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SECTION I

INTRODUCTION

The initial motivation for conducting this study of wind shear
effects on automatic landing was generated from observation of air-
craft performance during automatic landing flight testing. During
some tests, the aircraf t terminated flare by “floating” in ground
effect two or three feet above the runway. Sometimes the aircraft
rotated too quickly at flare initiation , requiring corrective action
by the pilot.

Another abnorma l test resul t had oppos ite symptoms during flare.
In these cases , the aircraf t appeared not to rotate enough at f lare
initiation , or even pitched down slightly during flare.

Analys is of airspeed and groundspeed h istor ies for these
particular flights showed interesting trends. In most cases, the
floating condition described above was accompanied by am increase in
airspeed near the ground, with a decrease in groundspeed, thus
indicating a rather rapid increase in headwind component. The second
condition , diving dur ing fl are, was of ten accompan ied by a rapid loss
of airspeed , wi th a slight gain in groundspeed . This indicates a
loss of headwind component. These changes in longitudinal wind
component were attributed to wind shear, and a computer simulation
was designed to inves tiga te the se trends in a more controlled
environment.

Before d iscussing the results of the study, an intui tive analys is
of the problem is appropriate. Wind effects on aircraft landing can
be logically separated into two categories : effects due to steady-
state winds , and effects due to changing winds. For the purposes of
this report, any reference to “wind”, unless otherwise stated, means
the longitudinal component of the wind along the forward velocity
vector of the aircraft .

An aircraft flying at a given airspeed in a steady-state headwind
or tailwind will have a groundspeed that differs from its airspeed by
the magnitude of the wind. For example , an airspeed of 150 knots in a
30 knot headwind yields a groundspeed of 120 knots. Since approach
airspeed is dictated primarily by aircraft configuration and is
rel atively independent of steady-state wind velocity , groundspeed
during the approach will be largely a function of wind velocity. Also ,
since the aircraft is constrained to fly along a glidepath fixed in
space , there will be a proportional change in vertical speed and power.
These variations create few problems until flare, the last 40 to 70
feet of altitude . Flare involves a critical transition from primarily
air-based motion to primarily ground-referenced motion, that is, from

1
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t l y in g to ground r o l l .  The desired f ina l cond i t i ons  remain  unchanged ;
there  is a s p e c i f i e d  v e r t i c a l  speed at touchdown and a des i red touch-
down distance down the  runway , W i t h  ver t i c a l  and ho r i z on t a l  speeds at
flare initiation var ying due to wind , the  con t ro l required to b r i n g
the  a i r c r a f t  to these f ixed  f i n a l  c o n d i t i o n s  ~ i 1 l  va ry .

t he  second category of w i n d  e f f ec t s , t hat due to ch an g i ng t’. i nds ,
c ;I I iSe5 f u r t h e r  compl ica t ions .  Becau se of an a i r c r a f t ’ s m ass and
i n e r t i a , and sensor delays , a change in wind speed w i l l  t ake  a per iod
of t ime  to change the  a i r c ra f t ’s groundspeed. Thus , an a i r c r a f t
a t t e m p t i n g  to hold an approach airspeed mi ght lose or ga in  airspeed
in a wind  shear , w i t h  the sever i ty  of the c o n d i t i o n  p a r t i a l l y  dependent
on the  magni tude  of the w i n d  shear and speed w i t h  w h i c h  i t  occurs.
This airspeed change can a f fec t  aerodynamic forces on the a i r c r a f t  and
contro l effectiveness for maneuvering, possibly causing ser io u s co n t r o l
problems during landing . This is particularly true when the flight
control is performed by autopilot , since autopilot gains are usually
selected for one aircraft airspeed .

These two effects of winds , due to constant winds and due to
changing winds , have varying levels of dominance depending on wind
magnitude , type of wind shear, and certain aircraft characterist ics.
R efe rences are made throughout t h i s  d i s c u s s i o n  to  these f a c t o r s  and
how they a f f ec t  the landing parameters .

Evidence  of the r e a l i t y  of the wind shea r prob lem 1’r no rma l
aircraft operat ions  i s  i l l u s t r a t e d  by recent  air craft i n c i d e n t s .  On
4 Janua ry 1971 , n ine  consecut ive  a i r c r a f t  executed m i s s e  approaches
t o  runway O.I R at Kennedy In t e r n a t i o n a l  A i r p o r t , NY , due to touchdown
poin t overshoots , Measurements  conf i rmed the  e x i s t e n c e  of a t a i l w i n d
dec reasing w i t h  a l t i t u d e  at a rate of about 20 k t s / l 0 0  f t  (Ref 4 ) .
Another  notable wind shear inc ident  invo lved  a fatal DC-b accident at
Boston ’s Logan Internationa l Airport on 17 December 1973. The d e t a i ls
of the wind shear and aircraft performance are discussed in the discussion
sec t ion  of this  report. These cases , as w e l l  as many recent suspected
h i n d  shear acc idents , d r a m a t i c a l l y  i l l u st ra t e  the  n eed for  resea r ch i n to
w i n d  shear  e f f ect s  on l a n d i n g .

2 
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SECTION I I

SCOPE OF RESEARCH

The objective of this study was to compare automatic landing
perf orman ce under d if fe rent types of wind shear and to ident i f y the
cause of performance degradation s in each case. The parameter of
interest was longitudina l touchdown point. Vertical speed at touch-
down was considered when it contributed fur ther  ins ig ht into the
landing performance.

