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FOREWORD

This report describes tl.e results of an inhouse investigation
dealing with an analysis of the response of aircraft encountering
aircraft wake turbulence. The chk was partially sponsored by The
Pennsylvania State University and later by the Air Force Flight
Dynamics Labcratory. Beth organizations supplled the author with
computer time.

Special recognition should be given to Dis. B. W. McCermick
and J. J. Eisenhuth cf The Pemnsylvania State University and
Dr. G. Kurvlowich of the Air Force Flight Dvnamics Laboratory for
their technical guidance.

This investigation was performed during the period frcm
September 1972 to April of 1974. The manuscript wes submitted by

the author on 10 June 1974,
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SECTION I

INTRODUCTION

The wing of an airplanz generates frrnm ite trailing edge a vortex
sheet which rapidly rolls up into two trailing tip vortices. These
vortices nave been cbserved to persist for distances of up to 10 miles
or more behind large aircraft. It can be easily shown that the
strength of the trailing vortices increases with the size of the air-
craft that generates them, whereas the maxdmum tangential velocity
increases inversely witn the velocity of the aircraft. Hence the most
severe vortex system to be expected 1s that gemerated by a large air-
craft during either take-off or landing. Therefore the vertex nazard
is greatest in the terminal area. The probability of a vortex
related accident is becoming more severe with the growing disparity i=n
aircraft size and with {ucr=asing air iraffic. During the past
sevevral years, there has been a renewed interest in the hazard due to
aircraft trailing vortices. Much of the analytical and experimenrial
research conducted during this period deals with methods of predicting
the vortex velocity field as well as 1its rate of decay. There are,
however, twe areas which have not received much attention. Theee are
the effect of atmospheric conditions on the transport and decay cf the
vortices and the dynamic behavior of an aircraft penetrating the
vortex system. It is the latter topic which is the subject of this
report.

The need to know the dynamic behavior of am aircraft encountering
a vortex wake becomes clear when one reviews the presen: goals of the

Federal Aviation Administration (FAA). The FAA plans to increase




airport and airway capacity by a factor of two by 1980 and by a facter
of five by 1995. 1In order to accomplish a two foid increase by 1980
the FAA ovroposes *“o izprove landing aids, reduce separat.on dis-inces
setween aircraft to two miles, and te utilize dual runways whien arec
i1ess than 2500 feet apart.1 This of course is in direct oppos. on
to the suggestion that aircraft be separated bty greater alstar . o
insure adeouate safety from aircraft wake turbulence. The FAA .7 cog-
nizes that the vortex hazard poses a serious threat tc aircraf:
safety and airport utilization and is attemptinz to find a s>l .con
by supporting research in t.e areas of vortex discipation and vertex
detectica.

Efforts to eliminate the virtex hazard by causing the vorcices
tc decay earlier have not as yet heen succes:ziul. The various .on-
cepts which have been considered include wing ues.gn, mass inzectton,
spoilers, ozcillating coatroi surfaces. engine location, and treiling
sodies. The subject of vortex dissipato-s is treated in reference 2.
All of these devices change the velocity fleld in the vicinity of the
wing. Howevar, these devices do not appear to change the vortex
system at distances far downstream of the aircraft. For example, it
was suggested by Corsiglia, Jacobsen, and Ch;;er‘ that placing a small
vertical panel near the wing tip would cause a modification of the
vortex. Wind tunnel results seemed to verify thetr idea. However,
when the device was placed on a Convair 990 the results were incon-
clusive. The pllots of the aircraft probing the 990's wake reportel
that they were unable to detect any difference “etween the Conv.ir 990

with or without the vertex dissipator.




N s I T, W A S ——v

The liealing candidate for a vortex detecty.a system is an acoustic
senscr. Tnere arz several devices prasently under ccemsideration. They
all have limited ranmge and can only determine the vortices located in
a very narrow field of view. Figure 1 taken fromr referen.< 1 shows an
artist's conception of the planued vortex detection system.

Lven if an operaticnzl vortex detection system is developed
within the next few years cne still needs to know hLow hazardous a
detected vortex is to the next aircraft to pass through the same air-
space. The information included in this dissertation will aid in
determning safe operating proceduras ia rhe terminal area.

