s =)
wonroel
(O

DETERMINATION OF SOME
GEOMETRIC RELATIONSHIPS
PERTAINING TO COLLISION FLIGHT PATHS

by
Wayne D Howell
and
Thomas M Edwards

Aircraft Division

Technical Development Report No. 259

CIVIL AERONAUTICS ADMINISTRATION
TECHNICAL DEVELOPMENT AND
EVALUATION CENTER
INDIANAPOLIS, INDIANA

| p—~
:-"V‘
o
=

June 1955




U 5 DEPARTMENT OF COMMERCE
Sinclair Weeks, Secretary

CIVIL AERONAUTICS ADMINISTRATION
F. B Lee, Administrator

D M Stuart, Director, Technical Development and Evaluation Center

TABLE OF CONTENTS

Page
SUMMARY 1
INTRODUCTION 1
GENERAL PRESENTATION AND LIMITATIONS OF BASIC DATA 2
COLLISION CONDITION A STRAIGHT-AND-LEVEL FLIGHT - . 3
COLLISION CONDITION B STRAIGHT CLIMB AND DESCENT 9
COLLISION CONDITION € ONE AIRPLANE TURNING AND ONE FLYING STRAIGHT
AND LEVEL 16
COLLISION CONDITION D TWwWO AIRPLANES TURNING IN THE SAME DIRECTION 39
CONCLUSIONS 105
ACKNOWLEDGEMENTS 105
APPENDIX I, DERIVATION OF FORMU°LAS 106
APPENDIX II, FLIGHT-PATH ANALYSIS 120
R -
i, % t
wo TR
A v li
e VL2 U
Vo 3
v T
” §
et 1N It

This 15 a technical information report and does not
necessarily represent CAA policy in all respects



\

DETERMINATION OF SOME GEOMETRIC RELATIONSHIPS
PERTAINING TO COLLISION FLIGHT PATHS#*

SUMMARY

A study has been made to develop a basic means, i1n the form of gpraphs and charts, for
permitting a better understanding of cockpit visual problems and aircraft conspicuity problems
as they are related to mid-air collisions

Formulas are derived and visual-angle and distance charts are presented for certain
combinations of straight-and-level, climbing, descending, and turnming flight conditions Using
only aircraft headings and speeds, the visual angles and distances between aircraft at assumed
instances of time prior to collision may be determined from these charts It 1s also possible to
obtain critical collision-course headings by entering the charts with the effective cockpit cut-off
vision angles and speeds

Tables are presented showing actual airplane attitudes during flight

Actual flight paths recorded 1n the vicinity of airports are presented Some performance
parameters used 1n the design of the visual-angle charts contained in this report were
established from these flight-path data

From the graphs contained in this report, 1t 1s evident that

1 No apparent motion from pilots' viewpoints exasts between two airrcraft which are flying
straight and level on collision courses at constant speeds

2 The most severe mid-air collision hazard from a visual-angle standpoint exists between
aircraft that are flying at small differences of heading and speed During this condition, even
when the closing rates are small and much tirmne 1s available for evasive maneuver, the visual-
angle restrictions of present-day transport aircraft do not permait the pilots to observe each
other

3 Mid-air collisions cannot be avoided by use of the windshield area alone, since extreme
visual angles may be required during many collision conditions However, certain minimum
visual angles in aircraft-cockpit design will tend to decrease the probability of rmid-air
collisions

INTRODUCTION

The danger of aircraft colliding 1n mid-air 15 becoming increasingly serious as speeds
nd traffic densities increase Cockpit vasibility angles, or angles of vision required by the

pilot of one aircraft to see another aircraft, and pilot alertness are two major factors in
mid-alr collisions Another major factor 1s the conspicuity of aircraft

During 1948, the Technical Development and Evaluation Center of the Civil Aeronautics
Adrmimistration commenced an investigation of the cockpit-visibility problem Since that time,
much work has been accomplished and reported1-2=3 1n an effort to arrive at a basis for
establishing minimum cockpit-visibility standards for aircraft and thus to improve the safety
of aircraft

*Manuscript submitted for publication December 1954

1George L. Pigman and Thomas M Edwards, "Airline Pilot Questionnaire Study on
Cockpit Visibility Problems,”" CAA Technical Development Report No 123, September 1950

ZThomas M Edwards, '""Development of an Instrument for Measuring Aircraft Cockpit
1s1bility Lamats,'" CAA Technical Development Report No 153, Japuary 1952

3Thoma5 M Edwards and Wayne D Howell, "A Study of Pilots' Eye Movements During
Visual Flight Conditions,'” CAA Technical Development Report No 179, June 1952



Since 1938, development activities designed for the improvement of aircraft conspicmty
have been in progress To date, these have chiefly involved external aircraft lighting Two
technical reports covering this work have been published 4,5

Continued work 1n these fields of cockpit visibility and aircraft conspicuity requires the
solution of equations showing the relationship that exists among the fundamental parameters of
aircraft in flight on collision courses

The ultimate objective of this report 1s to present a simple means of calculating cockpit
visual angles and distance-time separation as they are related to collision courses In order
to accomplish this task, a series of formulas was developed From these formulas, charts
and nomographs were designed to simplify and facilitate their solutions

The information and data of this report are presented as follows

Collision Condition A - Straight-and-Level Flight

Collision Condition B - Straight Climb and Descent

Collision Condition C - One Aircraft Turning and One Flying Straight and Level
Collision Condition D - Two A.rcraft Turning 1n Same Direction

Graphical presentations covering two aircraft turning 1n opposite directions were found to vary
over such wide limits that 1t was preferable to achieve solutions by the use of the equations
rather than by graphical methods These equations are presented i1n the Appendix

Each collision condition 1s discussed separately and is presented to conform to the
following outline

Description

Procedure and Formulas
Sample Solution

Additional Considerations
Discussion of Significant Trends

(9 Y S L R

The derivation of the formulas and the actual measured flight paths i1n the vicimty of
airports are presented in the Appendix

This report 15 lirmited to a study of collision courses It is primarily intended to serve
as a basic tool to ai1d in the solution of cockpit-vision and arrcraft-conspicuity problems from
the standpoint of collision avoidance Its intended utility also includes investigations of
mid-a1r collision accidents

GENERAL PRESENTATION AND LIMITATIONS OF BASIC DATA

Charts were drawn to facilitate the calculation of the visual angles required for the pilots
of each of two aircraft on a collision course to see the other aircraft The charts are designed
tc encompass a wide range of aircraft speeds and collision approach angles,and 1t 1s assumed
that the aircraft are point sources It is also possible to determine the distance separating two
airplanes at any particular instant of time prior to cellision

Charts for determinming separation distances and visual angles were drawn for the most
common collision courses Simple charts shown in Figs 1, 2, and 3 cover straight-and-level
flight conditions Charts for climbing and descending conditions are shown in Figs 1, 2, 5,
and 6 A more complicated system of charts 1s presented for computation of distance of
separation and visual angles from aircraft,one of which 15 flying straight and level and one of
which 15 turning,and also from aircraft which are both turning These farmlies of charts are
shown 1n Figs 10 through 21 and 28 through 82, respectively In all cases, sample calculations
showing the manner 1n which the charts are used are presented

4C ecil B Phillips and Alan . Morse, "A Review of Aircraft External Lighting Activities,
CAA Technical Development Report No 215, September 1953

5Marv1n J Anderson and Cecil B Phillips,"Development of Blade Tip Lighting," CAA
Technical Development Report No 248, October 1954



It was possible to limat the coverage of the charts for straight-and-level, climbing, and
descending flight by the assumption of logical limits for the data However, 1t was much more
difficult to establish practical parameters for the turming conditions of flight The limits for
turning flight were therefore established from recordings of 250 flight paths of aircraft in the
vicinity of airports These flight-path data are shown in the Appendix The collision cases
presented 1n this report are designed around the assumption that the airplanes are flying at
constant speeds, constant rates of clumb or descent, and constant angles of bank during level
turns, as these conditions are applicable By necessity, the collision conditions covered by

' s report constitute only a small part of the total number of possible collision cases

In using this report as a tool for determining the visual angles required for the pilot of

one alrplane to see the other airplane and determining the distances between airplanes, the

ccuracy of the results obtained will sometitmes be limited by the authenticity of the 1nput
parameters rather than by the design of the charts themselves If 1t 1s found that none of the
collision cases represented 1n this report apply exactly to the one being investigated, the
selection of the collision case that 1s most similar will provide approximate visual-angle
requirements