The main comparison studied was between two types of shear models
which fol lowed l i n e a r  and logar i thmic  prof i les.  Linear models of
8 kts/ 100 f t are used by the FAA for Category I I , Category l i l A , and
Automat ic  Landing System cert i f ica t ion  cr i ter ia  in Advisory Circulars
120-29 , l 20-28A , and 20-57A . The m i l i t a r y  does not addres s wind shear
at a l l  in the Handling Qualities Military Specification , MIL-F- 8785B.
In contras t  to these speci f ica t ions , many recent meteorological
studies have shown that  average wind shear p rof i les  more c losely
resemble a l oga r i t hmic  curve (Ref 3, 9) .

The mos t probable reason for the use of l inear shear prof i les
for ce r t i f i ca t ion  is the nature  of p i lo t  reports of shear in tens i ty .
A p i lo t  can determine , for example , a loss of 8 knots airspeed from
an altitude of 200 feet AGL to 100 feet AGL , and report this as a wind
shear of 8 kts/ 100 ft. This format is fine for estimating expected
values of wind shear. Howeve r, it is not necessarily an accurate
indication of what the wind shear value was from 300 feet to 200 feet
or from 100 feet to the ground. In other words , the apparently linear
wind shear that a pilot notices from 200 feet to 100 feet mi ght only
be a segment of a total logarithmic wind shear. Regardless of the
cause for the use of l inear w ind shear models , it appears to be worth-
while to compare autoland response to the two types of wind shears.

The wind model used for logarithmic wind shear is similar to the
neutral stability case for atmospheric conditions (Ref 3). This model
is developed in detail in Appendix A. The linear shear was programmed
to beg in at the same al titude as the logar ithm ic shear and decreas e or
increase by the same magnitude in comparative cases. A third wind
shear , called a “knife-edge” shear , was a smoothed step change in w ind
velocity. Profiles of these w ind models are i llustrated in Figure 1 .

The autoland flare system chosen for simulation was an exponential
h flare system. Although technically not a state-of-the-art system , it
did represent an off-the-shelf example of current flare systems. The
f l are law and system desi gn are discussed in more detail in Appendix B

.3



- — . - — —--
~~-~~~~~

--- - ‘—.--,
~~~~~~~~~~

-—
~~

—— . — .-— -—----- - —- -  

~ 

.— ---.

~~~~~~~~ 
—-- 

~
-
~~~~~~~~~~~

--

:::~::::: ~
-:--

~
-:---— 

. :::~::: :::: .: . j : E ~~~r~:: : z J  : :::~~ ~~ ::. 
- i~ ::~~ ~ 7: ::~T: ::

~~~~ ~~~ 
~:~~~~~~

11~ 
~~~ ~~~~~~~~~~~~~~ 

~~~~~~~~~~ 

tt 
~~~ ~~ :~ :~ 

L ~~~~~ ~~~~~~~~ ~ rn ~ ~ ~ ~~~~~~~ ~ 1 ~~~~ ~ ~ ~ ~ ~~~~~~~~~ ~~~~~~~ 
.- 

~ .- ~ -:
-
~ .~: ~ ~~~~~

~~~~~ ::::~~: ::~~ ::: : z ~-::: 
• :: - : :::  . -

~~~ -~ : ~~~~~~ ::~-:-:~~ :
- _ - i

~ ::::::. ~ ::::~~________ ________ ________ - _i____ .— ~-— — —. _______ ________ ________ —

:~~ 1::: -.:~~ :::: ::: i - ::::::~:: ~:
_
~1—, t 2 t L  ; i~ : :  

.-— ~1-~--~ - - . — -.-. .—~- * .—.-.-. - — .—.- - . . .“~~~~ - ,  *-. — .- ,- ,-.---‘-.-- :::~~~~:: ~~~~.: :: ;2± :::: ~.~:~~
-
~::: ~.2-~~: ::::~:::  ::;::2:i ~ . 4~~ttr~ :~~:~~~::::: ;~ ::~ : ~~T:tr : :::~r~~:~ ::~:;:~~ 

+.- .~~~~~~~ - ,-- ~~~~~~ 

:~~:: ~ t~::~ ::::~~ 4i ~~~~~~ -~ - - *-.. , - + .-. .-. ~-.-~~,--. -.- •

—

->

~~ ~~~~~
~ I

~~ ti~~ -~ 
- -. 

+
t~~~~

t 
~

-
:~

•-

~~

—• 
~~~ 2:

r1i~~. ~~ i-i~ jj~4~4.j  -
~~~~~

- ~~~~ ~i4~:j~~: 
_______ 

:~t::::::

~:::~~ ::~ ~~~~ I ~~~I-:~~. :::::::~ ~ ~~:: :t~~~~~ 2~~:~~: ~~h:~

~~~~~~~ ~~~~~~~ LT~ ~~~~~~~~
~

~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~:::~:; ::~-i-fE~
- 
~:z~~:::: ~~~~~ ::~ :II r~4~ ::~~~:Ii ::::::~~ ~~~

~~~~ _____ 
— 

_____ _____

_ _ _  __ _  _ _ _ _  _ _ _  _ _ _ _  

F~~ _ _ _ _  ~1 _ _ _ _

I



- . ~~~~~~~~~~~~~~~~~~~~~~~r-- ~~--- —

The aircraft model and autothrottle system are described in
Appendix C. The aircraft modeled was an Air Force KC-l3SA four-
engine jet transport. The simulation modeled only the longitudinal
equations of motion.