This report attempts to evaluate the relaivionship tetween
the motion of the penetrating aircraft and the size and operating con-
ditions of the generating aircraft. It also considers the age of the

vortex and the manner in which the vortex is encountered.
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SECTION 11l

PREVIOUS TNVESTIGATIONS

Th~ problem 2ssociated with an alrcraft penetrating the trsiling
vortex svstem of another aircraft was first amalvzed by Blevisas. In
his aza.ysis he determined the maximw roll rate to be expected if the
aircraft wer: suddenly immersed aloug the axis of one of the vortices
as shown in Tigure 2, The induced roll rate was compares with the
roll rate avalisbl: using «ileron coatrol. The analysis point.d out
the hazard to light aircraft encount .ring the wakz of a civilian
transport aircraft.

Introduction of jet trapsporty into commerciszl aviaticn in the
late fifties prompted a renewed interest in the vortex hazard.

4, 5, 56
Several papers by McGowan

and Wetmore and Reeder7 were pub-
published in the sixties. McGowar apnalyzed the behavior of an air-
craft traversing the vortex system {see Figuve 2)., H= was the first
to include vasteady aerodynamics into the modeling of the problem.
Some typical results from his analysis are shown in figure 3. His
calculations indicated that light normal- category and light trans-
port - category aircraft could experience loading conditisns that
exceed the design limit and in some cases the design ultimate load
factors. He alsoc concluded that the pilot would aggravate the
loading condition by his phasirg of the elevatnr deflection.
Wetmere and Reeler used McGowan's and Bleviss' results to
develop procedures in the airport terminal area. Their main cor-

cliusion was <hat the vortex hazard could be substantially reduced by

developing air-trafflic conrrol procedures which emphasized appropriate
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spacing and control of flight paths.

In the late sixties and early seventies the interest in vortex
wakes was renewed with the advent of the so called "Jumbo Jet".
Several syuposiums were held tc express ideas on how to sglve the
vortex problem. Most of the napers presented at thase svoposia
dealt with the theories of vortex decay, atmosgpheric effect or <he
vortices and means of alleviating the wvcrtex hazard by hastening he
vortex breckup. Several papers on the dynrmics of a vortex encounter
were presented by Hackett and Theisene, Andtewsg'lo and Condit and
Tracyll.

Hackett and Theisen presented results from a computer simulation
of a vortex encounter, Thelr resu'ts indicated the significant
effect that the vertical tail has on the vortex upset. Figure 4
taken from their paper shows the response of a jet transport t¢ -a
encounter ~ith the wake of a Jumbo Jet. Their results also indicate
that the pilot's reaction could aggravate the vortex upset. This can
be explained ty examining Figure 4. As the alrcraft eaters the
vortex from the top side the aircraft starts to roll in a counter
clockwise direction. The wvertical tail is subjected to a lateral
velocity . the left causing the aircraft to yaw to the right. As
the aircraft moves te the right the left wing experiences the high
velocity upwash of the right vortex. "his causes the aircraft to
roll in a clockwise direction which is opposite of the initial roll
distvrbance. Thus the pilot's attempt to control the aircraft would
be momentarily cut of phase with the motion of the aircraft.

Andrews presented the results of tests conducted at the NASHA

Flight Research Center in which probe .ircraft were flown into the
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wakes of heavy Jumbo Jet-type aircraft. Test results indicated that
aircraft wiih short wing spans could experience uncontrolled upsets
for up to 8 nautical miles behird a Jumbo Jet. They alsc conciuded
that the maximum induced rolling moments exce<dad the lateral contrcil
power oi most of the probe aircraft* when they were w’th.n “une
minimum separation distances normally maintained auring take-.  and
landing operarions.

Condit and Tracy presented the results of Boeing's wake ti-bu-
lence investigations. Based un their tests and analys‘s thex
recommended “hat the rAA use a 5 mile separation for I:zht airplanes
following heavy transports. They also concluded *hat the 747 ari 737
praduced similar dynamic responses to alrcraft encountering their
respective wakes.

The most recent works on ailrcraft vortex interaction are by
Bernstein an¢ Iversen12 and by Nelson and McCormick13. Berastein and
Ivarsen developed a 3 degree of freedom analog simulation of the
vortex problem. They were primarily concerned with penetrations
along the axis of the vortex cores. Their results showed that the
response of a C~130 encountering the wake of a C-5A at a distance of
2 nautical miles was more severe than the response of a C-13C
260 feet behind another C-130. Thus their results indicate the

importance of the relative size of the penetrating aircraft to tnat

* The probe aircraft were a Couvair 990, DC-9, Learjet and a

Cessna 210.




of the generazting aircraft.

