angles. With the electrical properties of transmission lines and resistive sheets
characterized over frequency and incident angle, circuit models in ADS were used to design broadband
multilayer absorbers with high absorption over a wide range of incident angles.

3.1.2 Comparison with Full-Wave Models

ADS results were compared with full-wave solutions from HFSS unit-cell models to validate circuit model
accuracy. Figure 8 shows perfect agreement between exact solutions from ADS and numerical solutions from
HESS over a wide range of incident angles. A single ADS circuit model takes less than 1 second to run,
whereas a comparable unit-cell model in HFSS takes 10-15 minutes. This corresponds to a 600-1000X
reduction in design time. When each design solves on the order of a second, optimization algorithms can vary
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design parameters (layer thicknesses, material parameters, resistor values) over thousands of iterations to
determine a best solution. In addition, Monte Carlo analysis of several thousand solves allows the designer to
identify critical process tolerances and compensate for fabrication issues during the design phase. Given its
powerful optimization and statistical tools, ADS was used to optimize absorber designs and account for
statistical process tolerances (e.g. layer thickness variation). HEFSS and Xpatch will be used in future phases to
validate absorber performance for measured plates and treated wind-turbine blades.
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Figure 8  Agreement between ADS circuit models and HF'SS unit-cell models at normal and oblique angles of
incidence (AIO) over S-band.

3.2 Full-Wave Models: HFSS & CST MWS

Although circuit models in ADS enable extremely quick-turn design and the use of powerful optimization and
statistical analysis tools, the assumption of flat, infinite plate absorbers does not apply to measured plates or
wind-turbine blades. Numerical solvers are used to transition from ADS to measured data and models of a
treated blade. HFSS and CST MWS were used to model multiple aspects of RF absorbers, so a brief
description of tool capabilities and various model types will clarify simplifying approximations and model
correspondence to reality. HFSS uses the finite element method (FEM), and CST uses the finite difference
time domain (FDTD) method. Both FEM and FDD'TD are numerical solutions of Maxwell’s Equations; as such,
both HFSS and CST model the exact physics that occur in reality. As is the case with all numerical solvers, the
agreement between HFSS or CST and the true solution depends on convergence criteria, which directly impact
simulation time. In addition to convergence criteria, inaccurate dimensions or material properties can cause
modeled results to disagree with reality; nonetheless, a well-dimensioned model with accurate material
properties and strong convergence should predict reality with a high degree of accuracy.

3.2.1 Flogquet Unit-Cell Models

Although full-wave solvers provide the greatest agreement with reality, models larger than a few wavelengths
require significant computation time. Structures larger than 10 - 20 wavelengths become time prohibitive
altogether. A 60-meter wind-turbine blade is 400 wavelengths long at S-band, far too large to be completely
modeled in HFSS or CST MWS. For large, flat, periodic structures, unit-cell models based on Floquet modes
can reduce an electrically large problem to a much smaller size. Structures that are several dozen or hundred
wavelengths long can often be modeled in a unit-cell smaller than a single wavelength. Figure 9 illustrates this
concept. Small structures with a small radius of curvature and non-periodic features cannot be modeled with a
unit-cell, whereas infinitely large, periodic plates with no curvature will perform exactly as predicted by unit-
cell models. In actuality, most structures lie somewhere between the two extremes, and agreement between
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unit-cell models and the actual structure depends on the degree of curvature, structure size, and periodicity.
Wind-turbine blades are very large, and the curvature in most regions of the blade is large with respect to a
wavelength, making blades a good candidate for the unit-cell approach. HFSS unit-cell models provide an
initial validation of ADS circuit models, as both assume an infinitely large, flat absorber.
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Figure 9 Reduction of a large structure to small unit-cells.

3.2.2 Large Plate RCS Models

Since unit-cell models assume an infinitely large plate, the finite plates that are actually built and tested will
differ from unit-cell predictions. Plate models were used to characterize the effects of finite size on measured
absorber performance. Unit-cell models allow quick-turn absorber design, and large plate models validate that
the edge effects, due to the finite size, do not significantly impact absorber measurements. Figure 10 shows an
example of agreement between unit-cell and plate models. Agreement is near perfect at normal incidence and
degrades slightly at 45 oblique incidence due to edge effects. As frequency decreases, the plate looks smaller
relative to a wavelength, so plate size must increase to minimize edge effects. Perfect agreement should not be
expected between unit-cell and plate models, as extremely large plates are difficult to measure. Since flat plate
absorbers were actually measured, large plate RCS models provide the best comparison with measured data.
Figure 11 outlines the process flow from initial design to final measurement.
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Figure 10 Agreement between HESS unit-cell and lavge plate RCS models (S-band, 0.5 meier x 0.5 meter plate).
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Figure 11 Process flow from absorber modeling to flat plate measurements. Decision points verify that the
assumptions made in each design stage are accurate.

3.3 Xpatch Models

Figure 12 illustrates how material measurements enabled models of wind-turbine blades, both standard and
with integrated RAM, to determine an RCS reduction metric. Various blade materials were measured to
determine electrical properties, which were then imported into Xpatch to model a realistic, untreated wind-
turbine blade. Measurement of blade materials will be discussed in greater detail in Aaterial Development and
Integration. Electrical properties were used in ADS to design an integrated absorber. In future phases,
integrated absorber designs from ADS will be imported into Xpatch to create a treated blade. Simulation of
treated and untreated blades allows a determination of radar signature reduction.
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Figure 12 Process flow from material measurement to modeling of treated and untreated blades in Xpatch.

3.4 Model Validation
3.4.1 Purpose - Model Validation

To gain confidence in the modeling approach, the first measurement phase used commercially-available RF
printed-circuit-board (PCB) based absorbers. Once the models have been validated with well-controlled
materials and fabrication, uncertaintics in the final treatment designs can be limited to material formulation and
blade-fabrication processes, rather than EM modeling techniques.

Although the initial goal was to verify models using multilayer S-band absorbers, high-performance S-band
absorbers must be approximately one-inch thick, and RF circuit fabricators cannot laminate boards that thick.
Furthermore, high-performance multilayer absorber designs require tight control over each individual board
thickness resulting in custom board thicknesses that increase material costs. As discussed in Large Plate RCS
Models, board sizes must increase with decreasing frequency to minimize edge effects, further increasing
material costs. These considerations limited the first measurement phase to three absorber designs, two single
layer and one multilayer, operating within C-, X-, and Ku-band. The physics governing EM design apply at L-
and S-band just as well as at C-, X-, and Ku-band. Validating models at higher frequencies provides the same
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level of confidence in the modeling approach while aligning fabrication processes and dimensions within
common board shop capabilities.

The boards were designed using Rogers Corporation PCB materials clad with Ohmegaply resistive material
from Ohmega Technologies, Inc., although other vendors produce similar products. The sheet resistivity values
available from Ohmega are limited to 25, 50, 100, and 250 €)/square; consequently, discrete etched resistors
were used to achieve effective sheet resistances with 100 Q/square resistive material, since values ranging
continuously from 100-1000 Q/square were needed (e.g. 377, 600, and 950 Q/square) [82]. This design
approach is illustrated in Figure 14. HFSS models of designed resistor geometrics account for all variations
duc to discrete resistors. Boards will be ctched and bonded by a RF board shop specializing in low quantity,
high performance prototypes. Figure 13 illustrates the three model-validation designs.

3.4.2 Fabrication Process

The first-measurement-phase boards are currently being fabricated. Details of the fabrication process and a
comparison of modeled and measured results will be provided in Part 2 of this report.
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4. Material Development and Integration

The realization of electrically-useful materials imposes a practical limit to absorber performance. The EM
engineer can design ultra-thin, wideband absorbers with high-loss magnetic materials, but practical
implementation depends on the existence of such materials and on other properties such as density and cost.
Material development efforts include both characterizing existing blade materials and developing novel
materials with desirable electrical properties for low-impact integration into blades. Materials were developed
to be incorporated in a vacuum-assisted resin-transfer molding (VARTM) process, as VARTM is commonly
used in blade construction and SNL has existing VARTM fabrication capabilities.

Materials currently used in wind-turbine blades have been developed and optimized primarily based on
mechanical performance, reliability, and materials and manufacturing cost. In this study, we aimed to design
optimal materials that both enable exceptional radar performance as well as facile integration into conventional
VARTM turbine-blade manufacturing processes. The motivation is to retain established mechanical properties
and manufacturing methods, while allowing significant reduction of composite-blade RCS. Design of Blade-
Representative Test Sampies discusses how these new materials designs enabled optimization of Jaumann
absorber designs, which consist of multiple dielectric layers, each backed with a layer of some zero to high
resistivity value, as shown in Figure 15. The two main areas of investigation have been (i) investigating
resistive layers which may be integrated and tested for RCS properties within manufacturable wind-turbine
composites, and (i1) design of new, manufacturable dielectric materials (electrical permittivity £ # 1) and
magnetodielectric materials (magnetic permeability |l # 1).

Py

g PINS pive Yiee space

Figure 15 Structure of a 4-layer Jaumann absorber, based on magnetodielectric lavers each of electric

permittivity & magnetic permeability t and thickness L, with resistive sheets between each layer,
and a highly conductive back plane which creates an electrical short circuit condition.

There are two primary structural components in a typical blade, spar caps and foam- or balsa-sandwich panels
as shown in Figure 16. These structures are comprised of four components, whose permittivity £° is noted
below; all regions are nonmagnetic, high-resistance dielectrics with £” <0.02, #'=1 and " <0.02:

e  Uniaxial fiberglass infiltrated with resin, &'~ 4.3-4.5
e Biaxial fiberglass infiltrated with resin, &’ ~ 4-4.2

¢ Closed cell polyurethane foam, £"~ 1.1

e Balsawood, £ '~ 1.2
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Untreated Spar Cap Panel Untreated Sandwich Panel

Biax Glass Skins Biax Glass Skins

Taken from: material measurement; Taken from material measurement:
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Uniaxiglglass &7 4.4, 6=0.02 mEER Feam &= 1.105,-6 = 0.004

Figure 16 Blade structure and typical cross section of turbine blade panel and spar-cap regions.

In this report, we have (i) characterized standard composite blade electrical properties, and (ii) considered
means of designing and integrating designed conductivity layers and designed dielectric composites into
standard blade manufacturing methods.

4.1 Wind Turbine Electrical Properties

Numerous wind-turbine-blade materials were measured in a GR900 coaxial line in order to characterize
electrical properties for use in integrated absorber design. Previous studies have validated the use of GR900
samples to determine material properties [83], and a plethora of algorithms exist that extract electrical
properties from S-parameter data [84, 85, 86, 87]. Agilent 85071 material extraction software, which
implements many of these algorithms, was used with an Agilent E8363B Programmable Network Analyzer
(PNA) to determine complex permittivity and permeability. Figure 17 illustrates the GRO00 coaxial fixture and
several samples. Material samples shown include fiberglass composite, foam- and balsa-sandwich samples,
fiberglass with embedded resistive material, carbon composite, and various commercial board materials.

B

Figure 17 GR900 material samples (top) and coaxial measurement fixture with calibration standards (bottom).
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To validate the calibration technique and material extraction software, several samples of common board
materials were measured and compared against vendor data. Table 2 lists all board materials measured and
summarizes the electrical properties for each. All measurements agree with vendor data to within + 5%, with
the exception of Rogers TMM10i (g, = 8.6-9 versus 9.8 claimed) and Arlon DiClad 522 (g, = 2.78 versus 2.35-
2.65 claimed). Measured loss tangents are typically higher than vendor claims, likely because of copper losses
through the coaxial line. Disagreement between measured material properties and vendor data can be attributed
to imperfect calibration, radial gaps between the sample and sample holder, sample positioning errors, and
material aging. Radial gaps introduce greater error for high permittivity samples. All calibration and standard
blade materials were measured with position invariant iterative techniques, which assume non-magnetic
materials.

Table 2 Measured material properties of common RF PCB materials compared to vendor data.

Material Measured &' Measured £"/¢' Expected ' Expected £"/e'
Rohacell 1.008 0.005-0.015 1.05-1.1 0.002-0.005
Teflon 2 0.0015 2 0.0015
Rogers 5880 2.2-2.26 0-0.005 22 0.0009
Cstock .0005 2.43-2.48 0.003 254 0.0005
Arlon DiClad 522 278 0.002-0.003 2.35-2.65 0.001
Rogers TMM3 3.25-3.29 0.001-0.002 3.27 0.002
Rogers TMM4 4.49-4 51 0.001-0.002 45 0.002
Rogers TMM10i 8.6-9 0-0.02 9.8 0.002

With the calibration and material extraction approach validated by samples of common board materials, several
composite and core materials commonly used in blades were measured. Table 3 lists all blade materials
measured and summarizes the electrical properties for each. Composite materials were measured twice, with
fibers running both parallel and perpendicular to the axis of the coaxial line, to determine whether permittivity
varied with electric field polarization. Composite material properties did not change significantly with
polarization. Samples of blade materials were both constructed in-house and machined from blade materials
supplied by a commercial blade manufacturer. The electrical properties of materials prepared in-house
correspond well with commercial material properties. Values from the table were used as inputs for integrated
absorber designs.

Table 3 Summary of GRO00 measurements of blade materials.

Material Measured £' Range Measured £"/ £' Range Nominal £ Nominal £"/ &'

Resin 28-29 0.025-0.035 2.85 0.03
Biax Glass 2400 395-4.25 0.015-0.025 4.1 0.02
Uniaxial Glass 5500 43-47 0.01-0.02 45 0.02
Quadarxial Glass SXQ 41-45 0.01-0.03 4.3 0.02
Commercial Glass 41-45 0.015-0.035 43 0.02
Commercial Foam 111-1.12 0.008 -0.014 1.1 0.01

Urethane Foam 11 1.2 0-0.006 1.105 0.004
Balsa Wood 1.2-1.3 0.015-0.02 1.25 0.015

The material properties shown in Table 3, along with custom materials and resistive sheet properties discussed
below, were fed into ADS to design integrated absorbers. Measurement variations were accounted for in the
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design process with statistical simulation tools in ADS, as this was determined to be a more robust and lower
effort approach than trying to improve measurement precision through better calibration or sample machining.

