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Abstract

Over the coming decades, aviation operations are predicted to rise steadily,
increasing the burden on already congested and constrained airspace. A major factor
governing the safe minimum separation distance between aircraft is the hazard generated
by the wake of neighboring aircraft. Unaware of their proximity to other traffic, aircraft
have encountered the wake turbulence of neighboring aircraft tens of miles ahead of them
with serious or fatal consequences. The wake display described herein is a perspective
view, synthetic vision, flight deck display that enables flight crews to “see” neighboring
aircraft, as well as their wakes via a predictive algorithm. Capable of enhancing the
situational awareness with respect to the wake-vortex encounter hazard by enabling the
flight crew to see the relative position of their aircraft with respect to the wake hazard, the
display may allow for a decrease in the standard aircraft spacing to those now used in
VFR conditions and an increase in airport and airspace capacity. At present, there is no
mechanism in place in the National Airspace System that warns pilots of potential wake
vortex encounters. The concept of a wake vortex display addresses the need for a real-

time wake vortex avoidance scheme available directly to the pilot.

The wake display has been evaluated under both simulated and actual flight

conditions. Thirteen pilots with flight experience ranging from a student pilot to
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commercial airline and military pilots served as pilot test subjects evaluating the display
under simulated conditions. The pilot test subjects completed a survey concerning their
knowledge and understanding of wake vortices prior to the simulation data trials and,
after the trials, they completed a pilot evaluation and post-flight survey rating their
experience and providing feedback for the display design. One test pilot and four guest
pilots flew the display during the in-flight evaluations incorporating three wake encounter
scenarios. They reported a significant increase in their awareness of the position and
movement of the wake and, using the display, they were easily able to maneuver the
aircraft not only to avoid the wake, but also to find the wake for experimental
verification. The simulations and flight tests demonstrated that synthetic vision based on
theoretical predictions can enhance a pilot’s situational awareness of the wake vortex

encounter hazard.
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Prologue

Where My Heart Will Take Me

It’s been a long road, getting from there to-here.
It’s been a long time, but my time is finally near.
And I can feel the change in the wind right now. Nothing’s in my way.
And they're not gonna hold me down no more, no they’re not gonna hold me down.

Cause I've got faith of the heart.
I'm going where my heart will take me.
I"ve got faith to believe. I can do anything.
I've got strength of the soul. And no one’s gonna bend or break me.
I can reach any star. I've got faith, I've got faith, faith of the heart.

It’s been a longnight. Trying to find my way.
Been through the darkness, Now I finally have my day.
And I will see my dream come alive at last. I will touch the sky.
And theyre not gonna hold me down no more, no theyre not gonna change my mind.

Cause I"ve got faith of the heart.
I'm going where my heart will take me.
I"ve got faith to believe. I can do anything.
I've got strength of the soul. And no one’s gonna bend or break me.
I can reach any star. I've got faith, faith of the heart.

I've known the wind so cold, and seen the darkest days.
But now the winds I feel, are only winds of c¢hange.
I've been through the fire and I've been through the rain.
ButI'll be fine.

Cause I've got faith of the heart.
I'm going where my heart will take me.
I"ve got faith to believe. I can do anything.
I"ve got strength of the soul. And no one’s gonna bend or break me.
I can reach any star. 1've got faith.

I've got faith of the heart.
I'm going where my heart will take me.
I've got strength of the soul. And no one’s gonna bend or break me.
I can reach any star. I've got faith, I've got faith, faith of the heart.

It’s been a long road.

Lyrics by: ‘Diane Warren
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Chapter 1:
Motivation

“Although cautioned to expect turbulence the crew did not have
sufficient information to evaluate accurately
the hazard or the possible location of the vortex”

~Comments by the investigator of the crash of N3305L a Delta Air Lines DC 9 [NTSB, 2000].

“On June 23, 1998, at 1707 hours Pacific daylight time, a Cessna 152, N67421, rolled to
the right, pitched down, and impacted terrain while on final landing approach at the John
Wayne Airport, Santa Ana, California. The student pilot was fatally injured and the
aircraft was destroyed. Visual meteorological conditions prevailed for the solo
instructional flight which was performing touch-and-go landings. Several pilots
witnessed the accident and reported that the aircraft was on a stabilized approach to
runway 19L approximately 100 feet agl, when the wings of the aircraft abruptly rolled to
the right approximately 90 degrees, and the nose pitched down. In 2 or 3 seconds, the
aircraft achieved a near vertical, nose down attitude which continued to impact. The
witnesses reported that a Boeing 757 aircraft had landed on parallel runway 19R, upwind
of runway 19L, approximately 30 seconds prior to the accident, and that surface winds
were from the southwest at 10 knots.” [NTSB, 1998]

“On September 8, 1994, USAir flight 427, a Boeing 737-300, N513AU, crashed near
Aliquippa, PA at about 1903 eastern daylight time. The 2 pilots, 3 flight attendants and
127 passengers were fatally injured. Visual meteorological conditions prevailed at the
time of the accident and an IFR flight plan was filed. The flight crew was in contact with
the local controller and was being maneuvered to enter a right downwind pattern for
runway 28R at Pittsburgh International Airport. The flight crew did not report any
problems with the airplane and radar data indicates that the closest other traffic was about
4.5 miles and 1,500 feet vertically separated from flight 427 at the time of the accident.”
[NTSB, 1994]



These tragic accidents were most likely initiated by wake vortex encounters. In
the first instance, the runways at John Wayne Airport are approximately 500 feet apart.
Under the wind conditions listed, the wake of the Boeing 757 would take approximately
30 seconds to travel to the edge of runway 19L and less than 40 seconds to completely
clear the runway on the other side. Accordingly, the left edge of the port vortex would
have encountered the right wing of the Cessna 152, abruptly forcing the right wing
upward. The pilot’s response would be to immediately try to correct by rolling the right
wing downward; however, this action would most likely have occurred just as the right
edge of the port vortex hit the plane, further forcing the right wing down. The abrupt loss
of lift, due to the sharp right roll, would have caused the nose to pitch down. At 100 feet

AGL the inexperienced pilot would have been unable to recover.