Nelson and McCourmick shcwed that relatively large aircraft can
be susceptible to vortices generated by large jet transports. Their
conclusi-ns were based upon a review of accident records as well as a
computer simulation of the aircraft vortex penmetration. The com-
puter simulation consisted of the equations of motion with 6 degrees
of freedom and also included control input oy the pilot. Figure 5
taken from reference 13 shows the response of a light jet transport
(DC-9) to «n encounter with the wake of a Jumbo Jet (DC-10). 1t
should be noted that the maximum roll argle exceeded 50 degrees even
with pileot feedback.

This brief survey of the papers dealing with aircraft vortex
interaction is by no means complete., There are other papers pub-
lished on this topic and the reader is referred to a paper by
McCormick 14 for an extensive bibliography on trailing vortex svs-
tems and aircraft responses. The papers presented in this section are
in the author's opinion the most significant ones dealing with the

dynamics of a vortex penetration.
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SECTION III

ANALYTICAL STUDY

To investigate the dynamic behavior of an aircrsasit penetrating
a vortex wake a computer simulatirn was develoned. The program was
written in the FORTRAN IV language and consists of nine subroutines
and seven function subprograms. In order to accurately model the
penetration problem the computer program had to include the
following:
i a realistic description of the vortex velocity field
ii a weans of determining the induced velocity distribution
affecting the penetrating aircraft
1i1 a means of computing the unsteady aerodynamics associated
with the vortex velocity field
iv  the complete set of rigid body equations of motion
v and finally a means of introducing pilot comtrol.
Each of the above topics is discussed in detail in the following
sections. Included in the discussion are the reasons for the selec-
tion of one theory over anmother &s well as the assumptions made in

the equations used in the program.

Vortex Decay

The rate of decay of the velocities within the vortex wake at
a given distance behind the generating aircraft are difficult to
calculate and to a certzin extent largely unknown. There are

numerous theories which c/n be used to calculate the velocity




14

distribution. However, wcst of these theories prove to be inadequate

when compared with experimental data. Several theories for vortex

decay will be discussed and some of the theories will be compared

with experimental data obtained by the Federal Aviation Administra-

tion at their National Aviation Facilities Experimental Center (NAFEC).
The most familiar solution for the diffusion of a line vortex is

that obtained by Lambls.

. S S 4yt
V5 (r,t) - [1-e ]

where T 1s the circulation and v is the kinematic viscosity. Various

esperimenters such as Rosge and Dee16, Bisgood, Maltby and Deel7, and

Squirel8 have tried to use a modified form of Lamb's solution,

2
4(vie)t

T
ve(tot) = mﬁ [I-Q ]

where ¢ is the eddy viscosity. The value of the eddy wviscosity is

assumed to be proportional to the circulation, i.e.,

-

£ = a.
The constant of proportionality, however, has proved to be very

-3
difficult to measure and in fact has been found to lie between 10 ~

19 and DosanthL replaced the kine-

and 107, On the other hand Newsan
matic viscosity by an eddy viscosity Voo Newmasn found that the ratio
of eddy viscosity tc the kinematic viscosity .q/. had teo be varied frex
one axial station to another in order to match the data. Dosaaih found
good correla..on with his data by using an eddy viscosity of vp = 10v.

. 2
Recently, Kurylowich ! applied the <ame type of analysis to flight

. c o 2 i
test data and arrived at a value for v of 260 /cos \c/& where Nl




is the sweep anzle of the wing quartec chord line. Kurylowich's
equations for the eddy viscosity, core radius, and tangential velo-

city are as follows:

260" \ 2
voom e (g g )
cos \c/b
2
. - . 4
.][1310 Jc(l“kz&b+k3ub )
' Vmcos-\cla
and Vwrz
r - erz
Valr,t) = 5= [1-e ] r <2
T
v? 2nye r> 2

The additional terms in the preceding expressions are included to take
intc account the effect of nass flow ipjection ints the vortex core.
inclusion of these terms was based upon results obtained by
Poppletonzz. Poppleton found that the core radius and turbulence

levels increased as the mass flow injected into the vortex core wa

increased. Therefore the ccnstants, k2 and k3, which must be
setermined experimentally are included to take into acccunt the
increased eddy viscosity due to mass injection.