Simula ted  shear cases are ana lyzed  f i r s t  w i t h  headwind condit ions ,
the most l i k e l y  encounter for a landing a i r c ra f t . The comparison of
t a i l w i n d  cases with no wind cases , however , is usual ly  somewhat easier
to ana lyze .  Both ana l yses are included for each shear type . In general ,
the discussion w i l l  compare wind  shear condition l andings to a no-wind
condit ion , both of which are referenced to a nominal case. Nominal ,
as i t  is use l here , refers to the prof i le  defined by the flare law
equations which  do not consider a i rc raf t  dynamics or atmospheric
disturbances , It  is the p ro f i l e  that  would be commanded by the flare
system under no-wind condi t ions .
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SECTION I I I

CONSTANT WINDS

The simplest type of wind condition is one with a constant
magn itude throughout the entire descent of the aircraft. These constant
winds affect primarily the groundspeed and initial conditions at flare.
Because airspeed rema ins unchanged , aircraft response to control surface
deflection is relatively constant, Therefore, response delays to
initial flare law commands remain the same. These response delays
normally cause an initial error between the computed flare law flight
path and the actual profile flown , If the initial conditions are changed
by constant winds , this ini tial flare error will be changed , and ultima tely
the landing performance will be different than without winds.

The analysis of headwind or tailwind effect on autoland performance
is fac ili tated by compar ing these cases wi th a “no-wind” case. Regardless
of the winds present, the aircraft will overshoot the nominal flare path,
since the automatic fl are system must see an error before it can genera te
a command to the eleva tor to close out the error. In the case of a head-
wind , the aircraft has a lower initial sink rate than in no-wind at flare
initiation. This results in less of a flare law (nominal flare path)
overshoot than that which occurs in the no-wind case, and the system
closes out the error more quickly. Figure 2 demonstrates this reduction
in flare law overshoot, as shown by the headwind flight path starting out
above the no-wind flight path. Later, dur ing the f inal seconds of flare,
the headwind flight path descends through the no-wind case and lands
shorter , shown in Figure 3. This is due to the nature of the flare law,
a ircraf t groundspeed , and aircraf t airspeed.

The f la re law is a schedule of vertical veloc ity as a function of
altitude. As shown in Appendix B, if the aircraft flares according to
th is schedule , the vertical velocity will be reduced exponentially, or

= C
1
e
_at

where C and a are constants determined by desired ini t ia l  and final
conditions. Integrating the above expression yields the altitude profile:

h = C
2e

_at
+ b

where b can be adjusted for a desired touchdown bias. Since this profile
is a function only of time, range covered during flare varies with ground-
speed. While the al titude is governed by the vertical velocity schedule ,
forward motion is governed by groundspeed which includes the influence
of winds .

6
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FIGURE 3. Flare In A 3OKT Headwind

The flare depends on more than just these physical considerations,
though. As stated before, initial vertical velocity has an important
effect on the control response. It was shown earl ier that altitude is
a function only of time in the flare law equation. If the aircraf t were
able to fly a flare profile that exactly satisfied the equation, head-
wind and no-wind flare paths would be identical when plotted against
time. However, Figures 4 and 5 show that this is not the case. At first
the altitude versus time plots diverge monotonically because of different
initial vertical speeds. The start of the flare maneuver in Figure 5 is
identifiable as the first bend after a constant vertical velocity. Flare
appears to start at about the same range, but the no-wind case has a
steeper slope as vertical velocity is reduced. This indicates greater
control deflections and faster pitch rotation in the no-wind case,
necessary to reduce the initial vertical velocity excess, as compared to
the headwind case.

Because of the stronger initial flare response and a higher ground-
speed, the aircraft lands longer in the no-wind case than in the headwind
case. The important factor in the latter stages of flare is the higher
groundspeeds. As Figure 5 shows in the vertical velocity versus range
plot, the no-wind vertical velocity is higher at all ranges, yet the
aircraft lands longer. Without the higher groundspeed in no-wind, the
altitude covered with this sustained higher vertical velocity would result
in a much shorter landing.
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Another consideration in this case is the airspeed response to the
open loop throttle retard described in Appendix C. Since throttle retard
is a function only of time, and the headwind case takes longer to land ,
the airspeed loss due to throttle retard in a headwind is greater. The
loss of airspeed reduces control effectiveness and re-enforces a shorter
landing.

Bes ides these three factors, there is another effec t due to f lare
law stability . A less than cri ti cally damped f la re law will cause second
or third overshoots of the nominal flare path. In such a case, one could
expect an initial flare law overshoot after the flare law is first
engaged and the aircraft initiates a response. Later in the flare, the
aircraft might experience a second overshoot above the profile due to
overcorrection from subcritical damping. However, since aircraf t maneuvers
are generally very limited during flare for safety reasons, most f lare
laws are heavily damped. This implies that in the absence of disturbances,
the aircraft will not experience a second overshoot. As discussed earlier,
headw ind or tai lwind cases might initially overshoot the computed profile
to a greater or lesser extent than the no-wind case, Therefore, flare law
damping considerations are important when wind cases are compared to no-
wind cases. Even though two f l are laws are heav i ly damped , the lesser
damped law may contribute to a second overshoot of the no-wind profile
while the more heavily damped law might not allow a second overshoot.