Detailed material measurement data clarifies several measurement considerations. Data in Figure 18 through
Figure 27 provides S-parameters for several calibration standards and the material sample holder before and
after measurement. As can be seen from the figures, the calibration quality declines over the course of the
measurements. This degradation can be attributed to cable movements, PNA drift, residual material
contaminating connectors, and a lack of repeatability in the coaxial fixture as samples are removed and
replaced. The post-measurement S-parameters of the sample holder indicate a significantly increased loss from
3 - 3.75 GHz due to degradation over the measurement interval; this results in artificially high loss-tangent
measurements in this frequency range. This measurement error can be corrected manually by taking either the
2 GHz or 4 GHz loss-tangent value (which are approximately the same in most cases) and applying it over all
of S-band. Measurement of calibration standards before and after measurement did not indicate any other
significant errors.
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compared to expected phase delay for a 30 mm coaxial air-line.
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Figure 24 Return loss afler measurement of port 1 and port 2 with load standard connected.
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Figure 25  Phase difference after measurement between open and short standards for port 1 and port 2.
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Figure 27  Return loss after measurement of open and short standards connected to poris 1 and 2.

Figure 29 through Figure 36 contain extracted material data for common board materials. The increased loss
tangent due to calibration drift over the measurement interval can be seen in many of the measurements, but the
values at the band edges agree well with one another. Even with calibration drift, almost all materials agree
with vendor’s dielectric-constant claims within + 5%. Loss tangents are consistently high compared to
vendor’s claims, likely due to sample holder losses. The sample holder was inserted after calibration,
preventing correction for sample holder losses. The materials were measured in the following order:

e Cstock .0005

¢ Rogers TMMI104, 12.7 mm and 5.1 mm

¢ Arlon Diclad 522, 6.2 mm

*» Rogers TMM4, 3.16 mm

* Rogers TMM3, 7.6 mm

* Rogers 5880, 3.2 mm

s Resin, 15, 10, and 3 mm

e Urethane Foam, 15, 10, and 5 mm

e Vectorply 2400, biaxial, perpendicular and parallel fiber orientations, 15, 10, and 5 mm
e Vectorply 5500, uniaxial, perpendicular and parallel fiber orientations, 15, 10, and 5 mm
e SXQ Glass, quadaxial, perpendicular and parallel fiber orientations, 15, 10, and 5 mm
¢ Teflon, 22.3 mm
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» Rogers 5880, 3.15 mm
¢ TPI blade, Glass, 6.55, 4.85, and 2.02 mm
¢ TPI blade, foam, 7.2 mm

The measurement progression reveals the likely cause of measurement error. The error did not increase
constantly with time, as several materials (Teflon, 5880, TMM3, TMM4) that were measured at the middle or
end of the measurement interval agree extremely well with vendor’s claims, while others measured at the
beginning do not agree well with vendor’s claims. This indicates that errors are due primarily to lack of
repeatability in the coaxial fixture, as opposed to PNA and cable drift with time.
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Figure 28  Measured permittivity and loss tangent of Rohacell sample, 1 cm thick. Fxpected permittivity is 1.05-
1.1, loss tangent 0.002-0.05.
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Figure 29 Measured permittivity and loss tangent of teflon sample, 22.3 mm thick. Expected permittivity is 2,
loss tangent 0.001 5.
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Figure 30 Measured permittivity and loss fangent of Rogers 5880 samples, before and afier measurement. Note
the increased error afier the measurement interval. Vendor claims permittivity of 2.2, loss tangent of
0. 0009.
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Figure 31  Measured permittivity and loss tangent of Cuming Cstock .0005 sample. Vendor claims permittivity
of 2.54, loss tangent of 0.0005.
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Figure 32 Measured permittivity and loss tangent of Arion DiCladd 522 sample. Vendor claims permittivity of
2.35-2.63, loss tangent of 0.001.
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Figure 33 Measured permittivity and loss tangent of Rogers TMMS3 sample. Vendor claims permiliivily of 3.27,

loss tangent of 0.002.
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Figure 34 Measured permittivity and loss tangent of Rogers TMM4 sample. Vendor claims permiltivily of 4.5,

loss tangent of 0.002.
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Figure 35 Measured permitiivity and loss tangent of Rogers TMM10i sample. Vendor claims permittivity of
9.8, loss tangent of 0.002. The spike near 3.9 GHz is due to the sample being a resonant half-
wavelength. Disagreement with vendor claims could be due to material mislabeling (as TMMI10 has

permittivity closer to 9).

Figure 36 through Figure 38 contain extracted material data for common wind-turbine blade materials.
Samples of several thicknesses were taken from various locations across a reference panel to determine the
extent of dielectric-constant variation across the plate. Measurements indicate that the measurement precision
1s significantly less than the sample-to-sample variation. This is an important consideration, as the sample-to-
sample variation determines the process tolerances for integrated absorbers and thus the performance
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degradation due to fabrication variations. Absorber Integration into Turbine-Blade Fabrication provides
detailed information on fabrication variations. Samples were both prepared in-house using VARTM processes
and machined from a commercial blade section provided by commercial blade manufacturer. Samples
prepared in-house compare favorably with commercial materials.
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Figure 36 Measured permittivity and loss tangent of Hexion Epikote resin samples, no glass included Sample
to sample variation indicates permittivity ranges from 2.8-2.9, loss tangent ranges from 0.03-0.04.
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Figure 37  Measured permittivity and loss tangent of Vectorply E-LT 2400-7F composite samples, fiber oriented
parallel to coaxial center conductor. Sample fo sample variation indicates permittivily ranges from
3.95 - 4.2, loss tangent ranges from 0.015 - 0.04.
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Figure 38  Measured permittivity and loss tangent of Vectorply E-LT 2400-7F composite samples, fiber oriented
perpendicular to coaxial center conductor. Sample to sample variation indicates permittivity ranges
Jrom 4.1 - 4.25, loss tangent ranges from 0.015 - 0.035.
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Figure 39 Measurements of Vectorply E-LT 5500-10) composite samples, fiber aoriented parallel to center
conductor. Variation indicates permittivity range from 4.3 - 4.7, loss tangent range from 0.01 - (.04.
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Figure 40 Measured permittivity and loss tangent of Vectorply E-LT 5500-10 composite samples, fiber oriented
perpendicular to coaxial center conductor. Sample to sample variation indicates permittivity ranges
from 4.3 - 4.7, loss tangent ranges from 0.01 - 0.032.
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Figure 41  Measurements of SXQ3600R 1 composite samples, fiber oriented parallel to center conducior.
Variation indicates permittivity range from 4.1 - 4.35, loss tangent range from 0.01 - 0.035.
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Measured permittivity and loss fangent of SYQ3600R 1 composite samples, fiber oviented
perpendicular to coaxial center conductor. Sample to sample variation indicates permiliivity ranges
from 4.3 - 4.5, loss tangent ranges from 0.01 - 0.03.
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Measurements of glass from commercial blade, fiber orientation unknown. Variation indicates
permittivity range from 4.1 - 4.5, loss tangent range from 0.01 - 0.032.
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Measured permittivity and loss fangent of foam core from commercial blade. Sample io sample
variation indicales permittivity ranges from 1.11 - 1.12, loss tangent ranges from 0.006 - 0.014.
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Figure 45 Measured permittivity and loss tangent of balsa core from balsa reference panel. Sample to sample
variation indicates permittivity ranges from 1.2 - 1.3, loss tangent ranges from 0.015 - 0.02.
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Figure 46  Measured permittivity and loss tangent of glass skins from balsa reference panel. Sample to sample
variation indicates permittivity ranges from 3.9 - 4.1, loss tangent ranges from 0.01 - 0.025.
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Figure 47  Measured permitiivity and loss tangent of foam core from foam refervence panel. Sample to sample
variation indicates permittivity ranges from 1.1 - 1.2, loss tangent ranges from 0.0 - (.006.
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Figure 48  Measured permittivity and loss fangent of glass skins from foam reference panel Sample to sumple
variation indicales permitlivity ranges from 3.8 - 4.1, loss tangent ranges from 0.015 - 0.0235.

4.2 Resistive Materials

In order to achieve an integrated absorber, electrically lossy materials must be introduced into blade fabrication.
For Jaumann absorbers, the loss mechanism consists of resistive sheets. For Dallenbach absorbers, the loss
mechanism consists of thick layers. Since most fabric tows used in VARTM processes have a finite thickness
(30-50 mils), the chosen approach could be characterized as a combination of Jaumann and Dallenbach
absorbers. The following approaches were investigated to fabricate resistive sheets, or thin lossy layers, with
well-controlled electrical properties:

o Coating glass fabrics with conductive polymers or carbon.
¢ Deposition of thin metal layers.
e Growing carbon nanostructures on glass fabrics

¢  Various other carbon based treatments

Coated fabrics were procured from two companies: Eeonyx Company supplied EconTex, a textile coated with
conductive polyaniline or polypyrrole [88, 89], and Cuming Microwave Company supplied space cloth, a
lightweight woven fiberglass coated with carbon.

The carbon nanostructure approach is based directly on work by Owens Corning and Applied Nanostrucure
Solutions. These companies are developing carbon enhanced reinforcements (CER), in which carbon
nanostructure are grown directly on glass fibers to control both mechanical and electrical properties. As
carbon fiber is commonly used in wind-turbine blades, and its use will likely increase as blades grow larger,
this technology has great potential to meet both mechanical and electrical design constraints with no
modification to fabrication processes. Carbon is a common absorber material with natural abundance that has
been used as a loss mechanism in numerous forms [90, 91, 92, 93, 94, 95, 96]. Although time and scope
prevented a more in-depth investigation of various carbon based absorbers (graphene-based, nanostructures,
fabrics) carbon based loss mechanisms should be investigated more thoroughly.

Thin metal layer deposition is commonly used in the semiconductor and integrated circuit industry to print
resistors and other clectronic devices. Although typically used on a significantly smaller scale than a wind-
turbine blade, scaling deposition technologies to print large tape or pre-preg sheets could be a viable treatment
option (e.g. aluminized Mylar™ or Kapton™). Thin metal layers of aluminum, silver and titanium are readily
commercially sputtered or evaporated onto looms of polymer film for manufacturing processes such as
hermetic food packaging, metallized displays/balloons/wrapping paper and high thermal reflectance “space™
blankets. At Sandia, ready access to a 247 x 247 (0.6 x 0.6 meter) area titanium sputtering tool enabled
fabrication of a range of sheet resistance values, and evaluation of suitability of these films in a resin curing
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blade manufacturing process. Titanium was chosen because a titanium target was already loaded in the
deposition chamber; cheaper materials such as aluminum could be used at larger scales with little performance
change.

To determine the resistivity control of deposition processes, several titanium layers of varying thickness were
deposited on silicon wafers and measured with a four-point probe thickness to produce and evaluate a wide
range of sheet resistance values. Validation of these models will be reported in Part 2 of this report, on 18”
wide fiberglass/resin composite panels containing integrated conductive layers of titanium on perforated
Mylar™ or Kapton™ sheets. Films of titanium from 2.3 to 16 nm thick were deposited on silicon, Mylar™ and
Kapton™ substrates to develop a map of sheet resistance values vs. film thickness as shown in Figure 49. A
range of sheet resistance values from 100 Q/square to 2000 {Ysquare was readily developed using this method;
the process has predictable resistivity change with thickness and can be well controlled to achieve desired sheet
resistances. Sheet resistance is defined as resistivity divided by film thickness, and the expected linear 1/
dependence is observed experimentally, as shown at right in Figure 49. The slight deviation from pure 1/t
behavior, 1/(t-3nm), is attributed to the finite surface roughness of the silicon and polymer substrates, and
potential oxidation of titanium during film deposition. Titanium oxidation rate varies with temperature, so
resistivity was measured both before and after temperature anneal to characterize oxidation effects and
compensate for elevated temperature curing steps used during VARTM.
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Figure 49 Sheet resistance of sputtered Ti films (lefi) and linear dependence of sheel resistance on inverse film
thickness 1/t (right).

Perforated polymer sheets of designed sheet resistance values are currently being integrated into VARTM
resin/fiberglass composite blade panel manufacturing process, in order to produce 187 x 18" panels of the
reduced RCS spar cap and panel sections shown in Design of Biade-Representative Test Samples. The RCS
evaluation results of these manufacturable, modified spar-cap and panel designs will be reported in Part 2 of
this report. It appears that both coated fiberglass and thin metallized layers of perforated polymer sheets may
enable straightforward integration of quantitative, designed resistance-value layers into commercial blade
manufacturing processes, a first step to achieving Jaumann absorber type RCS reduction.

4.3 Designed Dielectric Composite Materials

To achieve low-RCS composites without materially changing composite blade manufacturing processes,
mechanical reliability or cost, it is desirable to modify the electrical properties of blades by either subtly
changing the fiber orientation or content, or by including minor additions in the manufacturing process that
may dramatically alter composite blade clectrical properties. To achieve this, reliable electromagnetic models
of blades as a function of structure (i.e. fiberglass lay-up and orientation) and blade-material composition is
necessary. Toward this end, we have considered in this study the range of electrical-property modification
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feasible with minor changes in fiberglass or second phase content. The prediction and analysis of composite
electrical properties is described below, using dielectric mixing rules and validation.

4.3.1 Designed Composites: Series, Parallel and Effective Medium Mixing

Preparing designed electrical or electromagnetic composites of polymer, dielectrics, and magnetic materials is
an active area for reducing RF interference in electronic devices, as well as for production of low-cost RF-
circuit elements. Binary mixture rules have been widely developed to enable fabrication of designed
permittivity polymer-dielectric electromagnetic composites for wireless electronics applications. Modeling of
mixtures of dissimilar materials has developed effective mixing rules for predicting properties of composite
materials. Three approaches that serve as guides are modeling mixtures as capacitors in parallel (parallel
mixing), as capacitors in series (series mixing), or as an cffective medium, in which dielectric particles are
small compared to wavelength, so the entire structure may be treated as a composite material of uniform
property. The parallel mixing rule applied to dielectrics simply results in the algebraic average of the two
permittivitics as a function of volume fraction, or &, = x; € + X; £, where x; 18 the volume fraction of each
phase and g; is the dielectric constant of that phase; this may be envisioned as parallel columns of uniform
material in the direction of applied electric field. This condition may be observed when uniaxial fiberglass is in
the plane of the electric field — a solid column of glass surrounded by solid columns of resin. The series mixing
rule models two materials as one layer atop the other or 1/e, = x,/e; + X,/g,, which is equivalent to g, =
(£1€2,)/(%,8; + X;8;). In the series mixing rule, the low permittivity phase dominates the composite behavior,
since electric field is concentrated in this phase by the ratio yign/€10w. The practical effect of this is that porosity
(2= 1) or a low permittivity matrix phase may dominate electrical behavior for laminate materials, such as
layers of woven biaxial fiberglass interspersed with resin, with the electric field perpendicular to the biaxial
glass direction.