McCormick, Tangler, and She:rieb23 showed that the trailing
vortices could be described by geometric similarity considerations.
Their work was based upcu analysis of wind tumnnel and flight test

data. The expres<ions developed in their analysis are

vV, (a) = .53 L v
‘o

T(a) = 16T
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Va(a) --1/2
200 1+ 005 Y
Veoﬁa)

r -

i.—(';) 1+ ln(r/a)

Ve (r) 1+ 1nzx/a

V(@ = r/a
where

Veo(a) = the maximum tiugential velocity immediately behind
the wing.

Ve(a) = the maximum tangential velocity at a distance z
downstream of the aircraft.

Vg(r) = the tangential velocity at any radius.

T'(a) = the circulation at the core radius.

T, = the total circulation.

r = the circulation at any radius.

The expressions for Ve(a)/Vgo(a) and T(a) were determined from wiud
tunnel and flight test data. However, the expression used for the
circulation is based upon the analysis of Hoffman and Joubertza
Their analysis predicts a logarithmic variaticn of the circulation
with the radius.

In a later paper dealing with an analvsis of experimental
measurements of the vortex wake behind large jet transports Eisenhutn,
McCormick, Nelscn and Garodz25 suggested that T(a)/f‘cn depeuds upon the
1ift ccefficient instead of being a constant. Figure 6 shows a plot
of T(a)/rn versus Cp which does indeed appear to varv in a linear

manner. Eiseshuth, et al, suggest that the followingz egquations should
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be used to predict the velocity distribution through the vortex.

a8 __ = .,02(1 + .00063 z/T cL)ll2

C0C10

2 C’7'0
r{(a) = .085 CL co(—a,'—) v

z_ )—112

= C ({
Vata) = .69 CL V (1 + .00063 -

Vg(r) _ 1+ 1lnrx/a
Vg(a) r/a

26, 27 has proposed using

In several recent papers Donaldsorn
Betz;s28 analysis to descrive the roll up process as well as the
velocity disrribution through the vorter system. Betz used the
following facts in his analysis.

1. All the vorticity shed by each half of the wing is

found rolled up into the trailing vortex behind
the appropriate half of the wing.

2. The "center of gravity" of the vorticity distribu-

tiod remains at a counstant distance from tne plane
of lateral symmetry.
3. The "moment of inertia" of the vorticity shed by each

"center of gravity" is

half of the wing about its
a constant.

Rewriting these statements in mathematical form rieids.
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. b/2
b/2
f Q_F_dY'TO"I é.I.‘.d

dy o dr
o
b/2
dr - *b .

] y & dy =F Iy == T, (for elliptic distribution)
o \
b/2 b/2

24l 4 - 24, .
fo F-v) dy dy ]o I dr = const.

Betz used these expressions to determine a circulation distribution as

shown in Figure 7. Donaldson developed an approximation to this dis-

tribution which is

Low e - 9amiM? 0<r/b<1/3
(8]
?; =1 t/b > 1/3

Stated in terms of the tangential velocity the expressions are

Ve = <= (6e/by - 9/ A 0 <o < 13
I.'0
Vo= r/b > 1/3

In a later paper Donaldson extended the preceding analysis to include
aircraft having flaps deflected. Figure 8 taken from reference 27
shows a comparison of his technique with experimental data.

The methods discussed in this section were compared with experi-
- atal dsta obtained by the FAA's Wake Turbulence “rogram.zg’ 30, 31,32

Jata was obiained by flying aircraft of various sizes past an instru-

- ~ted tower. Tne tower was 2quipped with het wire and hot film
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Figure 7.

Donaldson's Approximation to
Betz's Circulation Distributions
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velocity sensors. Vortices of different ages were obtaine! by
appropriately spacing the aircraft vertically and laterally so that
it would take a longer time for the vortices to reach the tower.
Figure 10 shows a sketch of the tower fly~by technique. It should be
nenticned that the data was accumulated iu ground effect. This was
due to the relatively low height of the test tower, Ffou. more inferma-
tion on the test facilities the reader is referred to a paper pre-
sented by Garodz33 which describes the test procedures in detail.
Figures 10 a-h show the comparison between the vortex theories
and the experimental data. The airplanes used to generate these data
range from a DC-6B up to a wide body jet tiansport. The vortex ages
range from 7.7 to 31 seconds which correspond to distances of 1770 to
7150 feet behind the generating aircraft. Only the theories which
compared favorably with the datz were plotted on the figures.
Examination of the figures show that Eisenhuth's25 expressions consis-
tently match the data with the exception of the 747 runs. It should
be recalled that the expressicns prcposed by Eisenhuth, et 3125 were
based on M¢::Co:'mick'sz.3 analysis. The disagreement between the pre-
dicted and measured data for the 747 is not easily explained. It has
been suggested in the literature that the exhaust from the 747's out-
board engines is entrained in the voriex and alters its structure.
This seems plausible when one examines the data obtained by Marchman
and Hason36 or Poppletonzz. These investigators studied the effect
of air injection inteo the vortex core. Figures 11 and 12 taken from
reference 34 show the effect of axial blowing (injection) on the velo-