The overall dominant trends for the constant headwind case can be
summarized by four observations. First , lower initial vertical speed
allows less flare law overshoot at flare initiation and softer pitch
commands later in flare. Second, lower groundspeed reduces the amount of
range covered per uni t time , wh ich is the only independent variable in
the flare law equation. Thirdly, a longer t ime to f lare causes more of
a throttle retard, reducing control effectiveness to flare commands at the

• end of flare. F inal ly ,  f lare law damp ing w i ll determine the possibili ty
of mild oscillations in the flare path.

The analysis of tai lwind landings can be done by analogy to the
prev iously discussed headwind/no-wind comparison. The tailwind flare
compared to a no-wind flare looks like a no-wind flare compared to a
headwind flare. That is, a tailwind causes even more initial flare law
overshoot, greater p itch commands , higher groundspeeds and a shorter time
of f l i ght.

From the descri ption of the effects of cons tant winds , one cou ld
comment that it appears that wind changes the stability of the tracking
task. In effect, this is exactly what happens. With non-adaptive gains
in the autopilot, a higher groundspeed caused by a tai lwind destab il izes
th e aircraft on its approach along a glide path fixed in space. Simi lar ly ,
a headwi nd increases the stability of the aircraft during glideslope
tr acking .

Figures 6 and 7 show various magnitudes of headwinds and tailwinds ,
which are a family of curves.
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SECTION IV

LINEAR SHEAR

This series of simulated approaches used wind that changed as a
constant function of altitude . The wind was constant down to 500 feet
altitude, then decreased linearly to 0 knots at 0 feet altitude. In
this case, altitude was referenced to the aircraft center of gravity,
so tha t 0 kno ts of wind at 0 feet altitude was what the aircraf t
actually saw at touchdown. The initial headwind or tailwind magnitude
could be specified for each approach.

The initi al effec t of a headw ind shear , a headwind that decreases
in magni tude , is very sim i lar to the cons tant wind case. The residual
headwind and low groundspeed at flare initiation reduce flare law over-
shoot, and the airc raft flares above the no-wind profile. Although the
aircraf t is sti l l  somewha t low in airspeed , the thro tt les had corrected
some airspeed error prior to flare. At flare initiation , the open loop
thro tt le retard prevents further error closure. Reduced control
effectiveness due to initial airspeed error was not a dominant factor
in touchdown dispersion. In all magnitudes of linear shear, includ ing
up to 40 knot headwinds, ini tial ver tical speed error had a greater
effect on flare performance.

The effect of a linear shear on the later stages of flare are
dif fe rent than the effects of cons tan t winds. Figure 3 showed the
constant headwind profile descending through the no-wind profile toward
the end of the flare. In a linear headwind shear, shown in Figure 8,
the flare path stays above the no-wind path. Because the headwind has
sheared off , but the aircraf t has not los t airspeed , the aircraft’s
groundspeed is higher than in the case of a constant headwind. With
similar control effectiveness, one would expect the paths to remain
nearly parallel throughout the remainder of the flare, as is the case
in Figure 8. Furthermore, once the initial vertical speed difference
is made up by the system in the no-wind case, the vertical speed versus
range and time plots in Figure 9 are coincident. Because the no-wind
case had a sl igh tly higher vertical speed for a per iod at the beginning
of f lare, it is at a lower altitude throughout the flare and touches down
before the headwind shear case.

There is another interesting airspeed phenomenon that occurs in a
linear headwind shear. When the aircraft first enters the wind shear
at 500 feet, it loses airspeed as explained in the introduction. The
automatic throttle system then increases throttle position to make up
the airspeed loss. Entering fla re while still low in airspeed, the air-
craf t has a higher than usual throttle setting. Therefore, an open loop
throttle retard is less successful in reducing airspeed . In fact , even
though the airc raft enters the flare low in airspeed in a linear headwind
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shear , the rate of airspeed loss dur ing  f l a re  is small  enough that  the
airspeed near the end of f lare  is the same or hi gher than the airspeed
in no-wind . When this airspeed excess is combined wi th  the higher  f l a re
path in the linear headwind shear case , the result re-enforces a longer
touchdown point .

Predictably,  a l inear t a i l w i n d  shear has the opposite effect  on
long i tudinal  touchdow n point . As i t  descends , the a i rc ra f t  is decelerated
by the decreasing t a i lwind  component. A higher sink rate at f la re
in i t i a t ion  due to the remaining t a i l w i n d  and high airspeed contr ibute  to
a large vert ical  speed overshoot of the computed schedule. Thrott les  are
already somewhat retarded in an at tempt to regain proper airspeed , and
the open ioop retard at flare creates such a thrust def ic ient  condition
that airspeed is lost very qu ick ly .  Th e u l t i mate resu l t is a shor t and
hard landing . Various magnitudes of linear shears are i l lus t ra ted in
Figures 10 and 11.