In a third class of condition, known as effective medium theory (EMT), Maxwell-Garnett mixtures, or the
Bruggeman formula, a matrix with a well-dispersed second phase, where the particle size is much smaller than
the incident wavelength, and where there is no columnar or plate-like orientation, allows treatment of the
composite as a medium with isotropic properties. This method is typically accurate for spheroidal, non-
percolating inclusions in a 3D matrix, termed a 0-3 composite. The three formulae provide similar predictions,
using either the simplified logarithmic form, derived from Maxwell’s equations, and termed the Lichtenecker
logarithmic formula: log €, = x; (log €,) + X, (log &,), or the full effective medium theory equation €, = & +[x, €
(& -]/ (&1 + % (82 -&1)]

These theories may be modified further to include resin-rich layers i parallel or series with resin/fiberglass
layers, to develop accurate models of electromagnetic properties for real turbine composites. In addition, this
approach enables design of custom dielectric materials by inclusion of low & or high €, filler particles in resin
alone, or in a resin-fiberglass composite. Property predictions for a mixture of wind-turbine resin, electrical
permittivity 2.9, and E-glass fiberglass, permittivity 6.2, are in Figure 50, along with measured results. Here,
both fiberglass composites measured with electrical field parallel and perpendicular to the fiber direction are
shown. The observed behavior of 50 volume?%s Epikote resin and Vectorply E-glass composites appears to fall
between the lower bound predicted by series mixing (fibers perpendicular to electric field) and that predicted by
a 0-3 composite effective medium approximation.
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Figure 50 Comparison of dielectric mixing rules for Epikote resin, & = 2.9, and Vectorply E-glass, & = 6.2
used in turbine-blade manufactuving. The data points show real data for a 50 volume % biaxial E-
glass sample, where the electric field is parallel to the fiberglass columns (parallel electrical mixing)
or perpendicular to the fiberglass columns (series mixing).

Historically, the effective medium or Lichtenecker logarithmic approximations have been most accurate for
widely developed diclectric-polymer composites used for control of clectromagnetic interference from wireless
clectronics. While the three models provide similar predictions for the resin/fiberglass system, which displays
low diclectric contrast, the models provide starkly different results for high diclectric contrast systems, as will
be shown below.

4.4 Designed Composites using Dielectric Fillers

Limiting bulk materials to those already existing in wind blades significantly constrains absorber design. As
can be seen from the measurements above, existing dielectric constants are constrained to e, = 1.2 - 4.6, and
magnetic materials are not available in standard blades. Several novel diclectric materials were developed to
expand the design space.

Modeling using effective medium methods, in which log g = %1 1l0g &1 + X2 log £, suggests the largest
modification of blade electrical properties would be achieved by inclusion of a high permittivity material with
temperature-stable properties such as BaTiO,, with €” ~3000. As shown in Figure 51, the addition of varying
amounts of BaTi0;, to the base resin, with a permittivity of 2.9, would enable significant changes to materials
permittivity, while still using a low enough volume fraction of filler phase to allow composite processing.

#1



50

45

AQ G B s

35

30 s Parallel mixing

25 s, Effective Medium

Series mixing

Dielectric constant &.

3] 0.1 0.2 03
Volume fraction BaTiO,

Figure 51 Three achievable, low viscosity loadings of high permittivity BaTiO3 to modify the permittivity of the
base Epikote turbine-blade compaosite resin (e ~ 2.9):
5 volume % BaTi(03/05% resin, & ~ 4
12.5volume % BaTi03/87.5% resin, & ~ 7
17.5volume % BaTi3/82.5% resin, & ~ 10

For volume fractions above 20 volume % BaTiO;, there is a significant increase in resin viscosity, which would
require significant modifications to traditional resin-flow blade manufacturing processes, such as pursuing a
pre-preg process in which partially-cured layers are laminated instead of vacuum-infused with resin.
Additionally, BaTi0s; and other high permittivity dielectrics possess a high density (BaTiO; p = 6 g/ce, while
resin p ~ 1.2 g/ee) which could cause very large increases in blade mass. Because of this weight penalty, and
the potential for a more-costly manufacturing process, we have not considered higher volume-fraction loadings
than 20%. By using combinations of closed-cell foams, resin/fiberglass of variable loadings, and high-
permittivity loaded resin composites, a range of permittivity values from 1.1 to 10 appears achievable in
VARTM or pre-preg composite processing, to achieve the types of low RCS designs discussed in Design of
Blade-Representative Test Samples. Use of the 50 volume % of the permittivity 10 resin/BaTiO, composite
with 50 volume % fiberglass may enable wind-turbine composites with permittivity 7.9, compared to 4.2 for
traditional composites, using a similar mechanical structure. Additions of such particles to resin/fiber systems
has been examined previously and, in many cases been beneficial to fracture toughness, but the mechanical
properties and reliability of such filled composites would require testing and qualification in future
development work.

4.5 Integration into Wind-Turbine Fabrication Processes

RCS reduction treatments must not only maintain blade structural integrity; they must also be built in a manner
that is minimally invasive to existing fabrication processes. Balancing these two drivers, it appears Jaumann
absorbers with resistivity values of 100-2000 {Y/square and dielectric layers of permittivity 1.2 - 10 may be
achieved using traditional fiberglass layup and resin vacuum infiltration processes. Two approaches were taken
to modify blade electrical properties:

e Replace glass fabric layers with resistive layers, or insert thin resistive layers in a standard stack-up.
¢ Replace standard resins and core materials with doped variants which increase electrical permittivity,
permeability, conductivity, or a combination of the three.

Both approaches require minimal adjustment to fabrication processes. For the first, replacing or adding layers
requires minimal oversight, as long as the inserted layers do not significantly reduce mechanical strength. For
the second, resin and/or core materials, bought in bulk, are simply replaced with doped variants. Vacuum-
assisted resin transfer molding (VARTM) processes remain the same if doped materials maintain a viscosity
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comparable to untreated resin. Due to existing capabilities at SNL, VARTM processes were chosen to
demonstrate RAM compatibility with blade fabrication processes. The RAM treatments discussed in this report
could be implemented with modification in a pre-preg process.

5. Design of Blade-Representative Test Samples

5.1 Introduction

In this section, material measurements from AMaterial Development and Integration are provided as inputs into
models developed in Development of Absorptive Treatment to design absorbers which can be integrated into a
wind-turbine blade with minimal impact on blade fabrication process and mechanical performance. Integrated
absorbers were designed for both sandwich (glass-foam-glass) and spar-cap (biaxial glass-uniaxial glass-biaxial
glass) structures. All absorbers are 1.2 inches thick, since this represented a reasonable thickness for a
significant portion of 45-60 meter blades. Absorbers were designed for optimal performance over 2.7-2.9
GHz, as this band covers many airport surveillance radars (ASR-8, ASR-9, ASR-11, etc.).

Absorbers integrated into sandwich structures indicate a high level of RF performance can be achieved with a
relatively simple absorber design. At normal incidence, a nominal reflection loss of 23 dB or greater is
achieved from 2.7-5.0 GHz. At oblique angles of mcidence 30° or less, a nominal reflection loss of
approximately 20 dB or greater is achieved over the same bandwidth. RF performance is more limited for
absorbers integrated into spar-cap structures. At normal incidence, a nominal reflection loss of 20 dB or greater
is achieved from 2.6-3.0 GHz. At oblique angles of incidence 20° or less, a nominal reflection loss of 20 dB or
greater i1s achieved over the same bandwidth. Statistical analyses were performed to evaluate design sensitivity
to fabrication variations. Analysis indicates that, although process tolerances will be an important
consideration m actually building low RCS blades, designs are robust and insensitive to fabrication variation.

5.2 Design Approach

Two integrated absorbers were designed — one solid glass, representing a spar-cap structure, and one foam and
glass, representing a sandwich panel. These two structures cover a significant area of a wind-turbine blade,
making them good candidates for integrated absorber designs from both a fabrication and RF performance
perspective. Figure 52 illustrates the integrated absorber design for the sandwich structure, along with an
untreated sandwich structure for comparison. The absorptive treatment consists of two resistive sheets, one of
which is embedded into the foam core, along with a metal or carbon backing. Figure 53 illustrates the
integrated absorber design for the spar-cap structure, along with an untreated spar-cap structure for comparison.
The absorptive treatment consists of one resistive sheet embedded into the uniaxial glass core, along with a
metal or carbon backing.

43
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Figure 52 Untreated sandwich panel compared to sandwich panel with integrated absorber.

Untreated Spar Cap Panel
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Figure 53 Untreated spar-cap panel compared to a spar cap with integrated absorber.

Material properties (permittivity and loss tangent) were based on Table 3. Resistive sheets were assumed to be
infinitely thin. Actual thicknesses can be incorporated with little to no change in design performance, since the
sheets will be thin relative to a wavelength at S-band.

Both sandwich and spar-cap absorbers were designed with simplicity in mind, i.c. the impact of absorber
integration should be relatively minimal in terms of both process changes and mechanical performance. The
goal was to achieve moderate electrical performance with low fabrication complexity and high mechanical
performance. Alternative approaches such as improving RF performance at the cost of additional fabrication
complexity or reduced mechanical strength could be investigated in the future. As further material
developments enable control of dielectric or magnetic properties, future designs could achieve improved RF
performance with doped materials. Furthermore, additional resistive sheets, or Dallenbach resistive layers,
could be inserted to improve performance or reduce sensitivity to fabrication variation. The trade space
between electrical performance, mechanical performance, process simplicity, and cost is extremely large.
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Due to the constrained design space (thickness and material properties set), the design process used random and
gradient optimization techniques to achieve the best performance over a reasonable range of incident angles at
2.7-2.9 GHz. The optimization goals and design parameters are contained in Table 4 through Table 7.

Table 4 Optimization Goals: Integrated Sandwich Absorber

Goal Weight Bandwidth Return Loss Angles of Polarization
Incidence
1 1 2.7-50GHz <-20dB 0° Both
2 1 2.7-50GHz <-20dB 30° TE
3 1 2.7-5.0 GHz <-20dB 30° ™
Table 5 Optimization Goals: Integrated Spar-cap Absorber
Goal Weight Bandwidth Return Loss Angles of Polarization
Incidence
1 1 2.6-3.0 GHz <-20dB 0° Both
2 1 2.6-3.0 GHz «<-20dB 20° TE
3 1 2.6-3.0 GHz <-20dB 20° ™

Table 6 Design Parameters: Integrated Sandwich Absorber

Parameter Unit Range Optimized
Value
R1 Q/square 1-1000 285
R2 Q/square 1-1000 230
t1 mil 1-999 820

Table 7 Design Parameters: Integrated Spar-cap Absorber

Parameter Unit Range Oll‘\;;llmzed
R1 Q/square 1-1000 95
t1 mil 1-999 535

5.3 Nominal Designs — RF Performance

Figure 54 contains RF performance for the integrated sandwich absorber shown in Figure 52, and Figure 55
containg RF performance for the integrated spar-cap absorber shown in Figure 53. Both figures contain return
loss at normal and oblique incidence angles. Comparing RF performance to the optimization goals indicates
that the goals were well met. ADS” optimization tools calculate an error function based on the goals provided
in Table 4 and Table 5, each of which is assigned a weighting function to represent relative importance. In this
case, the weighting function is 1 for all goals; RF performance at normal incidence and oblique incidence carry
the same weight. Optimization techniques, whether random or gradient, attempt to minimize the error function
by varying appropriate design parameters. The error function (EF) provides a figure of merit for cach design,
with EF = 0 representing a design that meets all goals. For the integrated sandwich absorber, the EF = 0.125.
For the integrated spar-cap absorber, the EF = 0. Note that the optimization goals for the spar cap apply over a
narrower bandwidth, as initial attempts to create a broadband spar-cap absorber failed.
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Figure 34 Return Loss at normal and oblique incidence for an integrated sandwich absorber. Excellent
agreement between ADS and HESS validates the ADS model and design approach. Retum loss of 20
dB or belter is achieved over 2.8-5 GHz out to a 30° incident angle.
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Figure 35 Return Loss at normal and oblique incidence for an integrated spar-cap absorber. Excellent

agreement between ADS and HESS validates the ADS model and design approach. Retum loss of 20
dB or belter is achieved over 2.6-3 GHz out to a 20° incident angle.

The RF performance of the integrated absorbers is exceptional considering the simplicity of the design (insert
two or three resistive or conductive sheets in an existing VARTM fabrication process). Design simplicity and
the reliability of design parameters (designs are based on measurements of foam, glass composites, and
resistive materials) indicate a smooth transition to prototyping and validation measurements.

5.4 Statistical Analysis & Fabrication Considerations

The designs presented in the previous section assume a perfect fabrication process. All design parameters are
exact values. In reality, a number of design parameters will vary across a range determined by process controls
during fabrication. To evaluate whether the designs perform well during an actual fabrication process, a series
of statistical analyses was performed to reveal how process variations determine performance variation. The
following design parameters were allowed to vary according to a Gaussian distribution:

* Biaxial glass skin dielectric constant — Varied from 3.95 - 4.25
o Uniaxial glass core dielectric constant — Varied from 4.3 - 4.5
¢ Glass skin thickness — Varied +/- 0.02

¢ Resistive sheets — Varied +/- 5%

¢ Resistive sheet location — Varied +/- 0.027
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Dielectric constant variations were taken from material measurements (see Material Development and
Integration), which represent the worst case in terms of process control. Resistive sheet values were chosen
based on vendor claims and in-house capabilities (see Resistive Materials). Sheet locations and thickness
variations were based on measurements of reference plates and GR900 samples (see Fabrication of Test
Panels). Loss tangents did not vary, as initial analysis indicated their impact on performance was minimal.
Foam core thickness did not vary, as thickness measurements of core material before and after reference panel
fabrication indicated excellent control. Foam core dielectric constant did not vary, as measurements indicated
little to no variation in foam dielectric constant. Resin flow through the core will modify the effective
dielectric constant in a predictable manner.

Process variations will result in degraded performance; however, metrics are needed to determine acceptable
RF performance and establish percent vield. RF performance goals for the statistical analysis are presented in
Table 8 and Table 9, along with the yield for each sct of goals. These goals represent the criteria by which
boards (or blades) would be evaluated to determing pass/fail in a mass-production environment. Yield analysis
goals differ from those for the nominal design. The broadband nature of the sandwich absorber allowed vield
evaluation over several frequency bands and performance metrics, whereas the spar-cap absorber was limited to
narrowband goals from the nominal design.