In the second case, the NTSB report indicated that the “closest other traffic” to
USAuir Flight 427 was a Boeing 727, located 4.5 miles ahead of them and on the same
flight path. Air Traffic Control (ATC) had given both aircraft the same instructions
except for one small detail: ATC told Flight 427 (the trailing aircraft) to descend to 6000
feet one minute before it told the Boeing 727 (the lead aircraﬁ) to descend to 6000 feet
[Harr, 1996]. Flight 427 was already level at 6000 feet when the Boeing 727 descended
in front of it, thus the Boeing 727 had the potential of depositing its wake into the flight
path of the USAIr flight. The wake of a Boeing 727 on a calm day can last as much as 85
seconds before dissipating [Crow and Bates, 1976]. It would have taken Flight 427
roughly 77 seconds at approach speed to cover 4.5 miles, thus placing it directly into the
wake of the Boeing 727 descending ahead of it.

The aviation community has been fortunate that the recommended aircraft spacing
guidelines in use today have worked, for the most part. Occasionally, as in the two cases
cited, and almost exclusively in Visual Flight Rules (VFR) conditions, the safety factor
provided by the required separation practices either breaks down or is insufficient, and

tragedy strikes. In the first case, the student pilot should have been able to see the other
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aircraft landing on the parallel runway and should have followed the standard procedure
of remaining above the flight path of the other aircraft, allowing him to safely land
beyond the touch-down point of the Boeing 757. However, since he wasn’t landing on
the same runway, he may not have been aware of, or may have underestimatéd the
hazardous influence of, aircraft activity on the adjacent runway. Thus, inexperience was

probably a contributing factor.

In the second case, the flight crew of Flight 427 should have known from ATC
instructions that the preceding aircraft was 4.5 miles ahead and descending in front of
them. But it was a beautiful, clear, calm day. What danger could there be? Little did

they realize that these are the precise conditions in which vortices can linger the longest.

NTSB data show that between 1983 and 1993, there were at least 51 accidents and
incidents in the United States alone that resulted from probable encounters with wake
vortices. As aresult of these probable wake vortex encounters over that ten year period,
27 aircraft occupants were killed, 8 more were seriously injured, and 40 aircraft were
substantially damaged or destroyed [NTSB/SIR, 1994]. It is clear thaf better wake vortex

avoidance technology is needed.

1.1 Introduction

“An aircraft encountering the leader wake vortices experiences the most violent
disturbances due to the induced rolling moment.”

~ SABIGO 1td., Moscow

Over the next ten years, aviation operations are predicted to rise steadily,
increasing the burden on already congested and constrained airports and terminal areas.

Current estimates indicate that the National Airspace System (NAS) is at 58% of



maximum capacity nationwide using current aircraft separation standards [Donohue,
2000]. Department of Transportation (DOT) statistics reveal that, since 1960, air
transportation has been growing six times faster than any mode of ground transportation
and four times faster than the gross domestic product. This congestion has led to delays
that inconvenience passengers, cost the aviation industry hundreds of millions of dollars a
year, and will eventually limit further growth. In 2000, delays increased 20 percent above
that of 1999 and 47 percent above 1998 - making the summer of 2000 the most delayed
period in aviation history [ATA, 2001]. The Federal Aviation Administration (FAA)
predicts a 50% increase in the air carrier transport fleet by 2008; and by 2010, a 59%
increase to one billibn airline passengers, with about 70% of this increase at the nation’s
28 largest airports [Zuckerman & Wald, 2000]. At current growth rates, assuming that all
currenﬂy planned runway additions will be completed, the NAS will be dperating at
approximately 75% of maximum capacity nationwide by 2010 [Saleh, 2000]. FAA
mandated distances for wake vortex separation pose a major challenge to alleviating this

congestion.

While these statistics may not seem critical initially, it is important to note that
this data applies to the entire United States. Although most airports in the central and
western U.S. are not yet constrained, all of the major airports in the northeast are either at
capacity or critically near capacity on a daily basis at various times during the day causing
delays nationwide. Due to these capacity constraints, delays at airports such as Kennedy,
La Guardia, Newark, and Philadelphia impact not only their own traffic, but flights into
and out of midwest and southeastern airports such as Atlanta, Memphis, Detroit, Chicago,

and Cleveland, and often those as far west as Denver, San Francisco, and Los Angeles.

Various options are being explored to alleviate this congestion and reduce delay.
One option is a reduction in the minimum spacing between aircraft on approach. It is
well established that a major factor governing the safe, minimum approach spacing

between aircraft is the hazard associated with wake vortices. Currently the NAS has no
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- technology capable of warning pilots of potential wake vortex encounters. The need for a
warning system is especially critical during the approach and departure phases of flight
when aircraft frequently follow “in-trail.” During Visual Meteorological Conditions
(VMC), pilots bear the responsibility for maintaining a safe distance from other aircraft;
this is commonly referred to as “see and avoid.” When visibility allows pilots to see the
other aircraft they can estimate the location of the wake. However, it is difficult to
accurately estimate the wake’s location given the number of miles between aircraft and
that the dissipation and descent rates vary from aircraft to aircraft. For example, the wake
of a Boeing 747 can linger up to 130 seconds in suitable atmospheric conditions, whereas
the wake of a Lear Jet may last ohly 40 seconds in the same conditions [Crow and Bates,

1976].

During Instrument Meteorological Conditions (IMC), air traffic controllers are
required to keep a specified lateral and vertical separation between aircraft since pilots
may no longer be able to see neighboring aircraft. This specified separation was
established to keep “aircraft A” from encountering the Wake of “aircraft B” by allowing
sufficient time for the dynamics of the atmosphere to either dissipate or carry the wake
out of the flight path of “aircraft A.” Even though pilots can see neighboring aircraft in
VMC, théy are unable to reliably identify the location of the wake because the wake is
invisible under most atmospheric conditions. In IMC, pilots cannot see one another,
certainly cannot judge the location of the wake, and therefore must rely entirely on ATC
to keep them clear of the wake of the preceding aircraft. During both VMC and IMC, if
there were a method that enabled pilots to visualize the wake of the neighboring aircraft,
then it may be possible to safely decrease the minimum separation distance, thereby

increasing airport capacity.