city distribution, vortex core, and circulation. The data show that blowing
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Figure 9. Schematic of Tower Fly-by Technique
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into the vortex core reduces the maximum tangential velocity and
increases the core radius. The circulation distribution is altered
in the vicinity of the vortex core, however; at radial distances
greater than the vortex radius, the circulations approach the theoreti-
cal bound vortex strength. Also included in Figure 11 is a prediction
based on Kurylowich's method. It should be nc“ed that the eddy
viscosity had to be adjusted to a value of 20v. These figures were
included teo help explain the Jdifference between the data of tha 747
and the other aircraft., In a later section the effect of modifying
the vortex velocity field on the dynamic response of a following air-
craft will be discussed.

Based on the comparisons presented and others not irccluded in this
report it was concluded that Eisenbuth's expreszions could be used to

accurately model the velocity distribution throuph the vortex system.

Vortex Induced Velocities

The wing 1is divided into N strips as shown in Figure 13. The
velocity induced by the trailing vortex system i1s resolved into com-
ponents [Ug(t), Vg(t), wg(t)] at control puints located at the 3/4
chord point of each strip on the wing and tail surfaces.

The procedure for resolving the induced velocity into its compo-
nent . [Ug(t), Vg(t), Wg(t)] 1s as follows:

1. The inertial axes system is aligned so tha% the X axis is
parallel to the axis of the vortex filaments. (See Figure 14)

2. Using the transformation shown below the control points can

he resolved into the inertial frame.




Figure 13.

wing Divided into N Panels

35




36

‘wa3845 X93107 03 S3UOJ [OIIUO) WOIJ BOUWIST( -4 BINBF4

z

4

fe3

2Ww 1 g
[eF3a9ul

¥
!
o)
>
ol
—

;]
2" 1)
juloqd Tox3u0)




- ha r-
xcpj CoC,
Yeps = CgS,,
z -S.

L —d -

3. The perpendicular

S¢SBCW C¢C¢S9
—ch¢ +S‘ps¢
v 5y%%0
+’CwC¢ —3¢S¢

S¢Ce C¢C9

—

37

chj
XCP

3

Z

ij

b —

distance of each control point from the

vortex filaments is equal to the following expressiocns.

+ Y

Yj = ch CPJ

Zj = ch + chj

Ry = {(Yg - Y©2 + (24 - 24)?}

Ryy = {(¥g = Yy) 2 + (25 - 2y)?}

1/2

1/2

4. The velocity components in the iluertial frame are

Y,-Y

W, = 1 vy
Mgy = Ve, ( Ry, ) = Vg, ¢ Rz,

V., = v, (A
Ve, velj ( R )

Y§-Yvgq
3
Zi-2y
ver ( R, )
4

if the control point lies outside the core, and

<3
]

Ygy = Vo, ¢

port vortex core

starboard vortex core
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if the coatrol point lies within the vortex core.

5. The velocity components referred to the body axes system are

obtained by using the following transformation.

o -

AN -

C ¢ -

ecw 5%y 6
sscC S§§.8 e
$ 6 ¢ LA ¢ 0
-s C, + . C

v e ¥ ¥
CyC4S3  SuC.Ss CsCo
+5,8, -CySa

U,
&3

)

Wg,

However, Ugj Is assumed to be zero, i.e., zero axial! relocity in the

vortex field.

This allows the expressions

foiloving form.

[ ey, |

g3

g3

&)

Aerodynamics

] C.S S ]
8%y 6
o265 54Cq f
+C.C¢
5,45 C,C4
-C S
vé
L. -

to be reduced to the

ng

ng

{
SRS

The problem of determining the aerodynamic forces acting on an

aircraft in a time-varying velocity field is i1udeed guite formidable.