Once again , the effects  of l inear  shears are dependent on the f l a re
law , aircraft , and th ro t t l e  system . One would expect i n t u i t i v e l y  that
a decreasing headwind causes shortened f l a re  in an automat ic  landing ,  and
this has been the case in some previous studies in the l i te ra ture  (Ref 2 ) .
However , the reason for a short f la re  in previous studies is a loss in
airspeed . As discussed earlier , there was a loss in airspeed for th i s
system , but other effects  were dominant .  The analysis  of logar i thmic
shear later wi l l  i l lumina te  some in teres t ing  contrasts  w i t h  the l inear
shear.
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SECTION V

LOGARITHMIC SHEAR

A logarithmic shear model was used for the next shear condition .
Uhc j u s t i f i c a t i o n  for t h i s  par t icu lar  mathemat ica l  descr ip t ion  of shear
~.an be found in many recent references and is current ly  considered to
be a more accurate model of actua l measured shears (Ref 3). The
development  of the model is explained in Appendix A ,

Uhe l o g a r i t h m i c  shear equat i on is of the form :

Wind V C l n ~~—
= w hVeloc it y o

where h = wheel he ight

This shear model has an in te res t ing  property in that  it has an
i n f i n i t e  number of der ivat ives , The s i g n i f i c a n c e  for an automatic
f l a r e  system is that  i t  is t h e o r e t ic a l l y  i m p o s s i b l e  to bui ld  a closed
ioop system w h i c h  can zero a f l a r e  error when the disturbance is
l o g a r i t h m i c .

Flie performance of the a i r c r a f t  in  s i m u l a t i o n  is as poor as the
I rhenla t ical predic t ion  above, Range and s i n k  ra te  dispersions were
much greater  due to l o g a r i t h m i c  shears  than w i t h  l inea r  shears.  An
even  more surpris ing result  was that  dispersions were in the opposite
d i r e c t i o n  of the l inear  shear cases . Compared w i t h  a no-wind case ,
to ~ : i r i t h m i c  headwind shears yielded a shorter  f l a r e , w h i l e  l inear
h e adwind  shears produced a longer f l a r e .  This  is i l l u s t r a t ed  in
Figure 1. - .

To e x p l a i n  th i s  apparent con t r ad i c t i on  in r e su l t s  requires an
- ‘ i m i n a t  ion of the iirspeed h i s to ry  of the  f l a r e  in  addi t ion to an
:iiial ysi s of the iner t i a l  states as done for l inear shear. A
I~~ iir ith in i .- increase  or decrease in the wind speed fa r  exceeded the

• I h i l i t y  of the automatic throt t les  to respond . For example , in the
a — e  of a logar ithmic  headwind shear , the airspeed is not only low

at  the  t i m e  of f la re , but decreasing , In Figure  13 , for a 20 knot
headwind -;hear , the airspeed is 3 f t/ sec  low at the time of f lare
i n i t i a t i o n . This low airspeed s l i gh t l y  reduces control effect iveness

• t o r  the a i r c r a f t  during f la re,  Since the f lare law is designed for a
~p evi t

’ic airspeed , the aircraft will not respond to flare commands as
rapidly. In the previously discussed case of linear shear, the air-

t~;ls al so low , but increasing at flare initiation . In the case
of logarithmic shear, the initial airspeed is lower and decreasing.
Hi other words , at flare initiation the aircraft is accelerating in
airspeed in a linear headwind shear and decelerating in airspeed in a
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FIGURE 13. Airspeed In A 2OKT Logarithmic Headwind Shear

logarithmic headwind shear. This can be explained by a combination of
two factors . First , a logarithmic wind shear has a higher rate of
change of wind magnitude at the lower altitudes than with comparable
linear shears. An aircraft at flare altitude is likely to experience
large wind gradients and therefore large airspeed changes. For
example, in a logarithmic headwind shear, the aircraft is significantly
below the nominal airspeed. Secondly, because the onset of shear is
gradual, the throttles do not respond as much initially as they do in
the linear shear case. Consequently, when the aircraf t reaches flare
altitude in a logarithmic headwind shear, it does not have the greatly
advanced throttles as in the linear headwind shear case. Therefore,
throttle freeze and retard at this point have a significant effect on
reducing airspeed even further. Figure 14 shows the results of these
two factors. The aircraft starts flare at a rather low sink rate, but
response is so poor that the sink rate is not arrested well. With the
higher sink rate in the later stages of flare, the aircraft lands both
hard and short.
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_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

tn a logarithmic tailwind shear , the aircraft is high in airspeed
at flare initiation. The throttle retard is not effective in correcting
the situation, since it takes about 5 seconds after flare initiation
jus t to return the airspeed to the initial flare value, as shown in
Figure 15. With this excess airspeed , the aircraf t easily closes out
the flare law error , and in fact, overshoots the error due to excessive
control response. This causes the aircraft to depart above the no-wind
prof i le, and extends the flare to a very soft touchdown as the aircraft
floa ts in ground effec t. Various magnitudes of logarithmic shears are
plotted in Figures 16 and 17. 
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It is interesting to note that as the shear initiation altitude
is chosen lower , a linear shear becomes a piece-w ise linear approxima-
tion to a logarithmic shear in the flare regime, and resul ts are
similar to the logarithmic shear case. Mathematically, th is can be
explained by the presence of the discontinui ty between constant wind
and the linear shear. The aircraft is responding to a highly non- 

F

l inear input, which results in a transient at the time of flare.
Figure 18 illustrates this comparison.

One further significant relationship exists between a certain
class of logarithmic shears. For a shear of a given magnitude , the
longitudinal dispersion is not directly related to the final wind value.
That is, a shear from 40 knots to 20 knots does not produce a worse
dispersion than 20 knots to zero. In fact, as shown in Figure 19,
these parameters are somewhat inversely related . The longitudinal
dispersion is actually reduced slightly in the higher wind condition.
The reason for this is that the h igher or lower groundspeed , caused
by the remaining wind and inertia, opposes the effect of the airspeed
gain or loss due to the shear. For example, in a 40 knot to 20 knot
headwind shear, the aircraft still has a significant headwind during
flare. This reduces flare law overshoot and increases the aircraft’s
abil ity to f ly  the computed f la re  law pa th , as in the constant headwind
case. Therefore, low airspeed caused by the shear is less of a problem.
A 20 knot to 10 knot shear has the same airspeed problem due to the
same magni tude shear , but does not have the advantage of a higher over-
all headwind .