As a backup to the conventional ATC system and to assist with collision
avoidance, commercial aircraft are equipped with airborne collision-avoidance systems,

such as the Traffic alert and Collision Avoidance System (TCAS), which provide ground-
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independent protection from midair collisions. If these collision-avoidance systems were
able to display neighboring aircraft and their wakes, then pilots could be better informed

regarding potential danger and could make conscious decisions to avoid the wake.
1.2 A Brief Summary of Prior Art

“The current state of our understanding of wake turbulence makes spacing
reductions difficult.”

~ George C. Green, researcher, NASA Langley Research Center

The FAA began to recognize the hazard of wake turbulence as early as 1947, but
it wasn’t until 1963 when the FAA began research using full-scale aircraft to determine
wake vortex characteristics. Various methods have been tried over the years to more fuily
understand wake turbulence and the hazards associated with it, as well as ways to predict

it, detect it, and alleviate it (see Section 2.3: State of the Art and Associated Research).

Some of the early research focused on trying to alleviate or reduce the severity of
wake vortices (see Section 2.3.2.1: Wake Alleviation). Various methods were
investigated to alter the acrodynamic characteristics of aircraft in order to reduce or
eliminate the hazard including altering the spanwise lift distribution on the wing and
turbulence injection. While this research continues to some degree today, no design
method for wake vortex alleviation has been found that will significantly alter the

existing separation guidelines.

There have been various flight path limiting concepts proposed over the years (see
Section 2.3.4: Flight Path Limiting). These concepts include moving the touchdown
point or changing the approach slope for successive aircraft to keep the trailing aircraft
above the wake of the preceding aircraft and constraining the flight path to a narrow

approach corridor such that the wake exits the corridor quickly. The Frankfurt Airport in
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Germany is the only facility thus far to implement wake vortex avoidance procedures

based on flight path limiting.

Considerable research has been conducted in order to be able to detect the
presence of wake vortices (see Section 2.3.3: Vortex Detection). Various sensing
techniques have been tested including laser Doppler, acoustic radar, and electromagnetic
devices. The difficulty is that any sensor designed to detect wake vortices must be
reliable in all weather conditions, provide three dimensional coverage, be able to detect
all hazardous wakes, and have location and tracking accuracy. There currently is no one

sensor that meets all the operational needs for wake vortex detection and avoidance.

Recognizing that the technology to detect wake turbulence with a single
affordable sensor is far from maturity, some attention has been placed on predicting wake
vortices (see Section 2.3.5: Vortex Prediction). Van'ous wake prediction algorithms have
been investigated for use with ground based systems such as the Aircraft Vortex Spacing
System (AVOSS) and Vortex Forecasting System (VFS). These systems are tied to
extensive sensor suites located in the airport environment and predict wake vortex
activity for some future time period along the approach corridor. At this point, there is no
evidence in the literature of research being conducted on airborne wake vortex prediction,

other than the work contained in this thesis.



1.3 The Wake Display Concept

“Avoiding wake turbulence by staying on or above the flight path of the leader
aircraft, requires training pilots to make assumptions on where the leader has
Sflown since there is no available visual reference.”

~ W. Douglas Forsythe, Boeing Commercial Airplane Group

Wake vortex encounters are a major concern for pilots, especially when flying in
congested airspace, even in visual meteorological conditions. While the pilot may be able
to see neighboring aircraft, they cannot see the wake under most atmospheric conditions.
After vertical separation limits for trans-oceanic flights were reduced, pilots reported
frequent encounters with wake vortices. As a result of these encounters, trans-oceanic
pilots have expressed an interest in being able to see the wake. The idea of visualizing
the wake on a flight deck display is not new, however until recently technology (with
respect to navigation precision, synthetic vision, and prediction or detection technology)
was not mature enough to accomplish the operational visualization of wake vortices on a

flight deck display.

While safety is the primary concern in commercial and general aviation, it is clear
that if pilots could see the wake vortex of neighboring aircraft, the term “see and avoid”
would have greater meaning. An effective and efficient wake-vortex avoidance system
could have a positive impact on airport capacity af already over crowded airports by either
reducing delay or increasing capacity. Equipment to display the wake could be
manufactured inexpensively making it affordable not only to commercial carriers, but to

general aviation as well [Jennings, et.al., 2000].

Barrows [2000] and Alter {2000] have demonstrated that both navigation
precision and synthetic vision technology are ripe for 3-D perspective view flight deck
displays. They have shown that the instrumentation, hardware, and software to support

such displays can be manufactured inexpensively enough for use with and small enough
8



to fit into even light general aviation (GA) aircraft. Since synthetic vision and display
technology are now readily available, the challenge then is determining where the wake is
located. There are three methods by which the wake can be located: predicting the
location using a model of the wake, using sensors to detect the presence of the wake, or a
combination of prediction and detection. Detection of wake vortices by means of various
sensors has been the preferred research method for determining their location; however,
this technology is prohibitively expensive and not yet mature enough to support an all-

weather, airborne detection system.

The wake display concept described here combines the navigation and synthetic
vision display technology demonstrated by Barrows [2000] and Alter [2000] with
datalink technology demonstrated by Houck [2001] and Jennings [2002], and adds a wake
vortex prediction algorithm to estimate the location and movement of the wake. This
concept uses the precision of GPS positioning to determine the location of aircraft and
then broadcasts the aircraft’s position by means of an air-air/air-ground datalink. An
aircraft receiving the broadcast can determine where neighboring aircraft are located and
the prediction algorithm then estimates the wake locations of these aircraft, displaying
these positions with respect to the ownship on the flight deck display. The flight crew
would then have the necessary information in an easy to comprehend visual format that

enables them to avoid an encounter with neighboring wake vortices.