However, in order to accurately predict the responmse of an aircrafc

penetrating a vortex system, some means of incorporating the unsteudy

aerodvnamics into the equations of motion of the aircralt is neces-

sary.
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There have of ccurse been numerous liftiag surface theories
developed over the years. I~ the early sixries two techniques
dominate the lite rur_, they are the voitex and doublet lattice
methods. Tie use uvf discrete vortices for the solution of the
s.eady lifting suriace problex was firsi used by FalknerBs. Falkner,
however, had tc maxke ascuzpt:ions on the load cistributions in order
to keep the number of unknowns to a cinimum. In the sixties,
Hed':-an%, Giesin£37‘ RubbertBS,\-'oodward”, Albanc and Rodden“o and
others developed iifting surface theories which did not make any
prior assumpticns on the load distribution. This was possible due
to the feasibility of using modern digital computers to iavert the
matrices associated with the finite element methods.

The method discussed in this section is an unsteady vortex
lattice technlque. This tecnnique is an extensicn of Rudhman's&
work to the finite wing.

Now consider the integral equation of the linearized 1ifting

- X 42
surface theory as formulated »v Reissner and others,

r
, | (5 r ) Ix=Cl4d_ (Z.r t)To=r]
Wix,y,z,t) = 1—:J Yals, T, O et (S, 1-3 L aza-
! ((x-5) —+(y-n) 4z}572
aa
l [ 7',;(:..)”, t) [x—i]%w(g.n" t) {y__} )
4 [(x=5) H(y—r) 4227372 d:zd
Ry;

wnere R, = wing region
Ry = wake regicco

vy & £ = the circulaticn per unit chord and per unit spam,

v or=ctivelv.
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See Figure 15 for clarification of the above symbols. The integral
equation relates the downwash distribution to the unknown running
circulations. The boundary coandition which must be satisfied is as

follows:

3Z5(x,y,0,%)

3z
W(x,y,0,t) = —=2 (x,y,o0,t) + U
3t 3x

This is a mathematical statement of the flow tarcency conditior.
If a discrete vortex method is used the above integral equation
is replaced by a system of simultaneous algebraic equations.
Wi = ATy
or in matrix notation
{w} = [aA){T}
where
(W) = {Wg} + {W,}

"3} = normalwash which is known from the boundary condition.

{W,} = upwash (dowmwash) due to vortices shed into the waxe.

[A] matrix of aerodynamic influence coefficients relating
the upwash (downwash) at a point i due to a singularity
at point j.

{Tr'l} = ..-rseshoe vortex strength.
In the above formulation both {Wg} and {Wy} are known. {Wg} is
deternined from the boundary condi:tion. ({W,;} 1s determined from the
following equation

6}

W) =k§l[s]K {Th

where

[B], = matrix of ‘nfluence coefficients relating the upwash

(dowmwash) at a point 1 (on the w rg* aue to a
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y(x,y,t) and f(x,y,t) are the
circulations per unit length 1in
the x and vy directions

igure 15. Vortex Model of the Finite Wing
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singularity at point i (in the wake).

= strength of vortices shed into the .awc.

-~
-
st

-

|

number of time steps or {I!'s shed into the wake.

=]
"

It should be noted that {?}k is known. This is sc because the circu-
lation shed into the wake 1s related tc the cnange in ~irz circala-~
tion. That is the wake circulation shed during a time interva’® t is
equal and opposite to the change in wing circulation during the me
time interval.

The approach used in solving the unsteady lifting surface problem
is to represent the wing by a network of clused horseshoe vortices
which are distributed in both the chordwise and spanwise Jirecticns.
The wake is constructed as shown by the sicple sketch in Figure 16.
The strength of the individual vortices are Jeterwmined by appiving
the wing boundary condition at as many control points on the wing as
there are vortices. The resulting system of simultaneous equations
is then sclved to determine the strength of the vortex filaments.