COLLISION CONDITION A
STRAIGHT -AND-LEVEL FLIGHT

Description

Calculation of visual angles to the right or left required for the pilots of each airplane to
see the other airplane 1s facilitated by the use of the charts desipned for the straight-and-level
flight condition These charts are designed around the hypothesis that two airplanes are flying
along straight lines and on a collision course 1n the same horizontal plane and that they are
approaching each other from any direction at any relative speed

Procedure and Formulas
The level-cruise charis are shown in Figs 1, 2, and 3 The procedure for using these
charts 15 as follows

1 To determine speed relationship A, enter Fig 1 with the true air speeds of the two
ircraft A 1s simply the ratio of the speed of the slower airplane to the speed of the faster
irplane

2 To determine visual angles 8 {for the faster airplane) and ¢ (for the slower airplane)

t which 1t 1s possible for the pilot of each aircraft to see the other aircraft, enter Fig 2 with
he absolute difference i1n the true headings \L', and the value of A.
3 To determine the distance Z between the airplanes at any instant of time prior to
collision, enter Fig. 3 with the velocity Vg of the slower airplane, time t before collision, the
' ' *e dafference in true heading l}J , and the visual angle 8 required from the faster airplane

4 To determine closing velocity between the two aircraft, enter Fig 3 with the distance Z

tween the aircraft and the time t before collision

5 To determine the blind areas caused by specific cockpit cutoff angles of any two aircrafi,

enter the chart shown i1n Fig 2 with the visibility cutoff angle of the slower airplane, proceed

. rd to the intersection of the relative speed A 1n question,and follow up the diagonal line to
IJJ absolute difference in true heading This value of \‘J will be the mimimum absolute difference
in heading of the two aircraft that will permit them to be visible to each pilot

The speed-relationship chart shown in Fig 1 1s presented for the convenience of the
reader and 1s constructed to permit a speed relationship value to be obtained for any speeds
as long as the same scale 1s used on both axes This chart was constructed from the equation

v
A :=_§ (1)
f
Where

A = Speed relationship



VS = Velocity of slower airplane, true air speed, 1n mph
Vf = Velocity of faster airplane, true air speed, 1n mph

The visual-angle chart shown in Fi1g 2 for straight-and-level flight was constructed by
substituting example values 1in Equation {2}

a = arc sin ( A 51114’ ) (2)*
\/AZ +1-2A cos \‘J

and ¢ = 180° - (Y + 8)

Where
& = Visual angle from longitudinal axis required from fast airplane, 1n degrees
¢ = Visual angle from longitudinal axis required from slow airplane, 1n degrees

A =Speed relationship (Fig 1)
UJ = Absolute difference 1n true heading of two aircraft, in degrees {always 180° or less)

The distance-of-separation nomograph shown in Fig 3 was constructed by using
Equation (3)

YV t sin \!I
z=-5___ (3)
60 s1n @
Where

Vs = Velocity of slower airplane, truee air speed, 1n mph

t = Time of investigation before collision, in minutes

l’l = Absolute difference i1n true heading of two airplanes, 1n degrees
6 =Visual angle required from faster airplane, 1n degrees

Z = Dhistance between airplanes at time t of investigation, 1n miles

Sample Solution

It 15 desired to know the visual angles that are required for the pilots of each of two
aircraft to see the other aircraft while on a collision course and to determine the distance
between them at a given time t Refer to Fig 4. In this case, both airplanes are flying strai®
and level

Given
Vs = 180 mph, velocity of slower airplane, true air speed
Vf = 200 mph, velocity of faster airplane, true air speed

*Equatlons {2) through (6), (8) through (14), (16}, and {20} through (29) have their
derivations i1n the Appendix.



lll = 45° absolute difference in true heading of two aircraft

n this case, assume that the slower aircraft 1s on the left of the faster aircraft
= 1 minute, time of investigation before collision

olution

1 Enter Fig 1 with Vs = 180 mph and Vf = 200 mph and determine the speed relationship
» =090
2 Enter the chart shown in Fig Z with the difference i1n true heading Yr= 45" and follow
lown this diagonal line until an intersection 1s made with the speed-relationship curve A =09
Follow the horizontal line from this point and read the angle 8 = 60° This 1s the angle
required for the pilot of the faster airplane to see the slower airplane Follow the vertical
ne from this point and read the angle ¢ = 75°., This is the anple required for the pilot of the
lower airplane to see the faster airplane
3 The distance between the two aircraft at t = 1 minute, or one minute before collision, 15

found by using the nomograph shown in Fig 3
a Enter nomograph with Vs = 180 mph

b Comnnect 180 to t = 1 manute, find T, °

1
c. Connect T1 intersection with l)/ = 45° {absolute difference in true heading) and find T,
d Connect TZ. intersection with 8 = 60° (visual angle required from the faster airplane)

e Read Z =2 5 males apart

4, The closing velocity at t = 1, one minute before collision, 1s found by using the nomograph
hown 1n Fag 3

a Enter nomograph with Z = 2 5 males
b Connect 2 5 tot =1 minute
c Read Vc = 220 feet per second, or 150 mph

Additional Considerations

The formulas and charts are designed for using true air speed and true heading of the
ircraft In the event that the ground track and ground speeds are used, it 1s necessary to
zorrect the visual angles by adding or subtracting the crab angle or wind-drift angle

discussion of Significant Trends
By inspecting the curves shown in Fig 2, 1t 15 evident that the mid-~air collision problem
s greatest at small differences 1n heading and at small differences in speed These are the
~onditions that make the chances of either pilot seeing the other airplane very small
Since time 15 not involved 1n obtaiming visual angles from Fig 2, it 15 evident that as the
me from collision varies the visual angles obiained from this chart will remain constant
hroughout the specific collision course being investigated If the required visual angle remains
ronstant, there 1s no relative motion between the airplanes flying on a straight-and-level
zollision course
For any possible combination of speed relationship and absolute difference 1n heading that
would result in a collision, the visual angle requited from the faster airplane will always be
ess than 90° while the visual angle required from the slower airplane could be as great as 180°
These maximum visual angles do not occur at the same time
The locus line drawn on Fig 2 indicates that the maximum visual angle required from the
ister airplane occurs when a 90° visual angle 1s required from the slower airplane
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COLLISION CONDITION B
STRAIGHT CLIMB AND DESCENT

Description

Calculation of visual angles to right or left and up or down for the pilots of each aircraft
to see the other aircraft 1s facilitated by the use of the charts designed for the clhimb-and~
descent condition These charts are designed around the hypothesis that two airplanes are
climbing or descending relative to one another and that they are approaching each other on
straight courses from any direction at any relative speed

Procedure and Formulas
The climb and descent charts are shown in Figs 1, 2, 5, and &6 The procedure for using
these charts 15 as follows

1 To determine speed relationship A, enter Fig 1 with the true airspeeds of the two
alrcraft

2 To determine horizontal visual angles 8 and ¢ required for the pilots of each aircraft to
see the other aircraft, enter Fig 2 with the absolute difference in true heading lp and the value
of A

3 To determine V¥, the projection upon the horizontal plane of the closing velocity {Fig 8),
enter Fig 5 with horizontal visual angle 8 required from faster airplane, velocity V_ of the
slower alrplane, and the absolute difference in true heading

4 To determine the vertical angle P (which 1s measured from the horizon and 1s equal and
opposite from each airplane), enter Fig 6 with the algebraic sum of the rate of change of
altitudes between the two aircraft /A 1x /A> and V, the projection upon the horizontal plane of
the closing velocity

5 To determine the true vertical visual angle required, the fuselape attitude with respect
to the horizon must be considered and the correction must be applied to the vertical angle P
The fuselage attitude with respect to the horizon during climb or descent varies with different
airplanes A listing of aircrafi attitudes during climb or descent, as compiled from studies
made at Indianapelis and Chicago airports, may be found on Table I The data for this table
were computed from photographs of the flight paths as illustrated in F1g 7 These data are
presented 1n order to obtain a sample of fuselage attitudes with respect to the horizon for
different types of aircraft

6 To determine the distance Z between the airplanes at any instant of time prior to
collision, enter Fig 5 with time t before collision, the vertical angle P and V, the projection
upon the horizontal plane of the closing velocity

7 To determine the closing velocity between the two aircraft, enter Fig 5 with the distance
Z between aircraft and time t before collision