Table 8 RF Performance Gouals and Yield: Integrated Sandwich Absorber

Goal Set Weight Bandwidth Return Loss ‘Iur‘]“c?é‘zsng Polarization Yield
1 1 2.7-4.0 GHz <-20dB 0° Beth 96.40%
1 1 2.7-4.0 GHz <-15dB 30° TE 96.40%
1 1 2.7-4.0 GHz <-15dB 30° ™ 96.40%
2 1 3-4 GHz <-20dB 0° Both 92%
2 1 3-4 GHz <-20dB 30° TE 92%
2 1 3-4GHz <-20dB 30° ™ 92%
3 1 3.2-35GHz <-20dB 0° Both 98.10%
3 1 3.2-3.5 GHz <-20dB 30° TE 98.10%
3 1 3.2-3.5 GHz <-20dB 30° ™ 98.10%

Table 9 RF Performance Goals and Yield: Integrated Spar-cap Absorber

Goal Set Weight Bandwidth Return Loss ‘Iur‘]“c?('j‘fng: Polarization Yield
1 1 2.7-2.9 GHz <-20dB 0° Both 97.10%
1 1 2.7-2.9 GHz <-20dB 30° TE 97.10%
1 1 2.7-2.9 GHz <-20dB 30° ™ 97.10%

Figure 56 shows RF performance variation due to process tolerances for the integrated sandwich absorber. The
absorber meets goal set 1 in Table 8 and Table 9 for 96.4% of all cases — this corresponds to yield in a mass-
production environment. Figure 57 shows RF performance variation due to process tolerances for the
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integrated spar-cap absorber. The absorber yield is 97.1% for 20 dB return loss from 2.7-2.9 GHz out to a 20°
incident angle. Figure 58 contains histograms of the various design parameters.

Integrated Sandwich Absorber RL

MNormal Variation
Pol1 36° variation
Pol2 30° Variation

RL (4B}
N
¢

Figure 56  RF performance variation for the integrated sandwich absorber.
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Figure 57  RI performance variation for the integrated spar-cap absorber.
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Figure 38  Representative histograms of several design parameters.

The nominal designs presented in the previous section were designed for higher performance over a wider
bandwidth to account for the degradation shown in Figure 56 and Figure 57, hence the difference in nominal
and statistical design goals. In future designs, yvield improvement could be achieved with yield optimization, in
which design parameters are optimized to compensate for process tolerances over a limited range. Further
analysis could also identify which process tolerances critically impact RF performance. If ten design
parameters vary, but only two significantly impact performance, process controls can focus on a more limited

scope, reducing cost and effort.

Fabrication of the integrated absorbers presented above is currently in progress; measured results will be
provided in Part 2 of this report. As prototype fabrication progresses, realistic process tolerances and design
compensation for fabrication variation will be investigated further. All analysis to-date indicates 20 dB return
loss over 2.7 - 2.9 GHz can be achieved with standard VARTM processes for both sandwich and spar-cap
structures. The analysis presented above is based on standard VARTM processes applied to flat plates. All
material and thickness variations were based on actual measurements from VARTM processes in which only
standard process controls were applied. The following section addresses blade fabrication and process control

in greater detail.

6. Absorber Integration into Turbine-Blade Fabrication

6.1 Typical Blade Fabrication

Modern wind-turbine blades are constructed predominately of E-glass or carbon-fiber reinforced polymers
(polyester, vinylester, or epoxy) along with foam- or balsa-core materials. Blades are comprised of a load
bearing I-type or box-type beam structure, commonly referred to as a spar enclosed by two acrodynamic shells.
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The spar is the main load-bearing structure in the blade with respect to acrodynamic and gravitational bending.
The spar consists of top and bottom flanges or spar caps which are made mostly of uni-directional fiber running
in the spanwise direction of the blade, connected by one or more shear webs which are constructed of bi-
directional fibers. Adjacent to the spar-caps, are panel regions — sandwich structures comprised of bi-
directional, tri-directional, or quad-directional fibers on either side of a foam or balsa core. The panel regions
provide torsional stiffness to the blade and are reinforced with core materials to prevent panel buckling. The
major components of a wind-turbine blade are shown in Figure 59.

Spar Cap

Toe
Hhefkr WS

Reirtmoament

Figure 59  Cross-section showing typical wind-turbine blade construction.

Blades are typically manufactured through wet layup, VARTM, or pre-preg processes. Wet layup mvolves pre-
wetted layers of composite material being laid down into the blade mold, and hand-rolled to remove excess
resin. In the VARTM process, dry fabrics are laid in the blade mold, followed by resin being nfused into the
fibers through vacuum (see Figure 60). Pre-preg construction involves laying down layers of fiber which
contains resin in a partially cured state. Of all the manufacturing processes, VARTM is the most common due
to higher quality than wet layup and lower cost than pre-preg . In all of these processes, the thickness of
individual plies is variable, though manufacturers use the thickest plies possible to speed manufacturing Also,
material suppliers do not typically offer custom thicknesses for fiber and core materials, although that may be
possible with enough demand. Finally, the layers are dropped, moving from root to tip, reducing the total
laminate thickness as the loads on the blade decrease outboard. Thus, root sections might have a 10-15 cm
thickness while tips may only be 1 cm or less.

Figure 60 Dry fiber placement (left)and infision (vight) for VARTM blade monufacturing.
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Once the fiber and resin have been placed in the mold, the structures are then cured, either at room or elevated
temperatures. The separate pieces — skins and shear web or entire spar — are then adhered together (see Figure
61). Exceptions to this process include the use of pre-cured root and spar-cap assemblies that are infused with
the skins, and, in the case of one manufacturer, a mold system that allows for the entire blade to be infused at
once, eliminating the need for adhesive bonding.

s

Figure 61  Final assembly of blade components.

6.2 Fabrication of Test Panels

Resin samples, flat laminate materials, and sandwich panels were produced for material-characterization
purposes. The VARTM process was used to produce the laminate and sandwich panels. After these raw
materials were produced, the material was finished into GR900 disks and sized sandwich panels (18 inches by
18 inches).

6.2.1 Materials:

A Hexion Epikote resin system, consisting of MGS RMR 135 resin and MGS RIMH137 curative, was used to
produce all of the above items. This resin system is specifically designed for glass and carbon fiber composite
applications, including marine and wind energy (turbine blades). It has good mechanical properties (capable of
high static and dynamic loading), and is a low-viscosity resin system that is well suited for infusion processes.
Hexion also produces filled adhesives that are used for wind-turbine large-gap bonding applications.

Several Vectorply reinforcement materials were used to produce the laminate material and sandwich panels.
Two of the three that were used, E-LT 2400-7P and E-LT 5500-10, are stitched (uncrimped — not woven)
Biaxial E-glass fabrics specifically engineered for the wind-energy industry. A 12K 2 X 2 twill carbon fabric,
TMGC 6003 by Airtech Advanced Materials Group, was also used in one of the panels. Table 10 summarizes
the materials used in this effort.
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Table 10 Summary of materials used to produce composite paris.

Thickness Areal
Part No. Materials Fiber (in) Weight Density Manufacturer
(0z/sq yd)

MGS RMR135/RIMH137 | Epikote Resin nfa nfa nfa 1.17 gmice? Hexion

E-LT 2400-7P Stitched (nonerimped) | £ a5 | 0.027 2374 n/a Vectorply
Biaxial Fabric

E-LT 5500-10 Stitched (nonerimped) | £ 505 | 0.055 5538 n/a Vectorply
Biaxial Fabric

SXQ3600R1 Eggr?:d Quadaxial E-Glass | 0.055 36.42 n/a Fiberglass Industries

TMGC 6003 12K2x2 Twill- Weave | ~opon | 0.035 19 n/a Airtech
Fabric

C70.55 AIrEX Urethane-Foam n/a 10 n/a 41bsAt AIrEX
Core
I-Core End-Grain 4

I-Core EG Balsa-Wood Core n/a 1.0 n/a 10 Ibs/t I-Core

6.2.2 Production of GR900 Samples:

GR900 composite samples of cach E-glass material (as listed in Table 10) were constructed for material
characterization; a VARTM process produced flat-laminate material for these samples. The three primary
methods for constructing wind-turbine blades are: a hand-built wet-layup process, a vacuum- or pressure-
infusion process, and layering pre-impregnated (pre-preg) composite material. Hand layup and infusion are
commonly used today, but as technology and materials have advanced, vacuum infusion has become the
desired process. As pre-preg is still an emerging technology, laying up a wind blade with pre-preg material is
less common.

The wet-layup process consists of building the composite by hand, layer by layer. After applying the
reinforcement layer, a roller forces the resin into the fabric. Any excess resin is then squeegeed up. Wet layup
18 an economical fabrication method; however, this process results in fiber-schedule variability, varying
material thickness, looser tolerances, rough internal-surface finishes, and higher final blade weights.

Both wet layup and VARTM processes have been used for wind energy applications. The VARTM process
was chosen as the most appropriate method for producing representative wind-turbine blade materials. Wind-
turbine blades produced using a vacuum-infusion process exhibit improved fiber volume, lower blade weight,
improved internal surfaces (secondary bonding), and increased structural strength (due to the composite’s
higher fiber fractions achieved in the composite). Fabrication nuances that need to be considered during
vacuum infusion include resin flow around corners, thorough wetting-out fabric when transitioning across
different fiber volumes, and design review to reduce the potential for varying flow fronts.

The following VARTM processes were used for producing the flat laminates:

Mold preparation, material cut and layup

Building the VARTM setup and checking the bag for leaks
Resin preparation

Infusing the reinforcement

RN -

Curing the material
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First, the aluminum caul plate was prepared and Frekote 700NC was applied as mold release. Then, all four
flat laminate samples, consisting of 30 layers each, were manufactured using one infusion process. The
reinforcement material for each laminate was precut to size and then weighed prior to infusion (see Figure 62).
Four different resistive fabrics were embedded in one of the E-L'T 5500-10 flat laminates. The resistive fabrics
were loosely woven and are approximately .0207 thick. These fabrics were located both one-ply deep and at
the mid-plane of the laminate (see Figure 63).

Before starting infusion, each laminate stack was spaced about 17 apart from each other (see Figure 64). The
tops of the individual stacks were covered with consumable vacuum infusion components - release fabric (tan)
and flow media (orange). A resin inlet flow line constructed of nylon spiral wrap, release film, and flow media,
was located on the left - close to the stacks. A nylon rope, acting as a resin dam is attached to the vacuum line
exiting on the right. One vacuum bag encompassing everything was constructed, and a 15-30 minute leak
check (187 Hg is achieved at a 5000 ft. elevation) was performed to identify any potential air leaks. Once a
suitable leak-free vacuum was achieved, the Hexion resin system was mixed and degassed for 5 minutes (to
remove any air entrained in the resin during the mixing process). Under constant vacuum the resin passed
through the inlet line, flowed across, and impregnated the individual reinforcement stacks. Any excess resin
accumulation was drawn down the rope dam and out to the paint pot (resin catch). Figure 65 shows the resin
impregnating the material. The impregnation process took approximately 10 minutes; the exothermic
crosslinking process for the resin completed after approximately one hour. Final cure was achieved at 140°F
for 16 hours (material was moved to a walk m oven).

Figure 62 E-glass fiberglass fabric — cut and weighed.

Figure 63 Locating resistive fabrics in fiberglass material.
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Figure 64

Figure 65  Resin infusion of fiberglass material.
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Fiberglass stacks vacuum bagged and leak checked

Table 11 Summary Table for GRI00 Infused Laminate Material

. Cured Laminate Weight of: )
Flat Laminate Material Height Fiber
i ) Cured Laminate i 9,
Material (iny Fiber Only (gm) (am) Fraction (%)
E-LT 2400-7P 0.86 515 788 65.36
SXQ 3600-R1 1.20 780 1107 70.46
E-LT 5500-10 1.47 1136.3 1526 74.46
E-LT 550-10
(with resistive 1.50 1135.3 1524 74.49
fabric)




The resin infusion of the laminate material with embedded resistive fabrics was completed without difficulty.
After infusion, the material was measured, weighed (see Table 11), and samples were machined to their final
GR900 configurations. A visual review indicated that the embedded resistive fabrics wetted-out well and were
completely integrated into laminate. Measurement of GR900 samples indicated most of the resistive fabrics
fell within =0.01 inches of the expected depth in the laminate material. No voids or delamination appeared as a
result of embedding the resistive fabrics in the composite material. Integrating resistive fabrics in a glass-fiber
composite material appeared to be a success; however if these materials are selected for future use, further
investigation into appropriate ‘sizing” (adhesive preparation) should be followed by material testing to prove
that embedded materials do not affect mechanical strength. Figure 66 shows a variety of GR900 samples (glass
only, balsa and foam core) and a cross section of the embedded carbon fabric in the glass sandwich panel.

6.2.3 Composite Panels:

Four composite panels were produced. The panel intent was to produce cross-sectional representations of the
structural members exhibited in a typical 45-60 meter long wind-turbine blade (shear webs, skin
reinforcements, and spar caps as shown in Figure 59). Two sandwich panels were produced to represent shear
webs and skin reinforcements, and two glass composite panels were produced to represent spar caps. The panel
design included a determination of the facesheet (skin) thickness and lay-up schedule as well as the core
material and thickness. All panel materials are common to the wind-energy industry. The VARTM process
used to make the panels was identical to the one used to make the GR900 laminate material, although the
amount of resin and the infusion time differed based on core material.

Two sandwich panels were produced — one with foam core and one with balsa core. Figure 68 illustrates the
balsa-core pancl. Balsa- and foam-core materials are commonly used to produce a blade’s shear web and as a
reinforcement material in the blades outer facesheet (skin). The I-core balsa material was purchased already
slotted and perforated. The urethane-foam core material on-hand was blank, so it was modified to match the
existing design provided in the balsa material. Each facesheet (skin) for all of the sandwich panels consisted of
4 layers of E-LT 2400-7P laid up in a balanced +/- 45° orientation. All of the pancls were built to the same
specifications. See Figure 67 for a cross section of the panel’s thickness dimensions. Figure 69 shows the
balsa-core panel bagged and ready for infusion, and Figure 70 contains the infused balsa-core panel.
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b FACESHEET—

18.0-

TYPICAL 187X 18" PANEL

Figure 67  Typical sandwich panel cross-section.
Table 12 Summary Table for the Sandwich Panels
Facesheet Core Material Impregnated Resin
Panel Represented Facesheet N . h N N
No. Blade Member MateriallLay-up Thlc_kness Core Material Thlc_kness Weight Panel Weight Content
(in) (in) {gm) (gm) (%)
Skin Reinforcement | Each Skin — Vectorply AIfEX C70.55 4lbst® A
! or Shear Web 4 Plies E-LT-2400-TF 01 Urethane Foam 10 2097 3527 40.54%
Skin Reinforcement | Each Skin — Vectorply |-Care EG 10l
2 o Shear Web 4 Plies E-LT-2400-7P 01 Enc-Grain Belsa 10 1874.5 4551 56.81%
Each Skin — Vectomly 25 Plies E-LT-5500-10
3 Spar Cap 4 Plies E-LT-2400-7P 01 UNI rientation 10 12854 17482 26.30%
Each Skin — Vectorl 25 Plies E-LT-5500-10
4 Other 4 Plies E—LT—24OO—?PV 0.1 UM wiith Carbon Interspersed 1.0 10365 14338 27 71%
with & plies Aitech TMGC 6003

The third panel was fabricated with the intent it would be representative of a glass spar cap. A blade’s spar cap
is a principal load bearing structure composed of glass or carbon material laid up with the unidirectional
direction. It was produced via a VARTM process in a manner similar to those explained previously. The
fourth panel was fabricated with carbon fiber interspersed to represent a carbon spar cap. Table 12 provides
detailed information on the infused resin panels.