This relationship is significant for logarithmic shears. In
aircraft opera tions , hi gh ground winds are of ten considered ind ica tions
of an increased probabili ty of shear. However , for some autoland
system -s, it is pos~ ible that a smaller shear occurring with a lower
ground wind can more greatly endanger the landing.
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SECT I ON VI

KNIFE-EDGE SHEAR

The last shear used for aircraft disturbance simulation was a
type classified as a knife-edge shear. For this condition , an ini tial
constant wind quickly shears severa l knots to another constant value.
Specifically, total shears of 2 1/2 and 5 knots were used , smoothly
vary ing from initial to final value over an altitude of 10 feet,
starting at various altitudes from 70 feet to 20 feet. This type of
shear is typical of the very unstable wind profile classification
(Ref 3) and is often associated with a directional shear.

The effect of a knife-edge shear on flare performance is quite
predictable. With no pr ior disturbances , such as another shear, the
only immediate effect is a gain or loss of airspeed. After the air-
speed change s, secondary effects will occur, such as pitch changes ,
vertical acceleration, and inertial acceleration or deceleration.
The magnitude and direction of these responses depend on aircraf t
confi guration, initial conditions, and knife-edge shear characteristics.
The dominan t effec t in th is simul ation was a gain or loss in control
effectiveness due to the airspeed change.

For a tailwind shear or gain in airspeed, the aircraft landed
long; and for a headwind shear and loss in airspeed, it landed short
of the no-wind case. Interestingly, dispersions were worse when the
shear occurred lower for the tai lwind case, and worse when the shear
occurred higher for the headwind case. The reason for this is related
to the error closure in the flare law equation.

In the case of headwind knife-edge shears, the loss of airspeed
reduces control effectiveness and lift, thus the aircraft drops below
the no-wind profile. If the shear occurs higher, the aircraf t spends
more time at a lower airspeed , but also has more time to correct for
the airspeed deficit. However, simulation results show that the air-
craft lands shorter when the shear occurs higher. This is caused by
the loss of lift and control response adding to the normal flare law
overshoot. The worst case is when the knife-edge shear occurs just
before flare initiation , and a loss in l i ft and control response
increase vertical velocity prior to initial flare rotation. On the
other hand, safety considerations might be more critical when the
knife-edge shear occur s at lower altitudes , because the aircraft lands
harder in these cases. When the shear occurs so low, the aircraft does
not have time to correct for the loss in lift which increases vertical
velocity as the aircraft lands. Higher shears give the aircraft more
time to arre~~ the initial increase in vertica l velocity from the knife-
edge shear. The results are plotted in Figure 20.
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For t a i lw ind  shears , the gain in airspeed aids the error closure ..At a high al t i tude , the i n it i a l  f lare  vertical veloc ity error isreduced and the aircraft  more c losely holds the nominal p rof i le , whichis above the no-wind case, But , as the shear occurs lowe r, the error
is already minimized and the aircraft overshoots the nominal profile,illustrated in Figure 21. The overshoot , coupled with nose-down control
limitations and ground effec t, results in a longer touchdown point than
the no-wind case.
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SECTION VI I

DISCUSSION OF RESULTS

This study was concerned with a comparison of landing range
dispersions caused by linear, logarithmic, and knife-edge wind shears.
Using the set of linearized longitudinal equations of motion for a large
je t transport aircraf t, automatic flares were performed in a hybrid
computer simulation with the various wind conditions.

The results of the simulation runs are summarized in Figure 22, a
plot of touchdown point versus initial wind magnitude. All shears were
from the given initial wind value at 500 feet c.g. altitude to 0 knots
at 0 feet c.g. altitude. The comparison illustrates two main points.
First, the slope of the curve connecting the logarithmic shear touchdown
points is greater than the slope of the curve connecting the linear shear
cases. Quantitatively, for the same range of wind conditions, logarithmic
shear touchdown points vary from about 200 feet to 2100 feet from the GPIP,
and linear shear touchdown points vary from about 700 feet to 1600 feet.
Therefore, the dispersions due to logarithmic shears are greater than those
due to linear shears. Second, the slopes of these two curves are opposite
in sign. This means that dispersions for headwinds and tailwinds are on
opposite sides of the no-wind touchdown point for the two types of shear.
For example, a 20 knot tailwind logarithmic shear causes a landing 1050
feet past the no-wind touchdown point, while a 20 knot tailwind linear
shear produced a touchdown 350 feet short.

2400

2000 Logari thmic
Shear -

Range 16OO .~.