In determining the velocity V, the quantity needed for entering the verfical-angle chart (Fi1g 6),
the nomograph® shown in F1g 5 was constructed by using Equation {4)

VY _sin \P
v o.s (4)
sin §
Where
V = Vertical projection of the closing velocity upon the horizontal plane, 1n mph

VS = Velocity of the slower airplane, in mph
1‘(; = Absolute diffierence 1n true heading of the two aircraft, in degrees

6 = Horizontal visual angle required from the faster airplane, in degrees

6Lee H Johnson, "Nomography and Empirical Equations,' John Wiley & Sons, Inc , New
York, pp 33-43, 1952
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The vertical-angle chart, shown tn Fi1g 6, was constructed by substituting example values 1n
the following equation

pocarcun 12 82 (5
88v

Where

Alor A

1 2 Rate of climb or rate of descent of the respective airplanes, 1n feet per minute

A 1 A 2 The algebraic sum of the rate of change of altitude between the two airplanes,
in feet per mimute (If both A 1 and A 2 are rate of climb or 1f both are
rate of descent, then a minus sign 1s used, for any other combination, a plus
sign 1s used )

P =The vertical angle measured from the horizon, in degrees

=Vertical projection of the closing velocity upon the horizontal plane, 1n mph

For determination of the distance between the aircraft at time t, F1g 5 was constructed by
using Equation (6)

Vit
y R (6)
60 cos P
Where
V = Vertical projection of the closing velocity upon the horizontal plane, in mph

t = Time of investigation before collision, 1n minutes
P = Vertical angle, un degrees
Z = Distance between aircraft at time of investigation, in miles
Sample Solution

It 15 desired to know the visual angles that are required for the pilots of each aircraft to
see the other aircraft while flying on a collision course and to determine the distance they are
apart at a given time t Refer to Fig 8 In this case, one airplane 1s climbing and one 1s
descending
Vs = 200 mph, the velocity (true air speed) of the slower airplane, which 15 climbing

A

Ve =220 mph, the velocity (true air speed) of the faster airplane, which 15 descending

1 = 1220 fpm, the rate of climb

A 2 =2000 fpm, the rate of descent

\I/ = 45°, the absolute difference 1n true heading of the two aircraft

In this case, the climbing airplane 15 approaching the descending airplane from the right

t =0 5 minute, the time of investigation before collision
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Solution

1 Enter Fu 1 with V_ = 200 mph and V; = 220 mph, and read A = 09
g s P f p

2 Enter horizontal-visual-angle chart, Fig 2, with \P = 45° and A = 09 Read 8 =60°
right, the horizontal visual angle (measured from straight ahead of the pilot-eye position}
required for the slower airplane to be seen from the faster airplane Read ¢ = 75° left, the
horizontal visual angle (measured from straight ahead of the pilot-eye position) required
for the faster airplane to be seen from the slower airplane

Enter nomograph, Fig 5, with 8 = 60°, V; = 200 mph, and \P = 45°, and read
160 mph, the velocity needed for entering the verhceﬁ-angle chart

3
4 Enter Fig 6, the vertical-angle chart, with Al t8, = 3220 feet per minute, which is

the rate of change of altitude added algebraically between the two aircraft, and ¥V = 160 mph
Read P =13°, the vertical angle{measured from the horizon) required for either airplane to
be seen from the other The airplane descending would require 13° down from the horizon,
and the airplane climbing would require 13° up from the horizon

5 To determine the true vertical visual angle required from each airplane, the fuselage
attitude with respect to the horizon must be considered

For example, if 1t 15 assurned that the fuselage of the airplane climbing 1s 1n a 2° nose-

up attitude, then the true wertical visual anple required from this airplane with respect to the
cockpit would be 13° - 2°, or 11° up Also, i it 15 assumed that the fuselage of the airplane
descending 13 1n a 5° nose-down attitude, then the true vertical visual angle required from
airplane with respect to the cockpit would be 13° - 5%, or 8° down Table I, which shows a
variety of attitudes compiled from photographic studies made of actual take-off and landing-
approach flight paths at Indianapolis and Chicago airports, 1s presented for the convenience of
the reader

6 Enter normograph, Fig 5, with V = 160 mph, previously determined in Step 3 In this
case, t = 0 5 minute and =13° Read Z =1 40 miles, the distance between the airplanes at
time = 0 5 minute Note There can be similar solutions for other conditions such as both air-
craft climbing, both aircraft descending, one airplane flying level and one climbing, or cne
airplane flying level and one descending

If the airplanes are climbing or descending on a difference 1n heading equal to 0° or 180°,

the visual angles required from either airplane wtll be in the vertical plane only This condi-
tion, then, becomes the same as Condition A, except that 1n this case the relative motion
occurs 1n the vertical plane while 1n Condition A the relative motion occurs in the horizontal
plane If the vertical plane 1s rotated 90% i1t becomes coincident with the horizontal plane,
therefore, Condition B becomes hypothetically the same as Condition A and the wvisual-angle
chart designed for Condition A can be used In using this chart, the difference in heading 1n
this condition 1s determined by the angle of climb or descent of each airplane

v

Additional Considerations
The same additional considerations that were discussed in Condition A apply sumilarly
to this collision condition

Discussion of Significant Trends

The trends discussed 1n Condition A apply similarly to this collision condition The
vertical-visual-angle requarements from both airplanes are greatest at small differences in
heading and small differences 1n speed
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Type
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Average
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Average
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Average
Lockheed
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Average
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Average
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Average
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Fig 7 Example of Fhight-Path Attitude Analysis
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Fig 8 Vector Diagram of Sample Solution for Climb-and-Descent Collision Conditions
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COLLISION COURSE C
ONE AIRPLANE TURNING AND ONE FLYING STRAIGHT AND LEVEL

Description

Calculation of the visual angles to the right or left which are required for the pilots of
each airplane to see the other airplane 1s facilitated by the use of the charts designed for one
airplane turming left and one airplane flying straight and level For the solution of a condition
involving a right turn, see page 22

The turming-and=-level-flight visual-anple charts are designed around the hypothesis that
one airplane 1s flying straight and level while another airplane 1s making a left turn and both
ate on a collision course, flying in the same horizontal plane, and approaching each other at
any relative speed from any direction

Procedure and Formulas
The turning and straight-and-level charts are shown in Figs 1 and 9 through 25 The
procedure for using these charts 1s as follows

! To determine speed relationship A, enter Fig 1 with the true air speeds of the two
aircraft

2 To determine the time value tg required for entering the horizontal-visual-angle charts,
enter Fig 25 with the anple of bank A of the turning airplane, the velocity Vo of the turming
airplane, and the time t of investigation before collision

3 To determine horizontal visual angles @ and (where g = the visual angle for the air-
plane flying straight and level and = the visual angle for the turming airplane) required for the
pilots of each aircraft to see the other aircraft, select from Figs 10 through 21 the horizontal-
visual-angle chart that applies to the absolute difference 1n heading between the two aircraft at
collision points Enter this chart with the time value tg and the speed relationship A

4 To determine the distance factor Zg, enter with speed relationship A and time value t
the Zp table located on the same horizontal-visual-angle chart that was selected 1n Step C-3

5 To determine actual distance separation Z between aircraft at any time prior to collision,
enter Fig 24 with distance factor Zg and radius of turn Ry If the radius of turn is not known,
enter Fig 23 with the angle of bank ) and the velocity in turn Vo

6 To deterrmne the vertical visual angle p as affected by the angle of bank A , enter Fig 22
with the angle of bank )\ and the horizontal visual angle ﬁ

The speed-relationship chart, designed for Conditions A and B and shown in Fig 1, 1s
used to obtain the speed relationship A In this case, however,

Vc

A = 7 (7)
T
Where

Vc = Velocity of the airplane flying straight and level, in mph

v

Ve »city of the airplane turning, in mph

T
The tg nomograph shown in Fig 25 was constructed by using the equation
t - 209 2 tan A t (8)
v
T
Where

VT = Velocity of the turning airplane, 1n mph
A = Angle of bank of turning airplane, 1n degrees

t = Actual time of investigation before collision, 1n minutes
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1y = Required time value for entering visual-angle charts, in minutes

The quantity t; 15 a relative time value determined by proportional analysis as described in the
Appendix

The visual-angle charts shown in Figs 10 through 21 were constructed by substituting
example values i1n the following equations

"

a arc tan (9)

B
z = VX% + ¥° (11)