Since the datalink message is broadcast “in the blind,” anyone within range (~150
nm) can receive the information, which includes Air Traffic Control (ATC). This means
that all parties involved in air traffic management, from the controllers to the pilots, have
access to the same information and can operate from a common reference. In addition,
when sensor and detection technology are proven to work reliably, the wake display can
be modified to rely on detection rather than prediction to determine the location and

movement of the wake.



1.4 Research Objectives

“Wake turbulence information is important to maintain safe and efficient
operation. We need information in a form that pilots can understand.”

~ Air Canada Pilots Association, 2000

Since the late 1960s and early ‘70s, researchers have attempted to understand,
model, and predict the internal complexities of wake vortices, and presently do not have a
‘complete understanding of the internal structure of the wake. However, although this
goal continues to elude researchers, its lack may hot prevent pfacﬁcal application of
available knowledge. Given that the physical dimensions of aircraft wakes are small
compared with the local airspace, it is reasonable to assume that identification of the
specific strength or internal structure of the wake is not necessary as long as pilots have a
general idea of where the wake is located and are able to avoid the airspace in which it

could reside.

Therefore, the objective of the research described in this thesis was to determine
whether the depiction of a simple prediction of the wake location and the associated
uncertainty bounds on a ﬂight—deék graphical display is better than the current uncertainty
in the knowledge of the wake location. It was the intent of this research to:

1) Model the wake as simply as possible using aircraft and atmospheric data
obtainable from the Automatic Dependent Surveillance Broadcast (ADS-B)
message [SC-186, 1998] and current onboard instrumentation, such as Inertial
Navigation Systems (INS) and air data computers;

2) Predict the location and movement of the wake based on this model;

3) Determine the uncertainty and possible errors in this model; and

4) Visualize the wake prediction, and the associated uncertainty, graphically on a

flight deck display.
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1.5 Research Contributions

“..IFALPA believes there is a need to develop airborne wake vortex detection and
indication systems to enable pilots to make credible wake turbulence avoidance
decisions.”

~ International Federation of Airline Pilots Associations (IFALPA), 2000.

The wake display addresses the need to provide flight crews with accurate, real-
time information about wake turbulence and their proximity to this hazard. New
technology in surveillance, navigation, and guidance, and recent innovations in
processing speed and power and computer graphics technology, not only makes a
graphical display of wake turbulence possible, but relatively simple, inexpensive, and

practicable as well.

1.5.1 Wake Model

While the Aircraft Vortex Spacing System (AVOSS) program at NASA Langley
Research Center has conducted experimental verification of their wake prediction
algorithm, it is based on a complex suite of atmospheric and wake-vortex sensors and its
purpose is to predict conditions for wake transport that will exist at some point in the

furture (on the order of ¥ to 1 hour).

A wake model was developed based on well established, theoretical equations
modified to use real-time aircraft and atmospheric data that is readily available. Although
these equations are well established and have been used to explaih certain aspects of
individual wake behavior, they have not been used in concert to model wake vortices for
the purposes of a graphical wake vortex display. While they have been thought to be too
simple and not adequate to model the internal complexities of the wake, they are

sufficient to estimate the location and movement of the wake.
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1.5.2 Uncertainty Analysis

Wake vortices and the complete models used to describe them have been thought
to be too complex for the estimation of wake turbulence location and movement in real-
time. Coupled with this is the difficulty in predicting the atmospheric conditions that are
an integral part of the wake behavior. Given the large uncertainties involvéd with
reducing these complex equations to a simple manageable form, researchers exploring
wake avoidance schemes have put most of their effort into developing sensor technology

' to detect and/or measure the wake.

An uncertainty analysis was conducted on the wake model revealing thé factors
that contributed the largest uncertainty to the model. In addition, alternatives were
investigated to reduce this uncertainty. The uncertainty analysis was used not only to
evaluate the wake model, but also to define the size, location, and movement of the
displayed hazard zone in which the wake is predicted to lie. Since the wake model had
never been used for a graphical wake vortex display prior to this research, an uncertainty
analysis had never been performed on the wake model. Rossow [2000] ihvestigated areas
of uncertainty in wake vortex prediction and discussed the need to reduce this uncertainty,

though in a broader more general form than was conducted here.

1.5.3 Graphical Display

Although there has been some discussion about the display of wake vortices by
some of the various companies developing moving map and other graphical navigation
and traffic displays, such as the cockpit display of traffic information (CDTI), the
graphical display of wake vortices has not yet been applied to even the simplest of
displays, much less on a 3-D perspective view flight deck display. Previous research has
primarily focused on the use of sensors to map or detect vortex activity, and at this point
in time, sensor technology is not mature enough for the detection of wake vortices.
Display manufacturers hétve been waiting for sensor technology to catch up with the

display concept and they have not made steps toward implementation of an operational
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wake vortex display system. This wake display is the first graphical visualization of the

location of the real-time wake-vortex hazard on a flight deck display.

1.5.4 Experimental Validation

A series of flight simulations were performed using the flight simulator in the
Wide Area Augmentation System (WAAS) Laboratory at Stanford University. The flight
simulations had two purpoSes: 1) to act as a human factors study to determine what
effect, if any, the display of wake vortices had on safety and situational awareness, and 2)
to determine pilot preferences for the display format. For the human factors study, pilots
were asked to evaluate the display based on factors such as: 1) their ability to remain
outside of the wake hazard zone, 2) whether the display improVed their situational
awareness relative to wake hazard, 3) ease of use, and 4) readability. Based on the results
of the simulations, modiﬁcations were made to the display prior to flight testing. These
simulations were the first operational simulations of a flight deck display of wake

vortices.