From • .
• . 0 Cons tant  Wi nd

GP i::o

400 .- ‘ Linear Shear
cr

0
30 20 10 0 10 20 30

Headwind Tailvind

F Initial Wind
Velocity (Kts)

FIGURE 22. Touchdown Dispersions
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As some ind ication of the impl ica tions of th is study on manual
approaches , an actual airline accident profile was simulated. On
17 December 1973, Iberia Flight 993, a DC-b , crashed short of Runway
33L at Bos ton ’s Logan Airport. The Nationa l Transportation Safety
Board cited excessive wind shear as a primary contributory factor in
the crash. Wind magn itudes and direc tions were ava ilable from the
f l i ght recorder at 100 feet intervals. These were converted to
magnitudes in the direction of Runway 33 and used in a simulated
approach for the aircraft and flight control system in this study, —
Figure 23 shows the actual approach path and the wind profile. The
result was a landing 84 feet short of the GPIP with a touchdown sink
rate of -5.4 ft/sec. A typical zero-wind landing lands 920 feet past
the GPIP at a vertical speed of about -2.5 ft/sec.

An analysis of this profile can be made based on the work in the
previous sections. The wind starts out as a 32 knot tailwind , and
shears to a 15 knot tailwind by 400. The shear rate increases then to
about 8.5 kt/b00 feet to 100 feet altitude where the wind is a 7 knot
headwind, A tailwind shear, as shown earlier, inc reases a irspeed. The
aircraft departed above the glide slope due to insufficient throttle
response to this airspeed increase. Over the last 100 feet, the wind
remains almost constant. Since the aircraft has been responding to
essentially a linear shear, the autothrottle has been reducing throttle
position to decelerate the aircraft to the correct airspeed. However ,
when the wind remains constant, the airspeed falls off as the aircraft
continues to decelerate in its thrust deficient configuration. The
problem is further complicated by throttle retard during flare. Since
ground speed has been high due to the tai lw ind componen t, the aircraft
has li ttle time to increase pitch. In the simulated approach, the air-
craf t was 2 knots high in airspeed and decelerating at 100 feet. Sink
rate was .8 ft/sec high. By flare initiation , airspeed was correct,
but decreasing very rapidly. Sink rate was 1.1 ft/sec high , and
increasing. The touchdown parameters, descr ibed earl ier, included a
short landing with a sink rate of -5.4 ft/sec.

This shear profile was one of the worst for an automatic landing.
Firs t, the strong tailwind shear elicits pitch down and throttle
reduction maneuvers. Then, a constant wind reverses the command in
the autop ilot, calling for pitch up and increasing throttle. By
occurr ing at such a low al titude , the resul t is a lot of unsa tisfied
commands w ith errors that show up as excess ive touchdown parameter
errors.

The point of this discussion was to illustrate the reality of the
wind shear problem for automatic or manua l landings (the DC-b was
autopilot coupled to 100 feet altitude). Even though the pilot assumed
control at the decision height , degradations in aircraft performance
were subtle enough to bring the pilot and aircraft into an unrecoverable
situation (Ref 4).
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SECTION V I I I

CONCLUS I ONS AND RECOMMENDAT I ONS

This study has yielded support for three conclusions on the ef fects
of wind  shear on automatic banding. The conclusions , of course, are
based on the particular aircraft and automatic flight control system
used . The conclusions are :

1. Logarithmic wind shear causes landing dispersions to  the
opposite side of the no-wind touchdown point from l inear
wind shear .

2. For the same magnitude and i n i t i a t i o n  a l t i t u d e  of wind
shear , landing dispersions due to logarithmic wind shear
are significantly greater (often two or three times) than
dispersions due to linear wind shear.

3. Dispersions in touchdown point and vertical speed at
touchdown may be grea t enough to affect the safety of
the landing.

The implications of these findings appear to be significant for
automatic flight control system design. Until very recently, most
criteria for system certification have been based on linear shear
profiles. For an aircraft and flight control system of the category
used for this study, this could yield results that are not only
conservative in magn itude, but erroneous in overall trend. Certifying
an aircraft flight control system based on a computer analysis of
linear shears could cause some surprises when the aircraft later
encounters logarithmic shears in actual operations.

The third conclusion states that shear can cause very serious
pr~b1ems in an automatic landing regardless of the type of shear. In
a 30 knot logarithmic headwind shear, for instance, the landi ng was
only 219 feet from the GPIP and the touchdown sink rate was -6.2 ft/sec,
which is approaching safety limits for a large aircraft. Headwind
knife-edge shears of only S kts at 20 feet cg. altitude caused a similar
result. These shears, when compared with actual wind reports (Ref 1),
do not seem to be unrealistic , suggesting that more design work is
needed in the area of automati c fl i ght control to reduce the effects of
these disturbances.

A word of caution is appropriate in describing the e ffects of wind
sl~ear on landing. As repeated several times throughou t th is report,
many of the resul ts of th is study were dependen t on the con f i gura ti on of
the aircraft and flight control system. Any generalization of these
results to other aircraft must be done carefully. Even more important ,

37



- -—-—--, - -— - -- ——-- - -—- - -_-—-- —--- - --- --- - - -  -—

general ization of these results to manually flown approaches mus t be
done with care. For example, common problems in manual approaches in
wind shear are undershooting the runway in tailwind shears and over-
shooting the runway in headwind shears. This is contradictory to the
resul ts found in this study for logarithmic shears. However, carefu l
exam ination of these manual land ings shows that the landing dispersion
is due to the pilot’s overcorrection of the shear effects and not due
to the shear alone. A headwind shear, for instance, causes a loss of
airspeed and lift . The reaction of the pilot is to increase power
settings, and if glideslope deviations are large enough at low
altitudes , he migh t inc rease pitch attitude to return to the glideslope.
Since his correction is usually not “critically damped”, in a control
sense, espec ially if he is concerned about the safety of the approach,
he is essentially in an “overshoot” condition at the time of landing.
Thus , he f inds  himself  high and fast at the end of f lare.  Of course ,
a shear of large enough magni tude m~.ght prevent the pilot from regaining
the correct airspeed or glideslope at all , thus y ield ing the same result
as with the autopilot in this study. In any case, the point is that we
must refrain from generalizations such as “headwind shears cause short
landings”. Headw ind shears cau se temporary loss of airspeed , lift , and
contro l effectiveness , as described in this report. The resultant
landing is dependent on the autopilot or pilot response to this condition.