To solve Equations (9), (10), and (11), the following has to be known

=

@ +w-90° {10}

X:Vct+RT (cos Y - cos w) {(12)
Y =R (51n1,p+smu)) {13)
w =Kt- Y (14)
Where
@ = the horizontal visual angle that 1s needed from straight ahead for the turning airplane to be
seen from the airplane flying straight and level, 1n degrees
= the horizontal visual angle that 18 needed from straight ahead for the airplane flying
straight and level to be seen from the turning airplane, in degrees
Z = Dhstance between the aircraft at time t, 1n feet

t = Time before collision, 1n minutes
Vc = Velocity (true air speed} of airplane flying straight and level, in feet per minute

RT = Radius of flight path of turming aircraft, 1n feet

K = Rate of turn of the turning aircraft, in degrees per rminute

4] , WX, and Y are 1llustrated in Fig 86 of the Appendix

Note In case 1t 1s necessary to calculate visual angles by using the formulas, use of Table II
will be necessary to determaine that value of l‘ll which corresponds to the absolute difference 1n
heading at collision point
The vertical-visual-angle chart shown in Fig 22 was consiructed by passing a horizontal

plane, which simulates the plane of the horizon, through a right cylinder at different bankangles
and then plotting the points of intersection The plane of the horizon 1s the horizontal plane 1n
which both aircraft are flying, therefore, the pilot flying either aircraft must look to the horizon
to see the other aircraft
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TABLE II

RELATIONSHIP BETWEEN 4{ AND ACTUAL HEADING DIFFERENCE

‘p D1
{degrees)

30

60

90
120
150
180
210
240

270

300

330

fference 1in Heading
at Collision Point
{degrees)
90
60

30

30

60

90

120

150

180

150

120

Condition

With turning airplane on the left of
crulsing airplane at collision point

With turning airplane on the left of
cruising airplane at collision point

W1ith turming airplane on the left of
cruising alrplane at collision point

Both airplanes heading 1n the same
direction

With turming airplane on the right of
cruising airplane at collision point

With turning airplane on the right of
cruising airplane at collision point

With turning airplane on the right of
crulsing alrplane at collision point

With turning airplane on the right of
cruising airplane at collision point

With turning airplane on the right of
cruising alrplane at collision point

Head on

With turning airplane on the left of
cruising airplane at collision point

With turning airplane on the left of
cruising airplane at collision point

The radius=-of-turn chart shown in Fi1g 23 was constructed by substituting example values

in the equation?

0 067 v °

tan)\=

Ry

Where

A o= Angle of bank, 1n degrees

V.p= Velocity of turming airplane, 1o mph

RT = Radius of turn, 1n feet

(15)

TBradley Jones, "Elements of Practical Aerodynamics,'" Eqn (22 2 1) p 365, John Wiley

& Sons, Inc , New York, 1950
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The distance chart shown in Fig 24 was constructed by substituting values in the
equation

g < JO%T (16)
28011

Where

Z = Actual distance between aircraft at time t before collision, in feet

Zg = Proportional distance between aircrafi as obtained from wvisual-angle chart, in feet

RT = Radius of turn of turning airplane, 1n feet

Sample Solution

It 15 desired to know what visual angles are required for the pilots of each aircraft to sece
the other aircraft while on a collision course and to determine the distance they are apart at a
given time Refer to Fig 9 In this case, one airplane 1s flying straight and level and one
airplane 1s turming left

VC. the velocity of the airplane cruising straight and level, = 250 mph, true air speed
VT, the velocity of the turning airplane, = 100 mph, true air speed

A, the angle of bank of the turning airplane, = 20°

t, the time before collision to be investigated, = 0 5 minute

absolute difference 1n heading at collision point = 90°

Solution

l Enter Fig 1 with V. = 250 mph and VT = 100 mph, and read A =25

2 Enter Fig 25 with A = 20°, t = 0 5 minute, and V = 100 mph, and read tg = 0 38

3 Since the absolute difference 1n heading at collision 15 90° with the turming airplane on the
left at collision point, Fig 13 of the horizontal-visual-angle charts 1s selected Enter this
chart with tg =0 38and A = 2 5, and read @, which is the horizontal visual angle required
from the airplane flying straight and level, equal to 4° left, also read B , which 15 the
horizontal visual angle required from the turming airplane, equal to 52° left

To find the distance between the aircraft at 0 5-minute separation, enter the Zg table on
Fig 13 with A equal to 2 5 and tp equal to 0 38 No value of ty equal to 0 3B appears,
therefore, the following interpolation 1s made

A=25 ty = 0 40 Z0 22,727

A =25 t 030 Z

17,076

0 0

5,651 = Difference

Since 0 3815 0 B of the interval between 0 30 and 0 40, 0 8§ x 5651 = 4521 for tg = 0 38 and
A =25, Zg=17,076 + 4521 = 21,597 feet, or approximately 21,600 feet This 15 not a true
distance but a proportlonal distance which will be used in Step 5 to determine Z, the true
distance

If the absolute difference in heading at collision does not exactly correspond to one of
the charts, then a similar 1nterpolation between charts 15 necessary

If Ry the radius of turn of the turnming aircraft 1s not known, Fig 23 1s entered with )N
equal to 23‘ and VT equal to 100 mph, and read RT equal to 1840 feet
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5 Enter Fig 24 with Zy equal to 21,600 feet, previously determined, and Rt equal to
1840 feet Read Z = 14,000 feet

& To find the vertical visual angle i, required at 0 5 minute from the turming aircraft
while 1t 15 1n a 20° bank, enter Fig 22 with A equal to 20° and B equal to 52° left and read
vertical visual angle required equal to 16° up

Additional Considerations

The formulas and charts are designed for using true air speed and true heading of the
aircraft In the event that ground track and ground speeds are used, 1t 15 necessary to correct
the visual angles by adding or subtracting the crab angle or the wind-drift angle

Visual angles may be determined from one airplane flying straight and level and one
alrplane making a right turn instead of a left turn by using the following procedure

Given
The absolute difference 1n heading at collision point 18 equal to 150° with the turning airplane
on the right of the c¢ruising airplane at the collision point and making a right turn

1 Enter the horizontal-visual-angle chart designed for a difference i1n heading at collision
point equal to 150° and with the airplane making a turn on the left of the airplane flying straight
and level at the collision point This chart 1s entered with the parameters determined by the
given condition, the only difference being that left 1s substituted for right in using the charts
as related to heading at collision point

2 In reading @ and /3, the magnitudes of the angles are correct but the directions of the
angles need to be reversed to apply correctly to the given condition

3 Th=~ distance between the airplanes at a specified time before collision and the vertfical
visual angles are determined in the same manner as described for one airplane flying straight
and level and one airplane making a left turn

Discussion of Significant Trends

The rate of change of the horizontal visual angle required from the airplane flying at level
crmse 15 greatest when the velocity of the turning airplane 1s the greater of the two

The rate of change of the horizontal visual angle required from the turming airplane 1s
greatest and varies over the widest range when the velocity of the airplane flying at level cruise
1s the greater of the two

When both airplanes are traveling at the same speed, the rate of change of the horizontal
visual angle required from the turnming airplane 1s generally greater than that of the airplane
flying at level cruise

When the rate of change of the horizontal visual angle required 1s the greatest from one
airplane, 1t 1s a minimum for the other airplane

In analyzing all horizonial-visual-angle charts for Condition C, 1t will be noted that when
all curves cross at one common intersection point then the turming airplane 1s directly ahead
or directly behind the airplane flying straight and level



21

x LINE/ OF SIGHT

a

POINT aF
COLLISIoN

Fig 9 Vector Diagram of Sample Solution for One Airplane Turmng Left and One
Ayrplane Flying Straight and Level
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The following charts are designed for the determination of horizontal-visual-angle requirements
and distance factors for one airplane turning and one airplane flying straight and level
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Fig 15 At Collision Point, the Difference in Heading = 150® and the Turning Airplane 1s on the
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| 1 ]
T Numbers on curves iﬁ
ng ! [ ] reprlesent A values
JL e | uE il T }_ 1 —r-ﬂ
{ l || . Ly T
AN RUREN 1 P
] 50 N LB — %o | ]
‘_H
= ! N = verl 2% -t Tt \
: RN 25 e N /’/ f
\‘ oa ] % ’/)Ei/ - o
ap J .
5 ENEBNIEE Zax N
g—:é [ \\\J by | ——,u" ] __\ - 9, ||
ga [ P L&:ﬁﬁﬁﬁt_‘ | |
= 2 80 I \\. e,
2e | I | _I J o ﬁ\k
lnE [ ’ ] of . &
Ef Ir - ] N (SR EA N —I_
:glzo ] T u- T
;E ! 1 ! ! T } N | |_ I Mn)
i: 1M 1 A
T -+ | N 3
} e i ' L1 I
: mEnEERs ~.a H
180 \ | | | /\_
l% Ai_#_\ L l J ! o H
I L] T I
D RIGHT 40 ——m= B0 120 & — RIGKT 180 LEFT ——— 120 50 -——— a5 LEFT o