Once the display had been designed and evaluated using flight simulation, the
only true way to validate such a display is through testing in-flight with actual wake
vortices. Therefore, a series of flight tests were conducted with two aircraft, a Piper
Saratoga and a Cessna Caravan, based at Moffett Field, CA. The Saratoga was the wake-
generating, or lead aircraft and the Caravan was the probe, or trailihg aircraft. In order to
confirm that the observed wake location was in agreement with the depiction of the wake
hazard zone on the flight deck display, smoke flow visualization was used to guide the
probe aircraft with respect to the 1ocation of the Saratoga’s wake. This was the first

operational in-flight test or demonstration of a flight deck display of wake vortices.
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1.6 Potential Benefits of an Airborne Wake Vortex Avoidance System

“Even a simple flight deck computer estimate of wake vortex location can help to
increase capacity significantly.”

~ George L. Donohue
FAA Associate Administrator for Research and Acquisitions (1994-98)
Professor of Systems Engineering and Operations Research, George Mason University

1.6.1 Capacity

Apart from the obvious benefit of increased safety during all phases of flight, an
airborne wake vortex avoidance system or device could positively impact the National
Airspace System (NAS) in other ways. Between 1991 and 2001 aircraft operations
increased 44%, on average, at the nation’s 10 busiest airports, and are predicted to grdw
by another 27% by 2011 [Blakey, 2002]. In 1990, 53% of all air traffic delays were
attributed to adverse weather conditions; by 2000, that figure reached 70% [ATS, 2000].
During such conditions, pilots and controllers must rely on instrument procedures which

reduce the capacity of the airport, thus causing delays in arrivals and departures.

Two types of meteorological conditions are defined by the FAA. Visual
Meteorological Conditions (VMC) are those conditions under which flight by visual
reference can be safely conducted and are expressed in terms of visibility, distance from
cloud cover, and ceiling height. When meteorological conditions drop below specified

‘minimum conditions under which visual flight may no longer be conducted safely, it is
referred to as Instrument Meteorological Conditions (IMC). Visual Flight Rules (VFR)
are those rules that govern the procedures for conducting flight under visual conditions.
Conversely, Instrument Flight Rules (IFR) are those rules that govern the procedures for
conducting instrument flight. During VMC, aircraft may operate under either VFR or
IFR. During IMC, aircraft are required to operate under IFR. When operating above
18,000 MSL, all aircraft must operate under IFR regardless of weather conditions. Most

commercial flights operate under IFR regardless of weather conditions.
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The safe reduction of aircraft separation distances, during arrival and departure,
through the implementation of a reliable airborne wake vortex avoidance system during
IMC could reduce delays and increase capacity. The benefit of increased capacity could
lead to economic beneﬁts to the airline industry, as well as to federal, state, and municipal

airport authorities and other agencies.

Making a claim to increase capacity under IMC is not sufficient to judge the
success of a wake vortex avoidance system. As will be seen in Section 2.3: State of the
Art and Associated Research, most wake vortex avoidance schemes make the claim to
increase capacity while operating under IMC. What the proponents of these wake
avoidance methods fail to report is that these methods may also decrease capacity if used
during VMC. While the spacing recommended by these methods may be less than the
FAA required IFR separation distance, the spacing may still be greater than what is
operationally observed in VMC. Since most wake vortex encounters actually occur while
operating under VMG, it seems practical to design a system that would be useful under

both weather conditions.

During approaches under VMC, pilots are given the responsibility of self-
separation, and thus there are no specified minimum separation distances. In most cases,
the VMC separation distance is determined by the time required for the preceding aircraft
to 1and and clear the runway. During IMC, ATC takes direct responsibility for aircraft
separation, and applies the recommended spacing based on the aircraft weight categories
of small, large, and heavy. Thesé standards were established in the 1970s, and in most
cases are conservative. There is no fundamental reason to believe that aircraft wake
vortices behave any differehtly in IMC than they do in VMC. If the pilot could see the
wake of the preceding aircraft in both IMC and VMC, e.g., with the aid of synthetic
vision, responsibility for separation could theoretically belong to the pilot under any

weather condition, and both safety and capacity could potentially be increased.
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During IMC when flight crews cannot see neighboring aircraft to insure proper
spacing, airports operating simultaneous approaches to pérallel runways spaced between
2500 and 4300 feet apart must either shut down one of the approaches or initiate
simultaneous depéndent approaches. If the runways are spaced less than 2500 feet apart,
they have no choice but to shut down one of the approaches. Simultaneous dependent
approaches may cut the capacity of an airport by 15 to 30%, whereas eliminating one of
the approaches will reduce capacity by more than 50% [Kayton, 1997] (for a single
runway, required separation under IFR is greater than that observed operationally under
VFR, see Section 2.1.4: VMC vs. IMC). Although these procedures insure safety, they

have an adverse impact on capacity.

1.6.2 ATC Display of Wake Vortices

Since the information necessary to predict the location and movement of the wake
of neighboring aircraft will be broadcast on a common frequency through an air-air/air-
ground datalink such as the Automatic Dependent Surveillance Broadcast (ADS-B) (see
Section 2.2.3: ADS-B), anyone in the vicinity of the broadeast can receive it, including
ATC. This information could be used to drive a similar display, giving controllers the
same visual information as the pilots and thus aid controllers in issuing moré reliable and
precise avoidance advisories. ATC would then have the ability to visualize the Wakés of
aircraft in their sector and issue wake vortex alerts as they do with traffic alerts. This
would be a significant improvement over the routine advisory “caution wake turbulence”
since it would then be based on visual cues of wake turbulence that poses a hazard to
other aircraft. Consequently, with an airborne wake vortex avoidance system, ATC
would have more complete information on which to base their instructions to aircraft in

congested airspace.
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Chapter 2:
Background

“The science has to be sound and the regulators have to tell us that the system is
safe.”

~NAYV Canada

Wake-vortex research has been conducted world wide for over 40 years. Until the
1950s, wake turbulence was not generally regarded as a serious flight hazard. Wake
turbulence encounters were first attributed to prop wash and thrust streams, and then
later, to jet wash. Interest in the wake turbulence phenomenon increased substantially
with the introduction of the larger so-called wide-body jet aircraft in the late 1960s. As
the weight range of aircraft entering service became larger and larger, research was begun

to determine the necessary safety considerations.