There are challenges associated with any composite-infusion process, including race-tracking of the resin (low-
flow-resistance channels or gaps in the bag that can prevent a controlled infusion of fabric), vacuum leaks in
bag during panel infusion, and converging resin-flow fronts (resin fronts that when they converge can trap air
pockets in the panel). These problems can be clearly identified as voids or resin starved areas in composite or
sandwich panels. Preventative measures were taken during panel infusion, but some common challenges were
encountered. A review of the VARTM-infusion technical issues was performed for process improvement in
future VARTM infusion. After further analysis, panel setup adjustments (including using some release fabric
underneath the panel and employing a peristaltic pump to control inlet resin flow) were implemented to avoid
further 1ssues.

Despite the challenges described above, the resin infusion of the sandwich and composite panels was completed
without significant difficulty. A raw infused pancl was weighed and cut to a final dimension of 18 inches by 18
inches. GR900 samples were produced from the excess panel material. GR900 samples demonstrated good
adhesion between the laminate facesheets and the core material. Cross sections also demonstrate that even
though the resin filled the core material voids (natural wood flaws), core materials did not saturate with resin.
Measurement of a cross section of Panel #4 indicated that Airtech carbon fabric layers also fell within =0.01
inches of the expected depth in the laminate material. No anomalies appeared as a result of embedding the
carbon material in the glass material. Figure 71 shows the infused composite pancls.
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Figure 69  Balsa
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core panel after infusion.

Unfinished balsa

Figure 70



Figure 71 Glass-core panel (left) and glass-core with carbon-fabric interspersed panel (right).

6.2.4 Summary

Embedding resistive fabrics into E-glass composites was a success. The resistive fabrics selected wetted-out
well and became an integral part of the material. Fabrics maintained a consistent depth and separation distance
when infused, indicating that future treatments can be embedded and maintained in position within reasonable
tolerances. Fabrication of sandwich and composite reference panels provided valuable experience in VARTM
processes, and has identified techniques for future improvement, which should result in improved process
control for both resin percentages and thickness tolerances.

7. Modeling the Radar Cross Section (RCS) of a Wind Turbine

The large wind turbines that are of current interest have rotor diameters that measure hundreds or even
thousands of wavelengths at the radar frequency of mterest. The computation of the radar cross section (RCS)
for such large objects requires considerable computational resources in addition to appropriate approximations
to the physics of the scattering process. It is an unfortunate fact that analysis of the electromagnetic scattering
using full-wave solutions of Maxwell’s equations, without any approximations, is not practical for objects of
this size. However, useful approximate solutions are available through the physical-optics approximation [97,
98, 99] and through an extension called the shooting and bouncing ray (SBR) method [100, 101, 102, 103,
104]. Even so, significant computational resources are required to perform a thorough scattering analysis of a
large wind turbine.

In the work described here, the computation of the RCS and Doppler spectrum is accomplished with the Xpatch
code suite. Xpatch is an implementation of the SBR method, which is essentially an extension of the physical
optics method. In the physical optics method, the object is illuminated with a plane wave, which can be
represented by geometric-optics rays, and radiating currents are estimated from the tangential ficlds and
boundary conditions at the surface. In the SBR method this approach is extended in that the traditional
physical-optics currents (both electric and magnetic) are augmented with contributions from physical-optics
currents associated with geometric-optics rays scattered from the structures. In this way, interactions between
objects are mcluded. This is important when modeling dielectric composite structures such as a turbine blade,
since the radar signal can penetrate and reflect inside the structure before returning to the radar. This approach
allows a greater degree of fidelity than would physical optics alone, while still allowing practical and accurate
estimation of the ficlds associated with models which are very large when measured in terms of the wavelength.
Additional discussion of physical optics, SBR, and Xpatch, including validation tests, can be found in [1].
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7.1 Description of the Wind-Turbine Model

For the purposes of this study, the turbine is modeled as a set of three blades, without any other structures such
as the hub, the nacelle, tower, etc. Thus, only the blades contribute to the computed radar cross section in the
data presented below. Since the Doppler spectrum is of primary interest, it is appropriate to only model the
moving rotor, as the stationary structures do not contribute to the Doppler shift. That will be the approach
taken here. However, it is noted that these other components do contribute to the total radar cross section, and
will increase the zero-Doppler (no Doppler shift) contribution to the scattered spectrum.

A single blade of the rotor model is shown in Figure 72. The length of the blade measured from the center of
rotation is 63 m. On the right, the internal shear webs are just visible inside the open root. These internal
components are modeled since the materials of the outer surface might be penetrable by the radar signal.
However, no other intemal materials, such as conductors for lightening protection, are modeled at this time.
The three-blade rotor is shown in Figure 73. In this view, the operating rotor would turn clockwise, with the
top blade moving toward the right.

Figure 72 IHlustration of the surface model of a single blade used in the wind-turbine model

&3 meters

Figure 73 Front view of the three-blade rotor model.

The blades are modeled with typical fiber-composite construction, using both glass and carbon fiber materials.
Fiberglass and low-density foam materials are sandwiched for blade pancls where appropriate. A list of generic
materials, with values for electrical properties used in the models, is contained in Table 13. The values of
permittivity have been obtained from measurements of representative materials®, except for the uniaxial carbon
composite, which is modeled as described in Appendix II. The blade contains 67 different layered
configurations, each comprised of 3 to 5 layers with various thicknesses, over a total of 546 different regions of
the blade, giving it the appropriate mechanical properties. These range in thickness from about 10.5 cm at the

! The measurements were performed at Sandia National Laboratories, using GR-900 coaxial air-line to hold the samples.
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root to about 0.6 cm at the tip. The thicknesses of the stacks are plotted in ascending order in Figure 74, where
the abscissa is labeled with the material-stack index number. The entirety of this diversity of material
configurations is contained in the computational model, unless stated otherwise. To evaluate how these various
stacks respond to the radar, the computed radar cross section of a square plate of each material, measuring 1 m
on each side, is plotted relative to that of an identically sized plate consisting of perfect electrical conductor
(PEC) in Figure 75, for normal incidence at f'=2.8 GHz . The abscissa is labeled with the index number of

cach layered stack, as the data are ordered from lowest to highest response.

Some of the layered stacks exhibit very low RCS compared to that from the perfect electric conductor.
However, this should not be mistaken for evidence of the presence of radar-absorbing materials. None of these
layered configurations qualify in any way as radar-absorbing material; the low-reflections are in fact evidence
of some level of transparency. Thus, it is critical to model the internal structure of the blade, because portions
of the internal structure will be illuminated by the microwave signal passing through the outer shell. It should
also be obvious that modeling the blade with a perfect electrical conductor on the surface is inappropriate. In
fact, evidence will be presented below that shows that the internal shear web structure can be an important
contributor to the total radar cross section of the blade. While the internal shear web structure is the only
internal structure included in this model, other internal structures, including lightning-protection conductors,
should be included. It will also be demonstrated that modeling the blade as PEC can actually lead to erroneous
conclusions about the RCS response, a subtle conclusion that one might not suspect after only cursory thought.

Table 13 List of materials and electrical properties used in turbine-blade models.

material permittivity permeability
PEC (perfect electric conductor) nfa n/a
Gelcoat 2.88 -/ 0.086 1.0-0.0
Unidirectianal glass composite 4.5 —j 0.068 1.0-0.0
Double bias glass composite 4.0 0.08 1.0-0.0
Foam 1.15 - 0.009 1.0-0.0
Triaxial glass composite 435 0.087 1.0-0.0
Uniaxial carbon composite 800 809 1.0-0.0
Foam 1.15 - 0.009 1.0-0.0
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Figure 74 Thickness of material stacks, with abscissa labeled by index number.
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7.2 Static Radar Cross Section of a Wind Turbine

The static radar cross section refers to the radar response of a target when there is no relative motion between
the radar and the target, while dynamic RCS refers to the time-varying response resulting from relative motion,
and is related to the Doppler spectrum. In Figure 76, the computed static RCS of the fiber-composite wind
turbine described above is plotted as a function of azimuth, when the elevation angle is zero. The radar
frequency is 2.8 GHz, and the rotor is oriented with one blade in the vertical position, as illustrated in Figure
77, and of course, the rotor is not moving. The computed RCS of the identically shaped PEC rotor is plotted
on top of the RCS from the fiber-composite model in Figure 78, for case of comparison. It is interesting to see
that the PEC rotor has a larger RCS at most, but not all, azimuth angles. One might assume that a PEC rotor
would represent a worst-case model, and while the data in Figure 78 might be construed as supporting
evidence, it will be shown below, in the section titled Computation of the Doppler Signature, that this
assumption is not entirely accurate and can lead to ill-formed conclusions. In fact, at azimuth angles that
produce some of the highest Doppler shifis, around 90° and 270° for example, the fiber-composite rotor exhibits
a larger static RCS.

The response for two linear polarizations are shown; HH indicates that the electric field vector (both transmit
and receive) is both normal to the vector locating the radar and lies in a plane containing both the axis of
rotation and the vector locating the radar ., while VV indicates that the clectric-field vectors are normal to that

plane. When the elevation is zero, HH indicates that the electric-field vectors lie in the horizon plane ( x- ¥

plane in Figure 77), and VV indicates that the electric-field vectors are parallel to z in Figure 77 (vertical).

Each polar plot shows the RCS response for the indicated polarization when the radar is located at a set of
points on a circle around the turbine, while it remains at zero elevation. The two rectangular plots show the
variation in RCS in a small region near the azimuth directions of 0° and 180°, with both polarizations plotted on
the same axes. Because of the large extent of the rotor in the X -z plane (measured in wavelengths), not only
does the largest RCS occur in these two regions, but the RCS changes very rapidly with azimuth; the amplitude
changes by several decibels with as little as 0.02° change in azimuth. The variation with azimuth is not as
extreme near 90° and 270°. The variation between the responses of the two linear polarizations is minimal. To
capture the detail contained in the RCS signature for this rotor, the azimuthal increment for the computation
was 0.0275°, resulting in over 13,000 angles being examined.” Computation of Doppler spectra at each of these
angles will likely prove impractical, so the static-RCS computation will be a useful tool to help decide for how
many and for which azimuth angles the Doppler spectra should be computed.

This rotor is quite large, with a diameter of 126 m, resulting in the computed peak RCS of 52 dBsm (decibels
with respect to a square meter). To put this into perspective, the median RCS of a Boeing 737 aircraft at nose
aspect at this frequency is about 10 dBsm. For the Boeing 747, this would increase to about 18 dBsm [105].

2 The computation was performed by dividing it between 20 threads running on a dual hex-core Intel® Xeon® x5690 CPU with a clock
rate of 3.47 GHz, and required the equivalent of 144 16"22738° of total CPU time.
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Although these single-number comparisons are interesting, it cannot be emphasized enough that a single
number is a very poor method of characterizing a complex radar target. However, static RCS plots like Figure
76 are useful, when used with other considerations, for choosing appropriate azimuth locations for computing
the dynamic RCS and the associated Doppler spectrum.
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Figure 76 ~ RCS vs. azimuth of the untreated 3-blade rotor, computed at [ = 2.8 GHzand 0° elevation with

materials as described in the text.
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Figure 77  Three-blade rotor model with coordinate system and direction to radar.
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Figure 78  RCS vs. azimuth of the FEC 3-blade rotor {biue) compared with the RCS of the fiber-composite rotor
{red), computed at |’ = 2.8 GHz and 0° elevation.

7.3 Sampling Considerations for the Computation of Doppler signature

When the rotor is illuminated by a radar signal, the scattered signal will be shified in frequency as a result of
the Doppler effect [1, 105, 106]. The Doppler shift is caused by the motion of the blade toward or away from
the radar, and the process is described in considerable detail in Appendix [ of reference [1]. To avoid aliasing
of the Doppler frequencies, a phenomenon whereby the higher frequencies are mistaken for lower frequencies,
the radar must sample the scattered signal at a rate greater than the Nyquist rate [ 107, 108]. Nyquist sampling
requires more than two samples per period of the highest Doppler shift present in the scattered signal. As will
be shown below, this requires that the modeling computation provide estimates of the amplitude and phase of
the signal at appropriate angular increments, such that no portion of the blade moves toward or away from the
radar by a distance greater or equal to a quarter of the radar’s wavelength between two consecutive samples.
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Because the angular-sampling increment is such a critical parameter for properly computing Doppler spectra, it
will be derived here. Consider a radar located in the direction of the unit vector T, from an object moving

with velocity ¥, so the velocity toward the radar is V- T, ., and the Doppler shift is [106]

2v- f'm v
AfDoppler = f;) % E (61)

where f, is the radar frequency in Hz, and c is the speed of light®. The factor of two in eqn. (6.1) accounts for
the effect of the two-way propagation from the radar to the object and back to the radar. To adequately
measure the Doppler spectrum, the radar must sample the scattered signal at a frequency greater than twice the
maximum Doppler shift,

4
.fsampie > 2‘Af Deppler =

=—|v.r
et l| radar

c

radar (62)

maximum maximum

where the wave length of the radar signal is A=c¢/f; .

Because the tips of the blades in a rotating turbine have the highest velocity of any point on the rotor, it is
necessary to only consider the motion of the blade tips. With reference to Figure 77, the unit vector pointing to
the radar is

=—xcos(EL)sin{ AZ }+ycos{ EL}cos(AZ ) +zsin{ ZL}. (6.3)

~

rmd ar

The tips of a 3-blade rotor arc located at

r, =L —Xsin(Qr)+Zcos(£x) ],

F, = L[—isin(ﬁr+ 27t)+2 cos Q1+ %n)], and (6.4)

£, =1 —Xsin(€ - 27)+2 cos{Qr—2m) .
where L is the length of the blade from the center of rotation to the tip, and £2is the rotation frequency
measured in radians per second. The time reference is chosen so that at =0 s, blade 1 will be vertical (along
z in Figure 77). The velocity of each tip is given by

v, :F;_)rfl = —QL[ficos(S.’lt)+i sin(Qr)],

d

v, =§l‘2 =—£!L[§icos(£h‘+%7t)+iSin(£2f+%TE)], and (6.5)
v, :%13 =—OL| kcos(Qf —2x)+isin{Q¢ —2x) |.