ANGLE IN DEGNEES (8! REJUIRED FRAOM AIRPLANE TURMNING
Zy Values
o

01 02 03 obL 05 0& 07 08 09 10

02 2069 3885 5223 5007 9672 5089 3672 1okl 1613 3520
o4 2 4509 6021 6752 6616 5685  hW309 3543 k120  TOhOD
06 2755 5153 638y 7755 7698 690k 5983 6099 7876 10560
08 31m 5812 7803 8863 8997 gLz 8073 &85 11039 14080
<10 B 6h80 athy 10056 10432 10253 10329 11579 Lh2oh 17600
125 3883 732k 9963 11611 123k4 12616 13253 15061 18161 22000
167 41 8788 12036 14307 15700 16739 1B2k2  2o08%e  2h759 29333

25 6070 11626 16282 19902 22702 25267 2837k 32593 37957  Whooo oy moss sz
ArﬂﬂmiNAPOLIS IMIIANI“

50 10b60 20356 2929k 3TLgY  WE3S5  SLhOL 59050 67T6M  T7SS5  BAcco
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COLLISION CONDITION D
TWO AIRPLANES TURNING IN THE SAME DIRECTION

Description

The calculation of visual angles required to the right or left for the pilot of each airplane
to see the other airplane 1s facilitated by the use of the charts designed for iwo airplanes
turning in the same direction The turning-visual-angle charts are designed around the hypoth=
es1s that both airplanes are making a turn to the left on a collision course, flying in the same
horizontal plane, and approaching cach other at any relative speed and direction

Procedure and Formulas
The turning charts are shown tn Figs 23, 25, 26, and 28 through 83 The procedure for
using these charts 1s as follows

Solution 1
R/AS 10

Where
R = Ratio of turning radn
A =Ratio of speeds (speed relationship)

1 To determine the turning radii R; and Rj, enter Fig 23 with the turning velocities VTZ
and VT3 and with the angles of bank A 2 and A 3

2 To deternmuine speed relationship A, ratio of radii R, and ratio of radn to ratio of
velocities R/A, enter Fig 26 with the turming velocities VTZ and VT3 and with the turning

radii R; and R3; See notes on Fig 26 Note If R/A 15 less than one, follow the procedure
for Solution 2

3 To determine the time value tgp required for entering the horizontal-visual-angle charts,

“r Fig 25 with the angle of bank A 2 of the airplane turming on the smaller circle, the
velocity V., of the airplane turning on the smaller circle, and the actual time t of investigation
' fore collision

4 To deterrnine the horizontal visual angles @ and ,8 required for the pilot of each aircraft
to see the other aircrafi, select that horizontal-visual-angle chart from Fig 28 through 82
which applies to the absolute difference 1n heading between the two aircraft at collision point
and the R/A value as deterrmined in Step 6 Enter this chart with time value tg and with the
peed relationship A

5 To determine the distance factor Zp, enter, with speed relationship A and with the time
value tp, the Z table located on the same horizontal-visual-angle chart that was selected 1n
Step 4

6 To determine actual distance of separation Z between aircraft, enter Fig 83 with
"istance factor Zg and with the smaller turning radius R;

?7 To determine the vertical visual angle p, as affected by the angles of bank of the turming
airplanes, enter Fig 22 with the angles of bank X\ 2 and X 3 and with their respective visual
mngles @ and

Solution 2
R/A <10

The procedure for Sclution 2 1s the same as that for Solution 1 except that the values which
nply to the airplane turming on the smaller circle are substituted for the values of the airplane
turning on the larger circle when all charts designed for this condition are entered

The chart shown in Fig 26 15 constructed in the same manner as the speed-relationship
chart used 1in Conditions A, B, and C, but with the change 1n nomenclature shown in Equation (17)
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A= e (17)

Where

VT = Velocity of airplane turning on larger circle, in mph
3

VT = Velocity of airplane turming on smaller circle, in mph
2

R
R =g (18)
R,

w

Where

R3 = Radius of the larger circle, 1n feet

RZ = Radius of the smaller circle, in feet

Therefore,

R
v
R 2

R/A = (19)
v /v..
T3/

T,

For determination of tp, the same four-parallel-scale nomograph consiructed for Condition C,
Fig 25 will be used The formula remalins the same

_209 2tan At

ty o (8
Where

VT2 = VT = Velocity of the airplane turnming on the smaller circle, 1n mph

A 2 = X =Angle of bank of the airplane turming on the smaller circle, in degrees

t = Actual time of investigation before collision, 1n minutes

ty = Required time value for entering visual-angle charts, 1n minutes

The visual-angle charts shown in Figs 28 through 82 were constructed for this condition by
substituting example values in the following equations See Fig 89 1in the Appendix
G=UJO-3-90° {20
B=w1-9+90° (21
z =\/(x0 -x )Py, - vyt (22
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To solve these equations, the following must be known

X, = Rl(cos Y - cos w,) (23)

Y, = R1(51n Y - sin wl) (24)

w, =K;t- q; (25)

X, =R0(l -cos W) {26)

Y, =Ry sin wg (27)

W, =Kyt {28)
Y. -Y

g = arc tan 1_0 (29)
Xo - Xl

Where

@ = The horizontal visual angle (from straight ahead) needed for the airplane turning on the

larger circle to be seen from the airplane turning on the smaller circle, 1n degrees

= The horizontal visual angle {from straight ahead) needed for the airplane turning on the
smaller circle to be seen from the airplane turning on the larger circle, in degrees

Z = The distance between the aircraft at time t, 1n feet

Rl = The turming radius of the airplane flying on the larger circle, in feet

RO = The turming radius of the airplane flying on the smaller circle, 1n feet

t = The time before collision, 1n minutes

Kl = The rate of turn of the airplane flying on the larger circle, in degrees per minute
KO = The rate of turn of the airplane flying on the smaller circle, 1n degrees per minute

L

e In case 1t 1s necessary to calculate visual angles by means of the formulas, use of Table II1

will be necessary to determine the relationship between and the absolute difference 1n heading
t collision point W A Wi, Xo, YO' Y, and 8 are 1llustrated in Fi1g B89 of Appendix |
The chart shown in Fi1g 83 was cons%;ructed by substfituting values 1n the equation
Z R
z-—92 (30)
1400 56
Where
2 = The actual distance between aircraft at timne t before collision, in feet
Z0 = The proportional distance between aircraft as obtained from the visual-angle chart, 1n feet
R, = The radius of turn of the airplane flying on the smaller circle, i1n feet
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TABLE III

RELATIONSHIP BETWEEN lfl AND ACTUAL HEADING DIFFERENCE

‘# Difference 1n Heading Condition
at Collision Point
(degrees) (degrees)
0 0 Heading 1n same direction
45 45 With airplane turming on the larger

circle on the right of airplane turmng
on smaller circle at collision point

90 90 With airplane turming on the larger
circle on the right of airplane turning
on smaller circle at collision point

135 135 With airplane turning on the larger
circle on the right of airplane turning
on smaller circle at collision point

180 180 Head on

225 135 With airplane turming on the larger
circle on the left of airplane turmng
on smaller circle at collision point

270 90 With airplane turming on the larger
circle on the left of airplane turming
on smaller circle at collision point

315 45 With airplane turning on the larger
circle on the left of airplane turning
on smaller circle at collision point

Sample Solution

It 15 desired to know what visual angles are required for the pilots of each aircraft to
see the other aircraft while on a collision course and to determine the separation of the aircraft
at a given time Refer to Fi1g 27 In this case, both airplanes are turning 1n the same direction

Solution 1

Let

VT ,» the velocity of the airplane flying on the smaller circle, = 100 mph, true air speed,
2

A 5+ the angle of bank of the airplane turning on the smaller circle,= 15°,

VT3. the velocity of the airplane flying on the larger circle,= 100 mph, true air speed,