As early as 1947, the Civil Aeronautics Administration (CAA), the precursor to
the FAA, recognized that occasionally small aircraft would stall while landing behind
multi-engine transports, and issued a warning to this effect [CAA, 1947]. As a result of
an increase in reported cases of turbulence encountered by small aircraft following or |
crossing behind multi-engine and jet aircraft, the CAA, in 1952, thought that a pilot
education program might be needed [CAA, 1952]. Then in 1955, the CAA informed the
aviation community that “severe vortex turbulence has a duration of from 30 to 60

seconds (1 to 3 miles) after the passage of the large airplane which caused it, and may
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persist much longer under favorable conditions” [CAA, 1955]. The FAA began wake-
vortex research using full-scale aircraft in 1963 to determine wake turbulence

characteristics.

Even though the FAA (CAA) was begimning to recognize’a potential hazard for
small aircraft following larger aircraft, no separation standards due to this hazard were
established until about 1970. Aircraft were simply requifed to maintain a geheric 3nm
spacing while operating under IFR. At first, this generic spacing was based mainly on

radar operating limits and, to a lesser extent, on runway occupancy restrictions.

In 1969 the FAA, in conjunction with several airline manufacturers, conducted
flight tests with the Boeing 747 and 707-320C and other aircraft representing what was
then the current fleet. Included in‘these flight tests as probe aircraft were the Boeing 737-
100, a North American F-86 Sabre, and the NASA Convair CV-990. Smoke generating
fly-by towers were set up to observe the wake vortices. Several observations were made
during these flight tests [FAA, 1995] (italics added for emphasis):

1) The strength of the wake turbulence is governed by the weight, speed and
wingspan of the generating aircraft.

2) The greatest strength occurs when the generating alrcraft is heavy, at slow
speed with a clean wing configuration.

3) The wake was observed to move down initially and then level off. Tt was
never encountered at the same flight level as the generating aircraft nor
more than 900 feet below the generating aircraft. '

In 1970, the FAA, NASA, and representatives of the aircraft industry conducted a
series of flight tests to establish logical terminal area spacing criteria. While the FAA
program focused on developing measurement techniques and establishing a database of
vortex characteristics, NASA focused primarily on reducing the wake hazard through
aerodynamic changes to the aircraft. The key findings are as follows [Rudoiph, 1970]
(italics added for emphasis):

1) Short-spanned aircraft rolled out of the vortices, whereas large-spanned
aircraft were pushed out of the vortices. Subsequent to this test it had been
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assumed that roll would be the obvious result of a wake turbulence
encounter for all aircraft.
2) Both the Boeing 737 and CV 990 experienced similar dynarmc encounters
from the Boeing 747 and 707.
 3) The sink rate of the wake was consistent with theoretical prediction.

It was concluded that a following aircraft can avoid wake turbulence by flying
above the flight path of the preceding aircraft. With these findings in mind and
recognizing the need for procedures for operations in both IMC and 'VMC, the FAA
published Appendix 1 to Order 7110.29 dgscribing aircraft wake turbulence, vortex
strengths, and ATC procedures to provide safe spacing between aircraﬁ. At the same
time, they devéloped the wake turbulence avoidance procedures found in the Aeronautical

Information Manual (AIM).

Around 1973 the FAA initiated a pfogr’am to develop sensor systems for detecting
and tracking wake vortices near the ground. Several sensing techniques were investigated
during this program including laser Doppler, passive ground wind measurements, and
acoustic, pressure and electromagnetic sensing. Sensor systems were installed at various
airports including Chicago O’Hare, Denver Stépleton, and New York JFK. Data was
collected for landing aircraft between the middle marker and the runway threshold. The
Vortex Advisory System (VAS) was developed as a result of the analysis of this data and
field demonstration of VAS began at Chicago O’Hare in 1975 (see Section 2.3.2.2:
Vortex Advisory System (VAS)).

In an effort to assess the magnitude of vortex-induced motions and the level of
acceptability, piloted ground-based simulators were used in the late 1970s and early
1980s. These tests were conducted under both VMC and IMC and resulted in repeatable
data on wake-vortex encounters. The primary reason given by pilots for rating an

encounter as hazardous was the subsequent altitude loss and the proximity of the ground.
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Excursions as small 7 degress of bank angle were perceived as hazardous within 200 feet
of the ground under IMC and within 50 feet of the ground under VMC [Sammonds,
1976].

In the mid 1990s, there was renewed interest in tacklingthe wake-vortex hazard.
On 22 December 1993, an FAA General Notice (GENOT) and a Pilot Bulletin regarding
wake turbulence advisories wére issﬁed. The GENOT stated in part: “Several incidents
involving aircraft following or crossing the flight path of the Boeing 757 (B-757) have
created concern for the safety of aircraft 1n connection with the wake turbulence created
by the B-757. Accordingly, to ensure that pilots are aware of the potential wake
turbulence hazard created by the B-757, controllers shall provide a wake turbulence
cautionary advisory to following aircraft.” The GENOT also required a mandatory
briefing for all controllers on the Wake Turbulence section of the Aeronautical
Information Manual (AIM) and the Pilot Bulletin urged pilots to reacquaint‘themselves
with available information on wake vortices [NTSB/SIR, 1994].