The spacing and location of vortex filaments is shewn in Figure
17. Netice that the bound vortices are located at the 1/4 chord of
each chordwise panel. The contrcl point is located at the 3/4 chord
point of the panels. This choice of contrel point location has been
shown by James[‘3 and De Youngaa tuv be the optlmum for the two dimen-
sional cases. Although nothing has been said about imposing the
Kucta condition in this method, 1t has been found by numerinal
experimentation that the Kutta condition will be satisIied when the
control point is located at the 3/4 chord location. The locaticn of
the trailing filament was obtained by using the following tran=-

formation.
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Figure 16. Vortex Wake

Vortex - '/4 Chord

Control point - 3/4 Chord

Figure 17. Chordwise Vortex Spacing
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Figure 18. Vortex Spacing Spanwise
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Sv = v o1

Multhopp's transformation

ny = cos 6y

where
m = number of stations {spanwise)
v = jdentifying subscript of a particular station

;; = pondimensional distance n = Vv /2

For further clarification see Flgure 18. The influence coefficient
matrices are determined by using the integrated form of the Biot-
Savart law for a straight line segment. Applying this equation to
each side of the closed horseshoe filament one can determine the
induced velocity at any control point due to the vortex box.
The algorithm used to solve for the unknown circulations is
listed below.
Step 1. Filaments are placed on the wing as rreviously
described.
Step 2. Influence coefficients [A] are determined.
trep 3. {W} is computed. For example the normalwash and wake
induced normal velocity.
Step 4. Unknown circulations sre determined
(ry = (17w
Step 5. Shed vortices are moved downstream by the distance Vit.
Step 6., Repeat steps 3 thrcugh 5.
The above numerical procedure ylelds the circulatiou on the wing at

discrete points in time. The 1ift or the wing panels is determined
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by integrating the pressure difference.
2 X
AP = pVy(x) + o -a—t-f y(x) dx
[o]

This equation is obtained from the unsteady Bernoulli equation.
Expressing Euler's equation in v:.to: form

3,1, __1
3t + 5 Vq 5 VP

and the velocity in teras of the velocity potential
q = grad ¢

then the following equation can be obtained.
3,98 By
v[at+2+cj 0
Integrating this expression yilelds

2
3t 2 o const.

The above is known as Kelvin's equation or the unsteady Bernoulli
equativa. Note that this equation only applies along a streamline.
If this equation is applied to the thin airfoil shown in Figure 21,
one can determine an expression for the unsteady 1lift. Consider a
spall segment of the above airfoll section shown in Figure 22,
The circulation around this segment 13

vdx = 24V dx

or
sV = y(x)/2

The definition of the potential between two poiuts A and B is given

by

Py
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Figure 21. 7Thin Airfoll
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Figure 22. Segment of Vortex Sheet
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B
$(B) ~ 6(8) = [ Vg ds
A

Since the potential at the leading edge of the airfoil can be
arbitrarily set equal to zero (¢(L.E.) = 0) the atove expression

reduces to
X
$(x) = [- Vg ds

or

vhere u and £ indicate the upper and lower surfaces respectively.
Substituting back into the unsteady Bernouili equation vields the

pressurs difference.

o 5 \
Pp~P, == 5% (dg-¢,) - /2 (ng’Vuz,
or .
A
)

The 1ift on the panel can now be found by integrating the pressure

difference from the leading edge to the trailing edge.

c S c 3 c X
= AP dx = pV wl y(x) dx + o T [y(x) dx ] dx
> o oo

c
g = pVI(t) + p -'j? f I'(x) dx

o)
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The equations used for calculating the lift for a particular station

are shown fcr five chordwise vortices.

I I(e+ t) - T1(t)
+p
Axy At

fsPl = pv

Iy T1(t+ t)+r2(t+ t)-T1(r)-T2(t)

APSg s v e

The 1ift per unit span is as follows.

(4P1+AP9) A

L = APyax; + 2+ -

APg
« —= X
2 6

o

= LRy (ax+2%2) 4 npy (A_~‘2‘.2_ + é’zfl)
2

Ax3 Ax4 Lxy Axs

Axg A
+ APg (-—2-5*—-;—6-)

The moment can also be found in a similar manner. The total lift and
moment are calculated by summing the increments of 1ift in the span-
wise directiou,

The technique described in this section could be used to
determine che induced drag. However, the interpretation of the drag
results computed from 1lifting surface theories still remains a
question of some uncertainty in the subsonic speed regime. Another

point that should be made is that the technique does not take into
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account thickness effects. This could be taker iato account by usin’,
souzce distributions.