X
t, the time before the collision to be investigated,= 1 minute

The absolule difference in heading at collision point = 45° waith the airplane that 15 turning on
the larger circle on the right of the airplane turnming on the smaller circle

the angle of bank of the airplane turning on the larger circle,= 7 5°,

1 Enter Fig 23 with ¥, =100 mph and with A » = 15°% and read R, = 2500 feet Also enter
with Vop, = 100 mph and with )\3 = 75°, and read R, = 5000 feet
2 Enter Fig 26 with VT?. = 100 mph and with VT3 = 100 mph, and read A =1 0, enter with
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R, = 2500 feet and with R3 = 5000 feet, and read R = 2 0, then enter with R = 2 0 and with

A =10, and read R/A =20 Note If R/A becomes less than 1 0, use Solution 2
3 Enter Fig 25 with A2 =15°, VTZ = 100 mph, and t = 1 minute, and read tg = 0 56 minute

4 Since the absolute difference in heading at collision point = 45° and R/A = 2 0 and since
the airplane turming on larger circle 1s on the right of the airplane turming on the smaller
circle, Fig 36 of the visual-angle charts 1s selected and 1s entered with A = 1 0 and ty = 0 56
Read @, which 1s the horizontal visual angle required from the airplane turnming on the smaller
circle, equal to 46° left, also read 4, which 15 the horizontal visual angle required from the
airplane furming on the larger circle, equal to 80" left If the distance between the aircraft at
l minute 15 also desired, then enter the Zj chart on the same figure with A =1 0 and tU =056
No value of 1, equal to 0 56 appears, therefore, the following interpolation 15 made

A=10 t0=060 ZO=5620
A=10 tg = 050 ZO=4872

748 = Difference

Since 0 56 15 0 6 of the interval between 0 50 and 0 60, then 0 6 x 748 = 448 8 or approximately
449

For

to =056and A =10, Z0 = 4872 + 449 = 5321 feet, or approximately 5300 feet

This 15 not a true distance but 1s a proportional distance and 1s used in the following step

5 Enter Fig 83 with Zg = 5300 feet and R; = 2500 feet, and read Z = 9400 feet

6 To find the vertical visual angle ;. at 1 minute before collision required from the air-
plane turning on the smaller circle at a 15° bank angle, enter Fig 22 wath A 5 = 15° and @ = 46~
left and read required vertical visual angle p = 11° up Also, to find the vertical visual angle
at 1 minute prior to collision required from the airplane turning on the larger circle, enter
Fig 22 with A 3 =75% and B = 80° left and read required vertical visual angle p =7 5° up

Solution 2

If the R/A value 15 computed to be less than 1 0 by using procedures outlined 1n sample
Solution 1, then the following process 1s to be used 1n computing the visual angles required
from two airplanes making a left turn

Given (Reference Fig 27)

VTZ' the velocity of the airplane flying on the smaller circle, = 100 mph, true air speed
>\ 2

VT3' the velocity of an airplane flying on the larger circle,= 250 mph, true air speed

» the angle of bank of the airplane turning on the smaller circle,= 5°

A 3 the angle of bank of the airplane turning on the larger circle, = 22°,

t, the time before collision to be investigated,= 1 minute
The absolute difference 1n heading at collision point = 45°, with the airplane turning on the
larger circle on the right of the airplane turning on the smaller circle

1 Enter Fig 23 with VT2 = 100 mph and >\2 =5°, and read R, = B00O feet Also enter

Vr, =250 mphand A, =22°, and read R, = 10,000 feet

2 Enter Fig 26 with VTZ = 100 mph and VT3 = 250 mph, and read A = 2 5, then also enter
with R2 = BOO0OO feet and R3 = 10,000 feet, and read R =1 25, then enter with R =1 25 and
A =25, and read R/A=05
Since there are no visual-angle charts designed for an R/A value less than 1 0, the following
procedure 1s to be followed The ratios R, A, and R/A are inverted, that 1s, enter F1g 26 with
Vr, = 250 mph instead of 100 mph and VT3 = 100 mph instead of 250 mph and read A = 0 40
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Also enter with R2 = 10,000 feet instead of 8000 feet and R3 = 8000 feet instead of 10,000 feet,

and read R =0 8 Then entering Fig 26 withR =0 8and A =04, read R/A =20

3 EnterFig 25 with 3 = 22", VTS = 250 mph, and t = 1 minute, and read tO =0 34

4 The absolute difference 1n heading at collision point = 45°, with the airplane turning on
the larpger circle at the right of the airplane turmng on the smaller circle at collision point
For this situation, however, 1s selected the horizontal-visual-angle chart that was designed for
an absolute difference 1n heading at collision point = 45° but with the airplane turning on the
larger circle at the left of the airplane turning on the smaller cirele at collision point
Since R/A = 2 0, Fig 77 1s selected and 15 entered with A = 0 4 and tg =0 34 Read @, which
15 the horizontal visual angle required from the airplane turning on the larger circle, equal to
74° left Also read B, which 15 the horizontal visual angle required from the airplane turning
on the smaller circle, equal to 123° right
Normally, @ 1s the visual angle required from the airplane turning on the smaller circle, and

1s the visual angle required from the airplane turning on the larger circle, but, as tle note
on Fig 77 indicates, when entering with an A value less than 0 5, @ becomes the visual angle
required from the airplane furning on the larger circle andB becomes the visual angle required
from the airplane turming on the smaller circle

5 In determining the distance between the aircraft at 1 minute, the Z table on Fi1g 77 is
entered with tg =0 34 and A =04 No value of ty equal to 0 34 appears, therefore, the following
interpolation 15 made

A =04 t0=040 Z 1383

0

1

1346

37 = Dafference

A=04 t0=030 Z0

Since 0 34 15 0 4 of the 1nterval between 0 30 and 0 40, 0 4 x 37 = 14 8, or approximately 15
Then, because tj = 034 and A =0 4, Zg = 1346 + 15 = 1361 feet
This 1s not a true distance but 15 a proportional distance and 1s used i1n the following step

6 Enter Fig 83 with Zp = 1361 feet and R3 = 10,000 feet, and read Z = 9800 feet Normally,
R, the radius of the smaller cizrcle, 1s used 1n entering Fig 83, but for this solution R3, the
radius of the larger circle,1s used

7 The vertical visual angles are determined 1n the same manner as described in Solution 1,
Step 6

Additional Considerations
Visual angles may be determined from two airplanes making a right turn instead of from
both making a left turn by using the following procedure,

Given

The absolute difference 1n heading at collision point 1s equal to 45°, with the airplane turning on
the larger circle on the right of the airplane turming on the smaller circle at the point of
collision and with both airplanes making right turns

! Enter the horizontal-visuzl-angle chart designed for a difference 1n heading at collision
point equal to 45° with the airplane that 1s turning on the larger circle on the left of the air-
plane turning on the smaller circle at the collision point This chart 15 entered with the
parameters determined by the given condition, the only difference being that in using the charts
left 1s substituted for right as related to the collision point

2 In reading @ and 3, the magnitudes of the angles are correct but the directions of the
angles need to be reversed to apply correctly to the given condition

3 The distance between the airplanes at a specified time before collision and the vertical
visual angles are determined 1n the same manner as described for two airplanes making left
turns

4 Additional considerations mentioned in Collision Condition C apply similarly to this
condifion
Visual angles for two airplanes turning in opposite directions may be determined as i1ndicated
1n the Appendix
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Dhscussion of Sigmificant Trends

The rate of change of the horizontal visual angle 1s generally greater from the airplane
turning on the smaller circle