In 1994, the FAA formed the Wake Turbulence Industry Team to produce a wake-
vortex training aid and video for distribution to the pilot community, which addressed the
vortex issues from the viewpoint of both the pilot and ATC. The Wake Vortex Training
Aid was distributed in 1995. Also in 1994, as part of the NASA/FAA Wake Vortex
Program, NASA began the Terminal Area Productivity (TAP) program with the goal to
increase the capacity at major U.S. airports that experience delays dﬁring IMC. One
element of this program, and a significant portion of the resources, was to develop a
system for predicting the life-cycle of wake turbulence in order to determine safe spacing
between aircraft. This program element led to the 'development of the Aircraft Vortex
Spacing System (AVOSS) through NASA Langley Research Center (see Section 2.3.5.1:
Aircraft Vortex Spacing System (AVOSS)).
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As aresult of five accidents and incidents involving wake turbulence, the NTSB
conducted an investigation of all accidents and incidents reported between 1983 and
1993. As aresult of this investigation, the NTSB released a Special Investigation Report
(SIR) in March 1994 that raised the following concerns [NTSB/SIR, 1994]:

1) The adequacy of the existing weight category for establishing wake
turbulence separation criteria '

2) The adequacy of ATC procedures related to visual approaches and visual
flight rules (VFR) operations involving a mix of lighter and heavier
aircraft

3) Pilot knowledge of wake turbulence avoidance procedures

4) The lack of available data on wake turbulence encounters in the United
States

In April 1995, the FAA reconvened the Wake Turbulence Industry Team with
cooperation from European aviation regulatory agencies, in part to address the concerns
raised by the NTSB, with the following objectives [Wake Turbulence Industry Team,
1995]:

1) Evaluate the available data

2) Determine if revisions to wake turbulence classifications and separations
are appropriate

3) Identify specific revisions, if required.

As a result, the following conclusions were drawn [ Wake Turbulence Industry
Team, 1995] (italics added for emphasis):

A review of wake turbulence related accidents and incidents in the
U.S. shows that there have been no accidents or incidents whrile MC
operations were in effect and the appropriate procedures were followed.

Piloting and ATC procedures used during VMC operations provide
the pilot and ATC more flexibility than available during IMC operations.
Once the pilot accepts a visual clearance, it is the pilot’s responsibility to
avoid a wake-turbulence encounter. Separation distances during VMC
operations are significantly less than IMC operations. A review of wake
turbulence related accidents and incidents in the U.S. shows that there
have been no accidents during VMC operations when the pilot flew at or
above the flight path of the leading aircraft. Maintaining vertical
separation of the follower relative to the leader appears to be the most
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significant factor for preventing these types of accidents and incidents
during VMC operations. '

The concerns associated with the multiple interpretations of the
results of the 1970 flight test program remain today. The wake
characteristics and the airplane responses constituting a hazard are still
not well defined. An additional challenge is the lack of understanding of
the existing fleet’s far-field wake characteristics. However, sufficient
evidence exists to suggest refinements to the boundary between the small
and large weight category.

While it was 'found that there had been no wake-vortex accidents during VMC
when the following aircraft remained at or above the leading aircraft’s flight path, lower
than normal vertical positioning of the following aircraft relative to the leader’s flight
path has resulted in wake-vortex accidents and incidents. In the end, it was the Wake
Turbulence Industry Team’s recommendation that refining the IMC weight categories and
separation distances would not effectively address the vertical separation issue associated

with VMC separations.

In May 1995, the National Transportation Safety Board (NTSB) added several
wake vortex recomméndations to its “Most Wanted” list of transportation safety
improvements. In their report, the NTSB sﬁggested that the FAA review aircraft weight
classifications and increase safe separation standards, change air traffic procedures,
especially relating to B-757 aircraft, and require manufacturers of jet aircraft to determine
wa.ke vortex characteristics during certification [NTSB.gov]. In 1996, the FAA made the
latest changes to the separation standards, finally addressing some of the issues raised
concerning the B-757 and the large range of weights in the large weight category (see

Section 2.1.1: Separation Standards: An Historical Perspective).
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2.1 Current Separation Standards and ATC Procedures

“It is interesting to note that this is the only industry that favors having itself
regulated by the government.”

~ Herbert Hoover, 192"1", referring to the aviation industry

The Air Commerce Act of May 20, 1926, was the cornerstone of the Federal government's
regulation of civil aviation. This landmark legislation was passed at the urging of the aviation
industry, whose leaders believed the airplane could not reach its full commercial potential without
Federal action to improve and maintain safety standards.

Standards for longitudinal wake-vortex separation were established by the FAA to
limit the frequency and severity of wake-vortex encounters while operating under IFR.
Current standards assign aircraft to categories based on weight and then specify a
minimum separation distance between aircraft pairs based on their categories. When
operating under IFR, controllers are required to keep a certain longitudinal separation
between aircraft as the flight crew may no longer be able to see the aircraft in front of
them. This separation was established to keep aircraft from encountering the wake of
another by giving the atmosphere sufficient time to dissipate the wake or carry it out of
the path of the following aircraft. Since the introduction of these separation guidelines,
the FAA has made several refinements to wake vortex related separation distances.

While these guidelines ensure safety, they also have an adverse effect on airport capacity.

2.1.1 Separation Standards: An Historical Perspective

Although considerable mathematical and probabilistic analysis has gone into
oceanic separation standards, domestic standards have evolved more through history than
through science [FAA/Eurocontrol, 1998]. Before ATC had access to radar, aircraft
separation depended on dead-reckoning and pilot reports, and the earliest separation
standards were based on time. When navi gation aids such as light beacons and radio
beacons were introduced, separation standards were still based on time. In 1946, the

airport in Indianapolis received the first radar-equipped control tower for civilian use

23



[Briddon, 1974]. Not long afterwards, the CAA issued the Radar Procedures Manual
and aircraft separation based on distance was introduced. At the time controllers used a
three-mile separation for en route traffic and a two-mile separation for aircraft on
approach. By 1950, a universal three-mile separation became the standard primarily due

to the limitations of radar and, to a lesser degree, runway occupancy time.

Based on the maximum certificated take-off Weight, aircraft were divided into two
weight categories, Large and Small, as early as 1961. At that time, all aircraft greater
than 12,500 lbs were classified as Large and this division between the Large and Small
categories remained unchanged until 1996. This deﬁniti’oyn, hoWever, appears to have
been unrelated to wake turbulence. In the early 1960s, aircraft were required to maintain
a generic 3 nm spacing while operating under IFR, based mainly on the operating limits
of radar. In 1969, wake vortex considerations were added to the separation distances for
smaller following aircraft. In order to provide consistent wake turbulence separation
minima, the FAA utilized the previously defined weight classification system, and the
first weight classification system for wake turbulence purposes consisted of those two

weight classes.