During the time interval from £ to f,, the blade tips move a vector distance
s = I:z vdt=L (ff( [sin[:Qtz ) sin(Q, )J+i [cos {€Q1, )~ cos (1, ]D ,
s, = jf v,di=L (—f( [sin(!.'.!tz +4m)—sin{€x, +%:ﬂ:)]+i [cos (Qu, +2m)—cos(Qu, + %TE)D, and (6.6)

2
1

3 3 3

8, = -[; V,dt = L(—i[sin(!.'ltz —%"l:)—sin(!flt1 —%Tc)}+i [cos(&!tz —31':)—003 (Qtl —ETE)}].

*The exact speed of light in the vacuum is ¢ = 2.99792458 108 m/s , which is ultimately used to define the standard length of the

meter. The speed of light in air is slower by about 0.03% to 0.05%, depending on temperature and water-vapor content.
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The changes in the radar frequency due to the Doppler effect from scattering at the tips of the blades are

A = %QL[COS(Qt)cos(EL)sin(AZ)—sin(S’lf)sin(EL)J,

Af, = %QL[COS(QIHL %n]cos (EL)sin(AZ) fsin(ﬂt + %Tc)sin (EL)], and (6.7)
¢

Afy = 2Jo QL [COS(Qer %TE)COS(EL)Sin(AZ)*SiIl(Qer %Tc)sin(EL)].
¢

It is obvious that the frequencies associated with the blade tips are not constant as the blade rotates; the Doppler
shifts vary with time, and the maximum frequency shifts associated with cach tip occur at different times. The
peak Doppler frequency contained in the total spectrum, for a specified radar direction, is

21,0
%eak = :

The time-variation of the Doppler shifts in (6.7) suggests the need for examining not just the total spectrum (all
Doppler shifts produced during a rotation period), but also the spectrogram (the time-dependent spectra that
occur at different times during the rotation period).

\/cosz(EL)sinz (AZ)+sin"(EL) . (6.8)

The maximum Doppler frequency occurs when the directions of the velocity and the radar-position vectors
coincide, so from (6.2) and (6.8), the minimum sample frequency can be obtained,

fs‘ampﬂe > f]\giquist = 2A.fpeak = %ﬂl \/COSZ (EL) Sinz (AZ) + Si-nz (EL) E) (69)

where f, =27 is the rotation frequency in rotations per second. Between samples, the rotor will move

through an angle 8¢, given by

_opJa P ! (6.10)

oo .
Fuamgie 4L Jcos® (EL)sin® (42) +sin® (EL)

sample

If the radar is located a substantial distance away on theX axis, then the tip of the blade moves a distance
toward the radar given by,

‘\
5 -(—i)stm[zj—nﬁJSLsin(%] (6.11)

during the sampling interval 0<i < I/Efmnple . If the sample frequency is exactly the Nyquist rate (use the equal

sign instead of the inequality), then the tip moves a quarter of a wavelength toward the radar during the sample
interval, but the difference in the path length traversed by the radar signal from the beginning of the sample
interval to the end would be a half wavelength, giving two samples per signal wavelength. To avoid aliasing,
the sampling frequency must slightly exceed the Nyquist frequency, so the actual distance the tip moves toward
the radar between samples must be less than a quarter of a wavelength. Table 14 shows the maximum sample
interval and minimum number of samples required in a 120° arc of rotation to avoid aliasing of the Doppler
shift for several frequencies and two blade lengths. As can be seen from the entries in the table, a very large
number of samples will be required to avoid aliasing.

Uniformly spaced samples are needed for efficient computation of the Doppler spectrum from time-domain
data, since a standard fast-Fourier-transform algorithm will be used. That is reflected in the numbers contained
in Table 14. However, the analysis above can be generalized to show that all points on the rotor are required to
move less than a quarter of a wavelength toward or away from the radar between two adjacent samples to avoid
aliasing of the Doppler frequencies, and this fact can be utilized to reduce the number of RCS computations
required. This is accomplished by appropriately choosing non-uniformly spaced points in the rotation for the
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computation, such that no adjacent sample points are separated by more than one quarter wavelength, measured
toward the radar. Subsequently, the requirement for evenly spaced points for the spectrum computation can be
satisfied with interpolation between these non-uniformly spaced points. While greater effort is required to set
up the RCS computation, a significant reduction in required CPU time is anticipated.

Table 14 Doppler-sample considerations for rolating turbine at selected radar frequencies.

sampling requirement for no aliased Doppler components
band frequency (GHz) (c}rbn) angular interval (degree) minimum samples in 120° span
45-m blade 63-m blade 45-m blade €3-m blade
L 13 23.06 0.0734 0.0524 1,635 2,289
s 2.8 10.71 0.0341 0.0243 3,522 4,930
c 5.925 5.06 0.0161 0.0115 7,451 10,432
X 9.5 3.16 0.0100 0.0072 11,947 16,725

7.4 Computation of the Doppler Signature

The radar cross section of the wind turbine varies with time as the rotor moves. It also varies with the direction
of the radar with respect to the axis of rotation. The time-variation is very rapid when the diameter of the rotor
comprises many wavelengths of the radar signal. For example, Figure 79 shows the RCS vs. time for the 126-
m diameter rotor, rotating at{2 =12.1 rpm, when the radar is located at 47 =90°, EL. = 0° and is operating at

J =2.8 GHz (S-band). At this frequency, the rotor measures just fewer than 1,177 wavelengths in diameter,

and so qualifics as electromagnetically very large. The rapid time variation gives rise to significant Doppler
modulation as it rotates. The time span of 200 ms depicted in Figure 79 represents a rotation of £7.3° about the
reference position, where one blade is vertical. The blade tips are moving at a speed of more than 178 mph, and
the maximum Doppler shift is just over 1.49 KHz.

BCS (dism)

O04 003 002 00 9 001 - - 002z 003 094 003 4.06: I ai
Hme {3}

Figure 79 Computed radar cross section (VV polarization) for the 126-m diameter votor as a function of time at

frequency f= 2.8 GHz. The rotation rate is 12. 1 rpm, and the plotted time corresponds to 4% of ane
rotation, £7.3° from the reference position at 1 = 0 s, when one blade is vertical

It should be noted in this example that the RCS can change by several decibels in the span of as little as 0.02° of
rotation. Unfortunately, because of its rapid angular variations, the RCS of a turbine cannot be accurately
described with a single number or even a few simple numbers. One could take the maximum RCS over all
angles, rotations, and polarizations as a single-number measure, but because of the size of a wind-turbine
system, the computation of this single value is an immense task. In an effort to simplify the description of the
RCS response, the value of the time-averaged RCS over one rotation period, 7, with the located radar at a
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specified azimuth and elevation with respect to the axis of rotation, might be considered a potentially useful
single-number measure of the RCS,

o, (AzEl) :%J‘_ngc(r,Az,EL)dr. (6.12)

Ignoring the limitation that this measure is a function of the direction to the radar, and that it will vary
considerably as that direction is varied, it is still not an entirely adequate description of the RCS signature of a
wind turbine, cither. However, while the maximum RCS or the time-averaged RCS have some limited value,
plotting the computed RCS as a function of time can also be more useful. More useful still is the Doppler
spectrum.

It is important to understand that the Doppler spectrum is the quantity of most interest when evaluating the
potential for radar interference by wind turbines. The time-domain response and the spectral response are
related through the Fourier transform, allowing the spectrum to be computed casily from the time-domain
response. This spectral data can be presented in two useful formats. The first, called the total spectrum, is the
Fourier transform of the time variation over one complete rotation period. The second, called a spectrogram, is
obtained by applying the Fourier transform to a narrow time window, Az, and moving the window through
time within a rotation period, yielding an estimate of the spectrum as a function of time.

Let v{¢) represent the complex phasor form of the scattered signal in the time domain. The total spectrum is

Tz

Stotai (fDoppier ) = Stotai (fDoppier ) ] 2 Where Stotai (fDOpp[er ) = I_szv(f) e_Jz.nfDWWIdT 2 (6 13)
and the spectrogram is
St Fapir ) =[5 (b g | - W18 (8, o) = [ {117 7o g (6.14)

with At << T, =T/2<t<T/2, and T is the period of rotation. The frequency resolution of the total spectrum is

considerably greater than that of the spectrogram. However, the spectrogram shows the variation in the spectral
content as a function of time, while the total spectrum show the amplitude of all the frequencies that will be
produced at some time during a rotation of the blades. In the context of this analysis, the scattered time-domain

signal, (7), is defined to have units of length, so the radar cross section is given by ¢ = v *, and the magnitude

: : 2.2 2 2
of the spectrum will be measured in m”s” or m*/Hz".

The total spectrum shows all of the Doppler-frequency components that will occur during a complete rotation
of the blades. On the other hand, the spectrogram shows the spectrum as a function of time, giving the
Doppler-frequency components present at a particular time during the rotation. However, as is obvious from
(6.14), the spectrogram at a particular time ¢ requires integration of contributions in a small time window
surrounding 7. As is always the case when two quantities are related through a Fourier transform, this
integration over a span of time introduces an uncertainty principle. In this case, the uncertainty results in a
compromise between the resolution of the spectral components and the precision of the knowledge of exactly
when they occur. Large values of Af provide greater resolution of the spectral components, but provide less
certainty regarding when they occur. Similarly, small values of Afsmear the spectral components together,
providing low-resolution spectra, but increasing the certainty about the time that they occur. The total spectrum
provides the greatest spectral resolution, but introduces the greatest uncertainty, since it is only known that a
given spectral component occurs sometime during the entire period 7. While the total spectrum will be
presented here as a continuous function, n reality it consists of a line spectrum, with the lines spaced by

Af =1/T , as aresult of the periodic rotation. For a rotation rate of 12.1 rpm, which is the maximum rotation
rate for the 126-m diameter rotor modeled here, the line spacing is Af'=0.2 Hz . Examples of the total

spectrum and the spectrogram are illustrated in Figure 80.
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Figure 80 The total spectrum and spectrogram of the scattering from the unireated fiber-composite 3-blade
rotor, computed at | = 2.8 GHz, with materials as described in the text (VV polarization). 4 portion
of the time-domain response is illustrated in Figure 79.

It seems to be a somewhat common practice to model the RCS of wind turbines with the assumption that the
blades are made of a perfect electrical conductor (PEC). While this would appear to be unrealistic since the
blades are made of fiber composites, it might be assumed that it provides a worst-case (maximum scattering
effect) situation. Unfortunately, that is not the case. To see this, and to see how misleading conclusions can be
drawn, consider the situation with the radar located at 47 =90°, EL =0° (see Figure 77 for reference). The

time-averaged RCS of the untreated composite rotor is 6.1 dBsm for VV polarization and 6.6 dBsm for HH
polarization. For the PEC rotor, the time-averaged RCS values are 8.1 dBsm for VV polarization and 8.2 dBsm
for HH polarization. Clearly, the PEC rotor, when viewed at this aspect, has slightly larger average radar cross
section than the composite rotor, and this might be construed as evidence in support of the (mistaken) idea that
a PEC model represents the worst case. However, the Doppler spectrum, as noted above, is a critical
contributor to the negative effect on the radar, and the PEC rotor produces a much weaker Doppler spectrum at
large Doppler shifts than does the composite rotor. This is easily seen in Figure 81, where the total spectrum
for each of the rotors is plotted. At many of the higher Doppler frequencies, the PEC rotor produces about 20
dB lower signal than the fiber-composite rotor. Although the time-averaged RCS number implies that the PEC
rotor might represent a worst-case model, the high-frequency components of the Doppler spectrum of the fiber-
composite rotor are actually much stronger than the corresponding components of the spectrum from the PEC
rotor. In this case, the time-averaged RCS is misleading. Although the computation for the PEC rotor is
considerably more efficient than for the complete fiber-composite model?, it is nof recommended that the PEC
model be used because of its potential to cause misleading conclusions.

? The total time to compute the Doppler spectrum for the fiber-composite blade in Figure 81 was asd 21 14m 38.7°, while for the PEC
rotor, the total time was 3921" 1™ 10.6°. These times reflect CPU time for a single thread running on a single core of an Intel” Xeon®
x5690 CPU running at a clock rate of 3.47 GHz.
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Figure 81  Comparison of the total spectrum, computed at = 2.8 GHz, for the fiber-composite rotor (red) and

the PEC rotor (blue), with V'V polarization on the left and HH polarization on the right. The radar is
located at azimuth 90° and elevation 0°. The Doppler spectrum of the PEC rotor has considerably
lower amplitude than that of the composite rofor.

7.4.1 Characterization of the RCS Response of Different Turbine Configurations

The RCS response will be characterized by time-domain response, total spectrum, and spectrograms for VV
and HH polarizations. These are shown for several rotor configurations in Figure 82 through Figure 94. In
cach case, the radar is operating at /'=2.8 GHz . For Figure 82 through Figure 87, the radar is located at

AZ =90°, EL = 0° (referenced to the coordinate system in Figure 77). In Figure 88 through Figure 94, the
radar is located at 47 = 0.65°, EL = —3.0°. In all cases, the rotor is turning clockwise at 12.1 rpm, so that the

top blade is approaching the radar with its leading edge. The time reference is chosen so one blade is vertical
when t=0s.

In addition to comparing the RCS performance of the PEC model with the performance of the dielectric fiber-
composite model, other comparisons will be made. As previously noted, there are 67 different layered
configurations of materials used in the blade construction. Some of these consist entirely of layers of different
fiberglass materials, while others combine fiberglass and carbon-fiber composites. A third class consists of a
thick section of low-density foam sandwiched between two thin layers of fiberglass. While there is
considerable variation between members of these classes, the division into three classes is useful. With the
data presented below, comparisons will be made between the RCS responses obtained when one or more of
these classes are replaced with perfect absorber. In the context of the SBR method used to model the radar
scattering, a perfect absorber is totally black; when an incident ray encounters a perfect absorber, no reflected
or transmitted rays are generated, and no physical-optics currents are placed on its surface. Thus, the perfect
absorber is truly black, and contributes nothing to the scattered field.