The general recommendation evolving from this study is that
performance in wind shear should be considered in automatic flight control
—~vstem design , especially automatic flare. Systems us ing ground and
airspeed inputs , and direc t lift control are attractive candidates in this
area . Because of the sensitivity of the landing parameters discussed in
this report to airspeed errors , improved autothrottle control would
probably be a sign ficant factor in solving the wind shear problem. A
parallel study to thi — . one in the latera l axis , with vector shear , would
likely identif y sim i lar problems.
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APPENDIX B

AUTOMATIC FLARE SYSTEM

The block d iagram of the flare system used for this study is
shown in Figure 24.

The desired equations for the exponent ia l  f la re  are :

1 1
- — t

r K rh = K e -h
T

where b gives a fina l ~i touchdown bias. This is actually the solution
to the d i f f e r e n t i a l  equa t ion :

+ - 
~~

- =  0

The cons tants  can he determined by app ly ing  the boundary condit ions .
For an approach speed of 262 fps , on a 2 .8 ° g l ides lope ,

h (0 )  = — 1 2 .8 f ps

h(0)  = 60 f t  ( a r b i t r a r y )

h ( t f ) = 0 ft

~t(tf) = - 2 . 5  fps ( a rb i t r a ry )

The four th  boundary condition is needed to determine tf.

Solving for i , K , t f~ and b y ie lds

= 5.83 K = 74.56

b = -14.56 tf = 9.51

The proportional and integra l gains used for the controller in the
flare system were chosen based on a root locus analysis . The values were
further refined to match the computer simulation response to that of the
actua l aircraft . The final values produce heavily damped modes with
large gain margins.
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A P P E N U I X  C

A IRCRAFT MODEL A~~D AU1 ’OThROTTLE SYSTEM

The aircraft modeled for this study was an Air Force KC-l35A jet
transport . A landing gross weight of 160 ,000 pounds and approach
speed of 155 knots were used . Control parameters included elevator ,
autonati c stabilizer trim , and throttle ’s .

‘t he a i r f r a m e  was represented by t he  l o n g i t u d i n a l  pe r tu rba t ion
cqi’at ions of no: ion : —

0 -= w ~ \t. i~ • ~i e + H AT • M ~e + M H + H ós
I.! W A !  II

-. 7 ~ •‘ ,m~- 4 ( V F  10 + 7 r~ -+ 7 i~e + Z I-i1/ i’ q U A e H

- — q 0 + X m -.~~~X o ’ \  + N  .~e + X H
I !  /‘• I 5e U

l’he p,~ rn,r ,eter  If i s  ~1UP t o  12 1- , m I , i d yffc’ct .

= -.

t -hcn e -\ = Aspect rat io

\ , E ffe ctive i ;l !c ’c t  r a t i o  i~~ the pr ’- -s-; ’re of ground effect.

-rum a c i i i  e f i t  to  empi r i c a  I data

II = .0139 eh ’
~~

0
~~~

where h ’ = 120 •- hc .g.

The s t a b i l i z e r  surface , ó~~, responds to torque on the elevator servo
motor.  Since servo torque was not e x pl i c i t l y ’ modeled in the s imula t ion ,
a dead zone of s t a b i l i z e r  posi t ion was used . - The trim rate was .15 deg/sec
whenever elevator pos i t ion  exceeded .5 degrees from trim.

The e levator  was modeled by a f i r s t  order lag wi th  a break frequency
of 6 radians/ sec . The throt t les  are separated into subsystems. The
t h r o t t l e  servo is modeled as:

~
T 1

l ’~~lS
T
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The transfer function of throt t le  position to a change in thrust
is modeled as:

AT 
- 

75000 lb
- l+ 6. 67s deg

For entry into f la re , the a i rc ra f t  flew autopilot coupled to a
2.7° gl ideslope.

The pitch autopilot responded to beam deviation damped by filtered
altitude rate. Beam error was desensitized with respect to altitude to
account for beam divergence as the aircraft approached the beam origin.
Details of the autopilot are not included here since they are relatively
unimportant to flare performance. (The beam gain was 0 by 80 feet AGL .)

The throttle system measured airspeed error (ue),  longitudinal
acceleration (j i) and filtered elevator position (tie) (for lead), using
a 4 second gust filter on Ue and x. The control law used proportional
plus integral control to maintain airspeed. At 110 feet, throttle
movemen t was comple tely f rozen , until 60 feet where it retarded linearly
at 5°/sec to idle.

The throttle system block diagram is shown in Figure 25.

Throttle
Retard

60.2 ______ ____

~~~~~~~~~ 
_ _  _

I Gust  ‘r T h r o t t l e

x Filter Retard

~e {4~~~~+I 
~~ 

_ _ _ _ _ _

fbI  1000
300

ALT (FT)

FIG URE 25. A u t o t h r ot t l e  System
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