In a condition where the curves cross, 1t indicates that a straight line can be drawn through
the two turming airplanes and the collision point at that instant of time before collision
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The following charts are designed for the determination of horizontal-visual-angle requirements
and distance factor for two airplanes turning in same direction
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Fig 59 At Collision Point, the Difference in Heading = 180°, R/A =4 0,and the Airplane Turmng
on the Larger Circle 15 on the Left of the Airplane Turning on the Smaller Circle
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Fig 60 At Collision Point, the Difference in Heading = 180°, R/A = 6 0,and the Airplane Turning
on the Larger Circle 15 on the Left of the Airplane Turning on the Smaller Circle
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Fig 61 At Collision Point, the Difference 1n Heading = 180°, R/A =10 0,and the Airplane Turning
on the Larger Circle is on the Left of the Airplane Turning on the Smaller Circle
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Fig 62 At Collision Point, the Difference 1n Heading = 135°, R/A = 1 0,and the Airplane Turning
on the Larger Circle 1s on the Left of the Airplane Turning on the Smaller Circle
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Fig 65 At Collision Point, the Difference in Heading = 135°, R/A = 3.0,and the Airplane Turning
on the Larger Circle Is on the Left of the Airplane Turning on the Smaller Circle
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Fig 66 At Collision Point, the Difference in Heading = 135, R/A = 4 0,and the Airplane Turning
on the Larger Circle 15 on the Left of the Airplane Turning on the Smaller Circle
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‘Fig 67 At Collision Point, the Difference in Heading = 135°, R/A = 6 0,and the Airplane Turning
on the Larger Circle 15 on the Left of the Airplane Turning on the Smaller Circle
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Fig 68 At Collision Point, the Difference in Heading = 135°, R/A = 10 0, and the Airplane Turning
on the Larger Circle 1s on the Left of the Airplane Turning on the Smaller Circle
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Fig 69 At Collision Point, the Difference 1n Heading = 90°, R/A = 1 0,and the Airplane Turmng
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Fig 70 At Collision Point, the Difference 1in Heading = 90°, R/A = 2 0,and the Airplane Turning
on the Larger Circle 18 on the Left of the Airplane Turning on the Smaller Circle
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CONCLUSICNS

1 It1is apparent from studying the visual-anpgle curves that, to prevent all mid-air collisions,
1t 15 necessary for a pilot to be able to see or detect the approach of aircraft from any direction
Since tlus cannot be accomplished by adding windshield area alone, i1t must be done by other
means

2 Since the visual angle does not change during Collision Conditions A and B, there 1s no
apparent motion of the other aircraft to be observed by either pilot This 1s true only if both
aircraft are flying on straight courses and at constant speeds The closing speeds also remain
constant

3 This study has pointed out that a severe collision hazard exists where aircraft are flying
in the same general direction and at approximately the same speeds It must also be pointed
out, however, that during this critical condition the closing rate 15 small and, if an auxiliary
means of viewing this area were available, the pilots would have sufficient time to execute
evasive maneuvers 1n time to avoid collision

4 In the turning collision conditions, both the visual angles and the closing rate are
constantly varying Under these circumstances, there 1s apparent relative motion between the
arrcraft which will tend to increase the noticeability in the peripherial field of vision When
the airplane 1s turning, however, it 1s possible for the cockpit structure to completely block
out the horizon and, consequently, to block out another aircraft at the same altitude even though
the area was cleared as carefully as possible prior to the turn It 15 noteworthy that maximum
collision protection can be obiained in present-day airplanes only if both pilots clear the area
to their rear prior to a turn in either direction

5 In the event of a mid-air collision, the scrateh angle or the angle of physical marks on
both damaged aircraft, when measured from the longitudinal axis, are the same as the visual-
angle requirements of each aircraft to see the other immediately prior to the collision In
making this staterment, 1t 1s assumed that neither aircraft 15 deflected or bumped from 1its
original heading during the collision impact
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APPENDIX 1
DERIVATION OF FORMULAS FOR COLLISION CONDITION A
For this condition, two airplanes are assumed to be on a collision course, flying on
straight courses i1n the same horizontal plane, and approaching each other from any direction

at any relative speed Figure 84 shows the physical significance of the horizontal visual angles
and distances involved

Using the law of sines

v v
s c

sin O 51m l‘b

Solving for VC from the law of cosines

C

2 2
v =-\/VS +V, S -2V V.cos ¥ (32)

Substituting Equation (32) in Equation (31}

V_ sin ‘JJ
sin 6 = = {33)
f., 2 2
Vs +Vf -ZVSVfcosq;
Vs
Since A = ——, Equation (33) may be written
T\rf
6 = arc sin A sin 41 (2)

_\/A2'+1-Z.Acosl,lj

From the geometry of Fig 84,

¢ =180° - (Y + 6)
Solving for the distance between the airplanes at time t minutes before collision, we have, using
the law of sines,
VS t s1n \JI

= (3)
60 sin 0

where 60 15 the factor for changing mph to mpm
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DERIVATION OF FORMULAS FOR COLLISION CONDITION B

For this condition, two airplanes are assumed to be on a collision course with one air-
plane climbing and one airplane descending, with both airplanes climbing,or with both airplanes
descending, also, one airplane can be flying at level cruise and the other one either climbing or
descending Figure 85 shows the physical significance of the visual angles and of the distances
invelved in this condition

In order to use the visual-angle chart designed for Condition A in determiming the hori-
zontal visual angles required from the climbing and descending airplanes, V- , the wvertical

projection of the climbing velocity onto the horizontal plane passing through the collision pownt,
and VDH' the vertical projection of the descending velocity onto the horizontal plane passing

through the collision point, should be determined, however, for simplicity the values of Vg,
and V1y are used In using V and V-, instead of V and V , very little error 1s intro-
D g YcL D CLy Dy

duced into the visual anples obtained since the angles at which airplanes climb and descend are
relatively small, and small climb and descent angles make the difference very small between
V1, and VCLH or Vp and VDH Consequently, Vg1, and V[, either of which can be entered

as slower or faster, and qj , which 1s the absolute difference 1n heading, can be used 1n Fig 2
for determining the horizontal visual angles with a relative degree of accuracy
ReferringtoFig 85 and using the law of sines

v sm\U
v-_5% 4)
sin O

Vg, the velocity of the slower airplane, 15 V¥ in the figure

Solving for p - the vertical angle measured from the horizon and required from either
airplane,

Ay A,
p = arc tan——_B-Bv_— (5)

If both airplanes are descending or climbing, then Al and AZ are added, and if one 15
descending and one 1s climbing, then the difference between /\ 1 and /A 2 15 used

Solving for Z, the distance between the airplanes at time t measured along the line of
sight,

Z:__\E._ (6)

60 cos o

The factor 60 15 used to change mph to mpm

GFPO B17813 &
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DERIVATION OF FORMULAS FOR COLLISION CONDITION C

For this condition, two airplanes are assumed to be on a collision course, one flying
straight and level (cruising) and the other making a left turn Figure 86 shows the physical
significance of the horizontal visual angles and of the distances involved in this condition
Horizontal visual angles are measured from straight ahead of the pilot at the time of
investigation
Locating the center of the circle of the turning airplane with respect to the cruising airplane
(the origin of the X and Y axms)

= RT s1n \1/ (34)

Distance traveled, from time t to collision,

D= Vct

E =Ry cos 4]

since

b=D+E

Then

b=V_t+Rp cos (35)

If K = rate of turn, 1n degrees per minute,

Then

Also

8 =Yy+w

Therefore

w =Kt-yY (14)

The co-ordinates of the turning airplane with respect to the cruising airplane at time t before
collision are then given by,
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Also
Xl = RT cos W
Substituting for b, Equation (35), and X,

= - 1
X =V t+Rpfcos Y -cos w) (12)
Y =a+ Yl
Also

Yl =RT sin W

Substituting for a, Equation {34), and Yl

Y = Rp(sin Y +sinw) {13)

Solving for the horizontal visual angle g . measured from straight ahead of the cruising
airplane,

Q@ =arc tan X (9)
X
Substituting in Equation {12) and Equation {13)
RT(sm ‘4! +sinW )

g = arc tan (36)
V.t+Ro(cos  -cosw )

From the geometry of Fig 86 the horizontal visual angle B , measured from straight ahead of
the turning airplane, 1s

B +(90° - a )+(90° - w ) =90°
Simplifying
B :a:w - 90° (10)

Distance between airplanes at time t 1s

2o % 4 ¥° (11)

After developing the formulas, 1t was noted that several visual-angle charts would be required to
represent all possible combinations that could occur between the variables involved 1n this
condition To construct a minimum number of charts that represent all possible cornbinations of
the variables, the law of geometric similarity was applied Figures B7 and 88 are geometrically
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siumilar Therefore, the corresponding angles are equal and the corresponding sides are
proportional

The charts for Condition C were developed with the use of assumed specific values of
VTO' Vco' to, RTO' and \(} 0 These parameters are shown in Fig 87 The actual case to be

investigated 1s represented by Fig 88 It is necessary, then, for the reader to establish the
correct propertion between the parameters shown in Fig B7 and the parameters used in the
actual case shown i1n Fig BB 1n order to enter the charts