7.4.1.1 Radar Located at 47 =90° EI = 0°

The RCS characterization for the baseline rotor, modeled with the fiber-composite materials as described
above, is shown in Figure 82 when the radar is located at 47 = 90°, EL = 0°. The time-domain response shows
peaks of about 36 dBsm when a blade is oriented vertically upward, and rotating toward the radar, at times
t=0sandi=x1.65s. The sharp peaks at { =10.83 s are from the trailing edge of each blade when it is
oriented vertically downward, rotating away from the radar. With the radar in this location, the broadly
rounded leading edge of the blade is moving toward the radar, while the sharp trailing edge recedes from the
radar. This causes the asymmetry between the positive and negative Doppler components, as evidenced by the
total spectrum plots. The positive (up) Doppler dominates the spectrum slightly. The spectrograms clearly
show the bright flashes when a blade is vertical, both in upward and downward directions. These flashes
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apparently contain frequency components ranging from nearly 0 Hz to 1,500 Hz. The flashes alternate between
up-Doppler (blade approaching the radar) and down-Doppler (blade receding from the radar). The flashes
occur at six times the rotation rate of the turbine, with up-Doppler and down-Doppler flashes occurring three
times each during one rotation period. Between the flashes, the amplitude of the spectrum drops by as much as
30 dB.

Modeling the rotor with blades made from perfect electrical conductor (PEC) produces the RCS
characterization illustrated in Figure 83. In the time-domain plots, it is obvious that the scattering from the
trailing edge of the blade, while split into two closely spaced components, has been reduced significantly in
amplitude. Also, distinct peaks of lower amplitude appear between the peaks associated with the vertical
leading and trailing edges of the blades. These occur when the flat, closed end of the blade is facing the radar.
Another significant difference from the baseline rotor response appears in the total spectrum. The amplitude of
the total spectrum from the PEC rotor rolls off at the larger Doppler shifts, unlike the baseline response.
Significantly lower signal is present at Doppler shifts greater than about 1,000 Hz, especially for the down-
Doppler return from the trailing edge. This effect can be easily seen in the spectrograms. These differences
between the response of the fiber-composite rotor and the PEC rotor are significant enough that the use of PEC
models entails an unacceptable risk that erroneous conclusions will be drawn about the effect of the turbine on
a radar system of interest.

Because carbon-fiber composite can be electrically conducting, the question is posed whether or not a blade
using carbon fiber in the spar caps will exhibit worse RCS performance than an otherwise identical blade that
uses glass fiber in the spar caps. Figure 84 shows the RCS response of the baseline rotor, but with all of the
carbon-fiber spar caps replaced with identically shaped structures using fiberglass composite material. Only
very subtle differences can be seen when this response is compared with the baseline response in Figure 82.
These subtle differences can best be discerned in the total spectrum plots, but differences arc so small as to be
practically non-existent. It appears that the two constructions are virtually interchangeable regarding RCS
performance.

It is important to understand what parts of the blade contribute most to the Doppler spectrum. Treating only the
dominant contributors might be a viable approach to achieving desired performance at lower cost. With this
thought in mind, simulations have been performed with portions of the blade replaced with “perfect absorber™.
In the SBR implementation of Xpatch, a perfect absorber is completely opaque and docs not scatter in any way.
In the computer simulation, no surface currents radiate from the perfect absorber. While a perfect absorber
does not really exist, it is a quite handy concept for testing the scattering effect of certain parts of the turbine
blade. For example, Figure 85 shows the RCS response of the rotor when the internal shear web structures are
replaced with perfect absorber. These shear webs have flat surfaces, and the flat surface is oriented generally
toward the radar as the blade rotates through the vertical position. If the radar signal penetrates the outer
surface of the blades, then the shear webs (and other internal components) can contribute to the overall
scattering from the rotor. Comparison of Figure 85 with the baseline response in Figure 82 shows that the shear
webs are a significant contributor to the radar scattering from the rotor. The time-averaged response has been
reduced from 6.1 and 6.6 dBsm to 2.8 and 3.0 dBsm, for VV and HH polarizations, respectively. The slightly
better than 3-dB reduction is accompanied by a more significant reduction in the spectrum at Doppler shifts
larger than 1,000 Hz, similar to the response of the PEC rotor. Comparison with the RCS response of the PEC
rotor in Figure 83, especially the spectrograms, shows that the fiber-composite rotor with perfectly absorbing
shear webs is slightly quicter than the PEC rotor. It should be noted that, had only the PEC model been used,
the importance of the contribution of the shear webs would have gone unnoticed.

Much of the surface of the turbine blade is covered with panels consisting of low-density foam sandwiched
between thin fiberglass skins. Replacing these panels with perfect absorber produces the RCS performance
shown in Figure 86. These panels cover a significant portion of the blade surface, but with the radar located at
AZ =90°, EL =0°, the surface-normal vectors of these panels are not pointing toward the radar. Nevertheless,

the primary RCS peaks are reduced about 6 dB with respect to the baseline, while the peaks that occur with the
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blade vertically downward are reduced 10 to 12 dB. The total spectrum shows a pronounced dip at a Doppler
shift of about +860 Hz. The negative Doppler amplitudes are also reduced 10 to 20 dB, depending on
polarization and frequency. This reduction is apparent in the spectrograms, and is particularly obvious for the
HH polarization. The time-averaged RCS has dropped from 6.1 and 6.6 dBsm to 3.4 and 3.6 dBsm, for VV and
HH polarizations, respectively.

When the shear webs and all components consisting entirely of fiber-glass laminate are replaced with perfect
absorber (foam sandwich panels and components containing carbon-fiber remain intact), the time-averaged
RCS drops significantly to —9.7 dB and —11.2 dB, respectively for VV and HH polarizations. This amounts to a
reduction of 15 to 18 dB with respect to the untreated rotor. The RCS performance for this configuration is
displayed m Figure 87. The primary peaks have been reduced by at least 20 dB, while the peaks associated
with the downward pointing blade have been reduced by more than 20 dB for VV polarization and more than
30 dB for HH polarization. The overall reduction in RCS causes the time-domain peaks that occur when the
blade tips are pointed toward the radar to become more apparent, although these peaks are reduced about 3 dB
from those produced by the baseline rotor. The amplitude of the total spectrum has been reduced 20 to 30 dB,
depending on Doppler shift. The spectrogram shows that the flashes that occur when the blades are in vertical
orientations have been reduced very significantly.
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7.4.1.2 Radar Located at A7 =0.65°, E[. =-3.0°

Consider locating the radar at AZ =0.65°, which is the direction of one of the two primary peaks in the static
RCS response in Figure 76. Since the radar is looking nearly down the axis of rotation, the peak Doppler shitt
would be very small if the clevation remained at 0%, with /= 2.8 GHz, the peak Doppler shift would only be
about 17 Hz. However, if the rotor is tilted up by 3°, equivalent to placing the radar at £ =—3°, the peak
Doppler shift increases to 79.8 Hz. At this S-band radar frequency, the peak Doppler would correspond to a
target moving at 4.3 m/s or 9.6 mph.

The RCS response of the unmodified fiber-composite rotor, when viewed from this position, is displayed in
Figure 88, where it is seen that the maximum RCS has risen considerably to about 52.3 dBsm, up from about
36 dBsm when the rotor was viewed at 47 = 90°, EL = 0° (see Figure 82). The resulting Doppler spectrum is

very strong, although it has a narrow bandwidth since the peak Doppler shift is less than 80 Hz. The character
of the spectrogram has changed, and the large flashes of up-Doppler and down-Doppler have both shifted to the
left, and they have also shified closer together. The maximum up-Doppler response no longer occurs when a
blade is in the vertical orientation, but instead when the blade is about 36° away from vertical. Similarly, the
down-Doppler peak occurs when the blades are close to 60° away from vertical.

The PEC model of the rotor produces the RCS response shown in Figure 89, which differs somewhat from the
response of the original rotor, Figure 88. These differences are more subtle at this radar position than when the
radar was located at 4Z =90°. However, the differences are clearly visible in Figure 90, where, for each rotor
model, the VV time-domain response is plotted at left, and the total spectrum is plotted on the right. The PEC
model shows higher RCS in the regions centered near times=-1.8,-1,-0.2,+ 0.7, +1.5,+ 2.3 5, while the

original composite model exhibits greater RCS in regions arounds=-2.4, -1.2,-0.7,+0.4,+1.0,+2.07s. The

differences in the total spectrum are also subtle, but the composite model produces more energy at Doppler
shifts of —79 and +76 Hz, as well as near £6 Hz. On the other hand, the PEC model produces significantly
more energy around —18 Hz. Perhaps the most useful comparison is between the two spectrograms. While the
up- and down-Doppler flashes are very similar, the spectra between the flashes differs considerably; the
composite model shows about 20 dB more signal at the higher frequencies than does the PEC model in this
region.

A substantial portion of the blade surface is made of a sandwich consisting of a thick layer of low-density foam
placed between two thin layers of fiberglass. Figure 92 shows the RCS response when all of this material is
replaced with perfect absorber. The response is not significantly different from the untreated rotor. This
implies, at least at this aspect angle, that the foam sandwich material is not a dominant contributor to the overall
RCS and Doppler response of the turbine. However, the data below demonstrate that this should not be
construed as evidence that the sandwich material can be ignored and left untreated.

The spar caps of the blades are made from carbon-fiber composite. Replacing these parts with perfect absorber
produces the RCS response illustrated in Figure 93. The peak RCS, taken over one period of rotation, has been
reduced to 46.3 dBsm, about 6 dB lower than for the untreated blade (Figure 88). This indicates that the spar
caps are a significant contributor when the rotor is viewed from this angle. The time-domain responsc shows
only three prominent peaks, whereas the untreated blade show nine peaks, all within about 3 dB of cach other.
This results in a significant reduction of the amplitude of the total spectrum at many frequency shifts, most
notably in the up-Doppler portion of the spectrum, and also at the higher down-Doppler shifts. The reduction is
on the order of 10 dB or better. The spectrograms are particularly informative, showing that the up-Doppler
flash has been reduced 10-15 dB, with the most reduction at the higher frequencies. The down-Doppler flash
shows on the order of 20 dB reduction at the higher frequencies, but little change at the lower frequencies,
below about 40 Hz. While the spar caps are clearly a major contributor to the RCS and Doppler spectrum,
other portions of the blade are clearly significant contributors as well.
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Replacing all the components made entirely from fiberglass or carbon-fiber composite with perfect absorber
(the sandwich panels are unchanged) produces the RCS performance illustrated in Figure 94. The peak RCS
has been reduced by about 9 dB, to 43 dBsm, and the Doppler spectrum shows a substantial reduction. In the
spectrogram, the bright Doppler flashes are gone, and the character of the spectrogram is quite different. The
lower half of the down-Doppler flash still remains, although it has been reduced somewhat from the case where
only the carbon-fiber composite was replaced with perfect absorber. Note that the responses that are present in
Figure 94 are due to the fiberglass and foam sandwich panels, which have now become the significant
contributors.

This study, though limited to just two radar positions, has provided some useful insights into the RCS
performance of a fiber-composite wind turbine. The simulations indicate that internal structures are a very
important contributor when the electromagnetic wave penetrates into the interior of the blade. This is a point
that would have been missed entirely if the baseline blade had been modeled as a perfect electric conductor. It
has also been demonstrated that when the radar is located at 47 =90°, EL =0°, the RCS is dominated by the
components built entirely of fiberglass and by the internal shear webs. Similarly, when the radar is located at
AZ =0.65°, EL =-3.0°, the RCS is dominated by the components built entirely of fiberglass or carbon-fiber
composite. However, at these two radar positions, the sandwich panels, comprised of low-density foam and
fiberglass, do not appear to be as important to the overall RCS of the untreated turbine, since replacing them
alone with perfect absorber has minor effect. Nevertheless, replacing the dominating materials with perfect
absorber has demonstrated that the sandwich panels must also be treated, and shows that their contribution is on
the order of 10 dB lower than that of the components made entirely from fiberglass or carbon-fiber composite.
Similar studies need to be performed with other radar positions, and additional cases will be included in a
future report.
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8. Integration Validation — Measurement Phase 2

8.1 Preliminary Measurement Results

This section summarizes preliminary RCS measurements of various flat plates, including metal plates, resistive
materials, and both sandwich and spar-cap reference plates. All samples were measured using a compact range
located at the Sandia Facility for Antenna and RCS Measurements on Kirkland AFB. The test samples were
mounted on a low RCS foam mast, and the measurement radar calibrated using a 20-inch diameter metal
sphere. Figure 95 shows the compact range and mounting of sample plates.

Figure 95 View of the compact range with a lest sample mounted on the mast and the mounting approach.

Two small verification spheres were used to check the quality of the calibration. The measured RCS for the
verification spheres, in the time domain, is shown in Figure 96. The peak response from the spheres is
approximately 40 dB above the background clutter. All measured targets were significantly larger than the

verification spheres.
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Figure 96 Time domain RCS for two 0.3125-inch diameter spheres. Both VIV and HH polarizations are shown.

Two different sizes of aluminum plates were measured to validate the fidelity of the measurement system.
Figure 97 contains the difference between analytic, modeled, and measured RCS for two different aluminum
plate sizes. Both measured and analytical data are referenced to numerically-modeled data, as analytical results
do not account for plate thickness (~ one inch for both plates), and measured data includes pointing and
calibration error. Results indicate that the measured RCS is accurate to within + 2 dB.
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Figure 97  Measured RCS of aluminum plates compared to analytical and numerical data for plate sizes of 8.6
inches x 9.12 inches and 12 inches x 12 inches.

As outlined in Fabrication of Test Panels, plates representative of various structural elements common in a
turbine blade were constructed using VARTM processes. The following plates were constructed and measured:

¢ Balsa-sandwich plate
¢ Foam-sandwich plate
* (lass spar-cap plate

o  Carbon spar-cap plate

The spar-cap plates were extremely heavy. As a result, improper mounting on the foam mast introduced
significant pointing error in measured RCS. New fixtures are currently being fabricated to properly support

spar-cap plates.
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Sandwich plates had no mounting issues. Figure 98 contains measured RCS of balsa- and foam-sandwich
plates compared to modeled data. Differences between modeled and measured plate RCS can be attributed to
variations in the fabrication process and pointing error mounted on the foam mast. The sandwich-plate RCS is
significantly lower than that of an equivalently sized PEC plate.
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Figure 98  Measured RCS of foam and balsa-sandwich plates compared to modeled data.