As a result of the flight tests begun in the 1960s by the FAA and NASA, the FAA
introduced the Heavy weight class in March 1970. They later refined the separation
distances behind aircraft classified as Heavy by adding an additional 1 nm to the Small
aircraft spacing. In 1972, the FAA re-evaluated the separation distances fbllowi’ng aDC-
9 accident. This resulted in an increase in separation distances béhihd DC-10s and L-
1011s. Then in 1973, the FAA increased the spacing of all Heavy aircraft following
another Heavy from three to four nautical miles, and in 1975 increased the spacing for a
Small following a Heavy to six nautical miles. In 1986, the FAA allowed the separation
distance between certain aircraft pairs to be reduced to 2.5 nm if 'éonditions permitted the
runway occupancy time to remain below 50 sec. As a result of several wake related

accidents and incidents involving aircraft following a Boeing 757 and at the urging of the
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NTSB, the FAA, in May of 1994, increased the separation distance for Large and Heavy
aircraft following the Boeing 757 from three to four nautical miles [DOT, 1996].

The latest changes to the separation standards were issued in August 1996. In
spite of concerns expressed by a wake vortex government/industry team, the separation
between small aircraft following a Boeing 757 increased from 4 to 5 nm and 57 types of |
aircraft in the business jet and small commercial jet class were moved from the large to
the small weight category, which increased the upper limit of the small weight
classification from 12,500 lbs to‘41,000 Ibs [DOT, 1996] (Tabrle 2-1). For comparison,
the ICAO separation IiIriits are listed in Table 2-2 [Wakehet, 2002]. |

Following Lead Aiféraft
Aircraft Weight Range
(Distances in Hea Boein Large Small
nautical miles) vy 757 § £ metric tonne (Ibs)
Heavy 4 4 3 3 115.77 (255,000 ) < wt
Large/B757 5 4 3 3 18.615 <wt < 115.77
Small 6 5 4 3 wt < 18.615 (41,000)

Table 2-1 Separation Distances for the U.S. Classification System (at runway
threshold) [DOT, 1996].

Following Aircraft Lead Aircraft Weight Range
(Distances in nautical ' ' ,
miles) Heavy Large Light metric tonne (Ibs)
Heavy 4 3 3 136 (300,000) < wt
Large 5 3 3 7<wt <136
Light 6 5 3 wt < 7 (15,500)

Table 2-2 Sepafation Distance for the ICAQ Classification System (at runway
threshold) [Wakenet, 2002].
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Many industry leaders believe that wake turbulence is primarily a Visual Flight
Rules (VFR) problem rather than an Instrument Flight Rules (IFR) problem, and a wake
vortex government/industry team urged that weight re-classiﬁéation be delayed pending
further study on how it might impact airport capacity. Any new Sténdérds will affect only
IFR operations and some industry experts predict that there may be as much as a 30%
reduction in capacity at some major airports as a result of these changes [NBAA,1996].
Since the 1980s, researchers have been investigating ways to reduce the spacing between
aircraft and increase capacity. In June 2001, the House Appropﬁations subcommittee on
transportation approved $1 million in funding for DOT to begin a “serious analysis and

modeling of the potential to reduce separation standards” ‘[NATCA, 2001].

The Civil Aviation Authority of Great Britain (CAA(GB)) established a voluntary
reporting system to gather data on wake-vortex encounters in 1972. Using data from the
Voluntary reporting system, the CAA(GB) introduced a fourth category to their weight
classification system in order to accommodate the large spread between the Small and
Heavy weight classes (Table 2-3) and is experimenting with further subdividing the
Medium category into Upper and Lower Medium categories [Wakenet, 2002]. The FAA
has never established a similar reporting system, making it difficult to conduct

comparable research on wake-vortex encounters in the U.S.

Following Aircraft Lead Aircraft Weight Range
(distances in nautical N i
miles) Heavy | Medium | Small Light metric tonne (Ibs)

Heavy 4 3 3 3 ->136 (300,000)

Medium 5 3 3 3 > 40 (88,200) - < 136

Small 6 4 3 3 >17-< 40

Light 7+ 6 3+ 3 < 17 (37,500)
Table 2-3 Separation Distances for the UK. Four Category Weight Classification
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2.1.2 Current Separation Standards and ATC Procedures

Since pilots may be unable to self-separate during IMC, controllers provide wake-
vortex separation to arriving and departing aircraft by means of radar vectoring. They do
not proVide separation to arrival aircraft operating under VFR unless specifically
requested by the pilot, since that responsibility lies with the pilot. Arrival traffic
opéraﬁng under IFR receive separation guidance from tower controllers until they accept
a visual clearance, after which time the pilot assumeé responsibility for self-separation
and wake-vortex avoidance. They do, however, provide wake-vortex separation to all

departing aircraft by means of timed intervals.

Using ground based radar, controllers provide lateral, longitudinal, and vertical
separation, and issue wake turbulence cautionary advisories. Controllers must advise all
IFR traffic and participating VFR traffic of the position, altitude and direction of flight of
all Heavy and Boeing 757 aircraft. When calling out traffic advisories, controllers are
requested (but not required) to use the word “heavy” in the description if the aircraft is
known to have a maximum certified take-off weight over 255,000 Ibs. And pilots of
aircraft classified as heavy are requested (but not required) to use the word “heavy” in all

of their radio communications.

For wake turbulence avoidance during normal opérations, air traffic controllers in
the terminal area are required to apply the separation limits as specified in Table 2-1 for
arriving aircraﬁ, and the following procedures for departing aircraft. When departing the
same runway or parallel runways separated by less than 2,500 fi, all aircraft are separated
behind a Heavy by at least a two minute interval, and a two minute separation is applied
to any aircraft whose flight path may cross that of a Heavy departing an intersecting
runway. Under VFR, the pilot may waive the wake turbulence delay interval and in doing

so accepts responsibility for wake turbulence separation.
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