To establish these proportions, the following formulas are obtained from the geometric
sirmilarity between Figs 87 and 88

apg " a
B,-8

BO =8

Also

Zo %o

2 RT

vc vc

_.9 = — , and
V. v

'I'0 T

The parameters needed for entering the visual-angle charts are A, the absolute difference 1n
heading at collision as related to I.I)‘ , and tO’ the time before collision

v v v

o g c
Since A = ' = , and 4’0 = lp, then ty 1s the only unknown

vT VT Vr

o 0
From Figs 87 and 88, 90 = Koto and @ = Kt, where K or Ky = rate of turn, in degrees per
minute Since 90 = 8, then
Kt

oK. (37)

If Vi 1s in mph and K (rate of turn) 1s 1n degrees per minute,

5042 03V.I.
K=— = (38)

Ry
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and

tan A = —— = (15}

Substituting Equation {15) in Equation (38),

K . 75.254 18 tan A (39)

Vr

Substituting Equation (39) and Equation (37},

_ 75,254 18 tan A t (40)

KoV

to

In computing the points necessary for drawing the curves, the following values of the parameters
were used

KO = 360 degrees per muinute, R0 = 2801 13 feet, and VTO = 200 mph
The following values of the independent variables used

IPO = 0" to 360° 1n 30° i1ntervals

v

C
—— 15 used instead of V
v, ‘o

= 02,04, 06,08 10,125, 167, 25, 50, &=

tO:O,Ol,OZ,03,04,05.06,07,08,09.10

Since the value Ko = 360 degrees per minute was held constant, then Equation (40) becomes

_209 2 tan A t (8)

Vi

t

Since the value RO = 2801 1 feet was held constant, then
Z.R

2 20T (16)
2801 1
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DERIVATION OF FORMULAS FOR COLLISION CONDITION D

For this condition, two airplanes are assumed to be on a collision course, both air-
planes making a left turn Figure 89 shows the physical significance of the horizontal
visual angles and of the distances involved i1n this condition The horizontal visual angles
are measured from straight anead of the pilot at the time of investigation

Locating the center of the larger circle with respect to the point eof collision or the
origin of the X and Y axis

a =Rsiny (41)
b = Rlcos lp {42)
W= Kot {28)
Where
Ky = the rate of turn of the airplane turning on the smaller circle, 1n degrees per minute
t = fime of investigation before collision, 1n minutes
Also

w, =Kyt - (25)
Where
Kl = the rate of turn of the airplane turning on the larger circle, 1n degrees per minute
t = the time of investigation before collision, 1n minutes

The co-ordinates of the airplane turning on the smaller circle, with respect to the airplane
turning on the larger circle at time t, are then given by

X, =R (1 -cosw 26)
0

o)

4
]

=Ry sin W, (27)

And the co-ordinates of the airplane turming on the larger circle are
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X =b-R1cos w

1 I

When Equation {42) 15 substituted for b,

X

1 =Ry (cos Y- cos u.ll) (z23)

Y1=a.-R1 sin wl

When Equation (41) is substituted for a,
Y, =R, (s1n Y - sin w,) (24)
When these co-ordinates are used, the following 15 derived

Y. =Y
tanB:—l——G— (29)

XO-XI

Substituting 1n Equations (26), (27), (23), and (24)

R, (sin \IJ— s1n qu) + l'\'.0 s51n UJO

Ry (1 - cos UJD) - R, (cos l’.l - cos “"1) (43)

@ = arc tan

In solving for @, the horizontal visual angle measured from straight ahead of the airplane
turming on the smaller circle,

@=w,-0-90° (20)

In solving for B, the horizontal visual angle measured from straight ahead of the airplane
turning on the larger circle,

B=-w -e+90° (21)

The distance between airplanes at time t 1s as follows-

z =.~/(1-c0 -x,)% 4 (v, - ¥ (22)

To construct a minimumnumber of visuval-angle charts to represent the variables involved 1n
this condition, the same law of peometric similarity 1s applied as was explained in detail in the
derivation of formulas for Collision Condition ¢ In this case the similarity between Figs 90
and 91 1s used

_2092 tan At (8)

Vo

to

GFD 217613 4
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Also

R, Z
=% 0 (30)

Z =
1400 56

In computing the points necessary for drawing the curves, the following values of the parameters
were used

Held constant K0 = 360 degrees per minute, R0 = 1400 56 feet, V., =100 mph
0
The following values of the independent variables were used

\P 0= 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°

Vo
A=—"1-0,02,04,06,0810,125 16750, 0

>
Ty

t0=0,01.02,03.04,05,06.07,08,09,10

R/A=10,20,25,30,35,40,6, 8, 10

Note R/A = ——=

Formulas Needed to Determine Visual Angles and Distances for Two Airplanes on a Collision
Course While Flying 1n the Horizontal Plane and Turning in Opposite Directions (Derivation 1s
Similar to Two Airplanes Turning in Same Direction)

wy =YKt (45)

R, (cos Y - cos 8,)-Ry(l -cos wp)
tan § = (46)
R, {s1n 41 - s1n qu) +Rgsin w,

a=wgt6+180° (47)

W

W, + 0+ 180° (48)
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X

Z = (49)
sin @

)!I:R1 (cos lp—cos wl)-RO(l-cos wo) (50)

Where

Rl = Radius of the larger turning circle, in feet

R0 = Radius of the smaller turning circle, in feet
K, = Rate of turn of the airplane on the smaller circle, 1in degrees per minute
I’C1 = Rate of turn of the airplane on the larger circle, 1n degrees per minute

t = Time of investigation prior to collision, 1n minutes

a = Visual angle required from the airplane flying on the smaller circle to see the airplane
on the larger circle at time t, 1n degrees

ﬁ = Yisual angle required from the aircraft flying on the larger circle to see the airplane
flying on the smaller circle at time t, 1n degrees

Z = Distance between the airplanes at time t, in feet

\IJ = Difference 1n heading at collision point as established in Table IV

TABLE IV

RELATIONSHIP BETWEEN VIAND THE ABSOLUTE DIFFERENCE IN HEADING
AT COLLISION FPOINT FOR TWO AJRPLANES TURNING IN OPPOSITE DIRECTION

Difference 1in Heading Condition Value of \P
at Collision in Formulas
(degrees) (degrees)
180 0
90 With the airplane turning a0

on the larger circle on the
left of the airplane turning
on the smaller circle at
collision point

0 180

90 With the airplane turning 270
on the larger circle on the
right of the airplane turning
on the smaller circle at
callision point,
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APPENDIX 11
FLIGHT~-PATH ANALYSIS

The flight paths that are shown 1n Figs 92 through 108 are actual samples of the typical
flight paths of most types of aircraft They were made so that a better understanding of air-
craft flight paths 1n the vicimty of airports would be possible Day and night flights were
recorded

Figures 92 through 96 show flight paths that were recorded at Indianapolis, Indiana
The Indianapolis Werr Cook Municipal Airport was considered to be the average airport with
respect to traffic and terrain conditions

Figures 97 through 101 show flight paths that were recorded at the Birmingham Munici-
pal Airport at Birmingham, Alabama This airport was selected because of 1ts rough terrain
immediately surrounding the airpert A 20-focot-increment elevation-contour grid 1s overlayed
on the airport Figure 110 shows the mountainous terrain at Birmingham Airport

Figures 102 through 108 show flight paths recorded at the Chicago Midway Airport at
Chicago, [llinois This airport was selected because of the large number of aircraft that use
1t

RECORDING PROCEDURE

Three sighting stations were employed to record the aircraft flight paths Each sighting
station was equipped with a David White Company Theodolite Model No 6061, one two-way
radio, one stop watch, and two personnel to man the station A typical sighting station 1s
shown in F.g 109

The sighting stations were located on each airport as far apart as possible (3000-foot
minimum} and as near the formation of an equilateral triangle as terrain and obstructions
permitted In all cases, each sighting station was visible from the others to permit azimuth
triangulation readings and altitude information The theodolites were leveled and the azimuth
scale was zeroed on a point that was visible from all three stations This point in most cases
was the control tower on the airport ZEach station recorded elevation and azimuth locations
of another cormmeon point 1n crder to obtain further reference for accurately locating the
sighting stations

Upon sighting an approaching aircraft, radio contact with the other two stations was made
and stop watches were synchromzed Azimuth and elevation readings of the aircraft were made
at 15-second intervals Later, these points were plotted and the curves were drawn
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Fig 98 Typicai Flight Paths in the Viciruty of Airporis
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Fig 103 Typical Flight Paths in the Vicinity of Airports
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Fig 109 Typical Flight-Path Recording Station
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Fig 110 Birmingham Municipal Airport