Construction and measurement of sandwich and spar-cap plates was initially intended to achieve two goals: to
gain understanding of VARTM processes, and to provide a non-PEC reference which could be used to establish
an RCS reduction metric. Agreement with predictions from modeled plates indicates that VARTM processes
are well characterized. In light of further analysis, however, flat plates do not provide a useful reference for
calculating an RCS reduction metric. Flat plate samples of blade materials show a significantly reduced RCS at
a narrow frequency band, as the plate thickness becomes a resonant length and the incident RF energy transmits
through the plate (as seen near 2.3 GHz and 2.4 GHz in Figure 98). In a blade structure, this transmitted energy
scatters from internal components, such as the shear webs, and returns to the radar (see the section Modeling
the Radar Cross Section (RCS) of a Wind Turbine). A flat plate measurement does not include scattering from
these internal components.

In terms of RCS comparison between reference plates and absorber plates, the reference plate’s low RCS is due
to transmission, whereas the treated plate’s low RCS is due to absorption. Transmitted energy scatters from
other blade elements and returns to the radar, whereas absorbed energy does not return to the radar.
Consequently, comparing absorber designs to flat reference plates does not capture the complex nature of
scattering in an actual blade. Measurement of flat plate absorbers does provide useful information, notably
fabrication process compatibility and RCS reduction relative to PEC; however, RCS reduction compared to
composite blade structures must be evaluated through modeling or measurement of actual blades.

In addition to reference plates, several resistive-sheet samples were measured to evaluate the sheet resistance
(in Q/square) against vendor claims. The following materials, in 6-inch square samples, were measured and
compared to models in an attempt to extract Q/square values:

¢ Eeonyx material with 300 Q/square

¢ Eeonyx material with 200 Q/square

e Eeconyx material with 300 Q/square

¢  Econyx material with 425 Q/square

¢ Cuming MW space cloth with100 Q/square

e  Cuming MW space cloth with 377 (/square
¢ Cuming MW space cloth with 1000 /square
s  Carbon fiber, TMGC 6003
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The measured RCS of various resistive materials compared to modeled data is shown in Figure 99.
Measurements of 6-inch resistive sheet samples revealed that the measurement setup does not have the
precision required to extract {/square values with a high degree of accuracy; nonetheless, all measurements
qualitatively validate vendor claims (e.g. 300 £/square RCS < 200 {¥square RCS). Higher-fidelity RF
measurements of resistive fabrics are currently in progress using the GR900 coaxial measurement fixture.
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9. Summary of Current Status and Future Directions

Towards the design and implementation of low RCS wind-turbine blades, the following tasks have been
completed:

The current state-of-the-art in absorber design and wind-turbine RCS modeling were evaluated to
establish a baseline for future work.

Electromagnetic models were developed across several tools to enable design of high performance
absorbers and analysis of wind-turbine RCS.

Common blade materials were measured to determine electrical properties. Novel materials
(absorptive, clectric, and magnetic) were developed in a manner compatible with common blade
fabrication processes (VARTM, pre-preg ). Material development and measurement enabled design of
high performance absorbers capable of integration into blades.

Absorbers were designed for integration into blade fabrication processes, based on inputs from material
development and measurement. These designs indicate that high RF performance can be achieved with
minimal impact on existing fabrication processes. Statistical analyses demonstrate that designs
perform well over tolerances encountered with current fabrication processes.

As prototype designs transition towards blade integration and mass production, fabrication process
control will be a critical determinant of turbine RCS. A better understanding of VARTM processes
was developed in support of future blade integration efforts.

A large, 126-m diameter, wind-turbine rotor set was modeled to provide insight into turbine RCS.
Both static and Doppler effects were mvestigated. Comparison of a composite and PEC blade reveals
the need to model the actual blade structure, in terms of both shape and materials. Significant
understanding was gained as to dominant scattering structures and appropriate treatment solutions.

To support validation of the designs, reference plates, which are representative of several blade
structural components, were measured. Fabrication of integrated absorber prototypes is currently
underway. Integrated absorber prototypes will be measured and compared to models. This effort will
be reported in Part 2 of this report.

The results presented here demonstrate the feasibility of reducing wind-turbine RCS with minimal impact to
existing fabrication processes. Significant progress has been made toward an at-the-turbine solution to the
problem of radar-windfarm interaction; even so, many issues still prevent large scale production of low RCS
wind turbines. We believe future work on at-the-turbine solutions should focus on the following areas (in order
of importance):

Small-scale integration into prototype blades
Although integrated absorber designs show great promise, actual performance in a full blade has
not yet been modeled or measured. Building and testing small (9m-13m) blades, both treated and

untreated versions, would validate the design approach, provide insight into fabrication techniques,
and demonstrate a reduced radar signature in an operational environment.

Wind-turbine RCS Modeling

n
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Significant work remains in the area of wind-turbine RCS modeling. Wind-turbine models require
an immense amount of computation, and the characterization of the RCS of wind turbines,
including static, Doppler, and multipath effects, is an extremely complex endeavor. Integration
with super-computing resources available at SNL would reduce computation times and enable a
better understanding of turbine radar signature through more thorough and complete simulations.

Current absorber designs, though compatible with blade fabrication processes, apply to flat plate
structures. The simulation of the radar scattering from absorbers integrated into a blade model
would provide insight into achievable RCS reduction for an actual turbine.

Materials Development

Resins doped with ferrites, titanates, and glass micro-balloons expand the material options
available to RF engineers. Initial progress from this effort should be continued, particularly in the
area of integration with blade fabrication processes.

Carbon has desirable electrical and mechanical properties. Carbon-based materials have been used
in EMI, shielding, and absorption, indicating a wide range of electrical properties based on
composition (graphene, fullerenes, fibers). As the use of carbon in structural components of large
blades increases, finding the appropriate composition for both electrical and acrodynamic design
could have immense cost impact.

Material solutions developed in this study (thin metal deposition, polymer coated fabrics, doped
resing) should be further investigated to determine suitability for mass production. The practicality
of these technically viable approaches must be determined with regard to size and cost scaling.

Analysis and Design Process Improvement

The treatments designed in this study used standard computing resources and electromagnetic
design tools. Optimized absorber performance is limited by available optimization techniques,
whether random, gradient, or algorithmic, and by computing resources. Development of custom
code and integration with supercomputing resources at Sandia would expand available optimization
techniques and do more with existing techniques.

Advanced Electromagnetic Analysis

Although significant RCS reduction has already been achieved with a Jaumann absorber approach,
many experts claim that Circuit Analog Absorbers (CAA) can improve absorber performance for a
given thickness [3]. Investigation into CAA approaches could result in further RCS reduction.

The solutions presented in this report assume a metal backed absorber. Non-metal backed
absorbers would allow RF energy to penetrate into the blade structure and possibly pass through
the blade. From a radar perspective, transparent turbines are preferred to absorptive turbines, since
absorptive turbines would still create a shadow region where radar visibility is low.
Electromagnetic analysis becomes significantly more complex for non-metal backed absorbers, but
the potential benefits of applying frequency-selective surfaces [3] to make portions of the blade
transparent to radar signals warrants investigation.

Techniques using periodic structures to create novel electromagnetic behavior are finding
increasing application in a wide range of RF systems. Though of limited near-term applicability,
these metamaterials and artificial magnetic conductors hold promise for developing new low-
observable structures, and should be considered in forward-looking research.
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Appendix | — Brief Discussion of Alternate Absorptive Methods

Mono-static RCS reduction of wind-turbine blade can be accomplished by controlling the way impinging
clectromagnetic waves deflect from, pass though, and flow around the blade with various degrees of
attenuation. Regardless of the details of the method, in all cases it is necessary to provide a good impedance
match at the outer surface to reduce the back-scattered field.

The design approach applied thus far provides impedance matching through phase cancellation using resonant
structures, and introduces absorption by way of resistive sheets sandwiched in between discrete multi-layer
dielectrics having various values of relative permittivity, € , with the entire structure backed by a conductive

sheet to stop the pass through. Sheet resistivity typically decreases from front to back, typically following a
quadratic taper [I-1]. Fractional bandwidth of the absorber can be increased by increasing thickness in these
designs. At low frequencies greater thickness is required, but thickness may be reduced by using magnetic
materials with relative permeability, u_, greater than unity. For example, ECCOSORB® SF is a series of

commercially available magnetically loaded, thin, but heavy, resonant absorbers that are designed for use in the
2 GHz to 18 GHz range, claiming —20 dB RCS reduction when backed by a metal surface [I-2]. Frequency
tuning is accomplished by adjusting thickness, with increasing thickness and weight required for lower
frequencies. Although these commercial materials are not directly suitable for current blade construction, we
are cvaluating the feasibility of incorporating magnetic particles into the resin of the glass composites.

Another way of introducing absorption is to control the complex impedance of the various dielectric layers.
Impedance matching is accomplished, not by resonant means, but by gradually tapering the impedance from a
value close to the free-space value to some desired terminal impedance. Absorption is achieved through the

imaginary part of the refractive index, Jt € . At lower frequencies, magnetic losses, introduced through

complex values of permeability, are needed. Designs using permittivity gradient alone require a minimum of
(0.3 free-space wavelengths thickness in order to reach 20 dB RCS reduction [I-1]. At 2.8 GHz, this
corresponds to 32 mm (1.25 in). Hence, magnetic loss is a must to reduce the thickness further, but this will
again increases weight. A commercial product that utilizes an impedance gradient is ECCOSORB® AN, which
is a series of microwave absorbers, claiming better than —17 dB RCS reduction, made from polyurethane foam
that 1s treated with carbon to generate a controlled conductivity gradient [I-2]. This product uses only a
complex permittivity gradient, without any magnetic materials, and is thus relatively thick at low frequencics.

Although light-weight compared to magnetic materials, in this form it is not suitable for use with wind-turbine
blades.

In comparing the merits of resonant designs to those of graded index methods, one must take into account
methods of construction. Although the graded mdex method does not require laying down layers of impedance
sheets, the approach may not be compatible with or supported by current construction processes.

Finally, certain regions of the blade, such as the tip and trailing edges, are thin with respect to the wavelength.
In these regions, frequency-selective-surface (FSS) techniques [I-3] may be employed to provide an impedance
match at the incident surface, and thus enhance transmission through the blade, but with low absorption.
Similarly, circuit-analog absorber (CAA) methods [I-3] can be used to introduce reactive components to the
sheet impedance, providing additional design freedom.

It is likely that some of the above concepts may conflict with specified constraints. However, examining
performance limits that can be obtained if certain constraints are relaxed may pave the way for novel future
turbine design possibilitics.

[I-1] E.F.Knott, I. F. Shaeffer, and M. T. Tulley, Radar Cross Section Its Prediction, Measurement and
Redhiction, Dedham, MA: Artech House, 1985
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[I-2] Emerson & Cuming Microwave Products, a wholly-owned subsidiary of Microwave Materials Group
(MMGQ), Geel, Belgium. Available: http://www.eccosorb.ew/eccosorb-0

[I-3] B.A. Munk, I'requency Selective Surfaces: Theory and Design, John Wiley & Sons, New York, 2000.
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Appendix Il — Dielectric model for mixture with electrically
conducting component

When two materials are combined in a mixture, it is desirable to estimate the effective permittivity of the
mixture. Consider the situation when one of the materials is electrically conducting. A complex electric
permittivity can be defined for a conducting material,

e=¢—jo/mw,

where ¢ is the real part of the permittivity, ois the conductivity, and = 21/ is the radian frequency of the
electric field.

Let e, =¢€je, — jo, /o and €, =(&; — je] )&, where ¢, is the permittivity of free space”. The relative permittivity
of a mixture containing x volume fraction of the first material is given by®
\x
c —
o= )
£,
When the first material is sufficiently conductive thato, >> /e o, then’

\X
SRS

€,

I

Notice that the real part of the first permittivity is irrelevant when the conductivity is large. Since
—j=e /MR 2T = =cos(®/2 + 2nm) — jsin(m/2 + 2nm), ne Integers , We see

(—j) =e " cos (xm/2 + 2xnm) — jsin (xm/2 + 2xnm), ne Integers .

The question arises: What is the correct value for #? Consider that 0 < x £1. If » takes any integer value other
than n=0, the real and imaginary parts will change sign as x is varied, as indicated in Figure 100. Since that
would not be consistent with a physically realizable material, it is necessary to set n=0. Thus, the relative
dielectric permittivity of the mixture containing a conducting material can be approximated as

6 2(=)) (i]x ["—} £ (cos(n/2) - in{x5/2)).

R0 £,0

*The constants for the electromagnetic field are:

g, = ——==8.854.10" F/m, p,=4r-107 H/m, c=299,792,458 m/s

Ho€
% Based on Lichtenecker logarithmic mixing formula, Ing  =xlng +(1-x)Ing, (seesection4.3.1)

7 Applying the binomial thearem to expand the powers,

x \\x . x - \1 ¥
sm{s;—jiJ [Eé-jﬁg)l_x=(—j]x[ij EQ"‘{H j_] [1 it J
0) £y _ o, €

’ 1,2 lr \
=(-;¥ S £ 1+jx—€1€0m+lx[1—x) b eumz 1- (- x)—+—x(1 X —f
e _ g 2 TG £}

oo ) .
[_j) { ; ] E;
gD
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For graphite, the conductivity ranges from ¢=3.8-10" S/mto ¢=10" S/m[II-1]. A typical epoxy resin might
havee, =2.88 — j0.03. The relative permittivity of a mixture containing epoxy and graphite cloth can be
estimated as

710

£ = —
carbon
compasiie \ ZEfEO

J (2.88— j0.03)" (cos (xm/2)— jsin(xm/2)}. (1I-1)

i reat pare

15" HE 1 1 i i

F{GH2) Gk
Figure 101 Real (left) and imaginary (right) components of the electric permittivity of a graphite/epoxy mixture
computed from (11-1).

Reference

[II-1] K.I Lodge, “The electrical properties of joints in carbon fibre composites™, Composites, Volume 13,
Issue 3, July 1982, Pages 305-310; available:
http://www.sciencedirect.com/science/article/p11/0010436182900143
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Appendix lll - Nomenclature

AMC
CAA
CCA
CER
EM
EMI
FDTD
FEM
GHz
HIS
LO

PCB
PEC
PNA
RAM
RCS

SNL

TE

™
VARTM

Artificial Magnetic Conductor
Circuit Analog Absorber
Capacitive Circuit Absorber
Carbon Enhanced Reinforcement
Electromagnetic
Electromagnetic Interference
Finite Difference Time Domain
Finite Element Method
Giga-Hertz

High Impedance Surface

Low Observable

Mega-Hertz

Printed Circuit Board

Pertfect Electrical Conductor
Programmable Network Analyzer
Radar Absorbing Material
Radar Cross Section
Radio-Frequency

Sandia National Laboratories
Transverse Electric

Transverse Magnetic

Vacuum-Assisted Resin-Transfer Molding
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