The unsteady vortex lattice method was programmed And v.rious
test cases weve run. Comparisons were made with both two- and three-

dimensional results. Figurec 23 and 24 show the excellent agreenent

~etween the classical two-dimensional sclution of Theodorsen, +va -er

and Kussner with the results calculatcd from the vortex lattice pr--
gran. There is a difference between the computed values and the
thecretical Kussner and Wagner functions for the first few semichord
lengths traveled by the airfoil. However, the Kussner and Wagner
functions describe only the circulatory 1ift due to a gust pene.ra-
ticn and a step change in angle of attack rescactively, whereas, the
computations based on the equations developed for the vortex lattice
zetnod include both the noncirculatory and cir-ilatory lift. Since
the added mass effects are impcrtant at the begirning of an impulsive
start then this would acccunt for the difference between the curves.
Figures 25 and 2. show the results for a finite wing having an aspect
ratic of €. Again the difference can be explained by t'.a absence of
the added mass effects in the classical solurion.

An interesting comparison between a simple strip theory and the
more exact lifting surface theory is presented in Figure 27. This
figure shows a comparison for a step change in gust velocity (Kussner
Problem). The difference in the 1lift coefficient is5 alcost negligibis.

Figure 28 shows a cempariscon cf the roll moment coefficient computed

feg

by tcth techniques for a gust field which varies lioearly from the

wing centerline to rhe wing cip.

Although the vortex lattice methcd vields extremely accurate
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results, the feasibility of using a complete lifting surface theory

to calculate the loads on an aircraft penetrating a trailing vortex
systen seems to be unwarranted in view of the results shown in this
section., Therefore the forces and moments due to the gust penetra-
tion and the vehicle's motior are calculated by using a modified strip
theory. The strip theory concept is a means cf applying twr -dimen-
sional aerodynamic theory to wings of finite span. The more rigorous
lifting surface theories have largely superseced the strip theory
approach. However, approximate methods such as the strip theorv otill
remain useful for practical applications where their simplicity,
flexibility, and economy are advantageous,

The strip theory method assumes that cthe aerodynamic fecrces on
each s+rip are taken tc be those associated with a two-dimensional
wing undergoing the same mo-ion as the particular section of a finite
wing. This assumpticn implies that tie aerodynawic interaction
between strips is ignored. Tnis simplification is not a very good
approximation of the three-limensional loading near the wing tip.
However, it 1s acceptable if the aspect ratio is high.

The loads developed on each strip can be calculated from the

followirg formulas described in References 45-48.

t
W
i5=ma-};;tciaf i_&a,(t-:)d'
2 o 3T
“m iov Voo (o) (
Ly o= my 5 ° c e | 3¢ o)d (t)
4
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2 .
'"EA‘— L U8

1
T CZ 2 . ¢ 1Y
Ly = -—J—Z—_—_ [+ (¢/7 - Xcg)e]
where
o, = aspect ratio correction
2 = width of the panel
a = slope of the 1lifc curve
wg = gust velocity
W3C = veticle velocity
i 4
XCg = distance to c.g. location

¢(t) = Wagner function

w(c) = Kussner function

The aspect ratio correction is obtained from thie tormula.

a5

m =
8 1+ (ay/7ARy) (1+1)

AR, = AR for symmetrical 1ift distribution

AR, = AR/2 for antisymmetrical 1ift distribution

—

1t = Glauert's correction factor

The above integral equations can be put inio a form more suitable
for programming by replacing the iategrvals by summations.

n

t
Lo let
2" v

ig = Mg Sty L (e-tq

O t~—1 #




59

L= my % cUcfa [ch(o) 2(t)

o
A
o=’y
at
) B3e (ty) @ (e-14)
c 4

By summing the contributions of each panel the total 1ift can be ob-
tained. In a similar manner the otler forces a-41 moments can be cal-
culated.

The general foru of the equations used to calculate the forces
and moments acting on the aircraft were divided into four parts. For

example the Z force is
2(t) = 2y + Zg(t) + Z2x(t) + Z.(2)

where the sub ¢, g, m and ¢ refer to the contribution due tc the
trimmed condition, gust penetration, vehicle motion and control input

respectively. The components are defined as

t b/2 4
Zg(t) = - f thw(t’y)a-:ﬂ (‘tl’Y) dy Qr—]_
o 1

-b/2

t /2
dW3c
J [ ‘me (t19Y) T(tl’ 7) dy dtl
o J —_—

Zy(t) =
_0/2 dtl
[b/2
‘*j R Wi (o, (t)) dy
/2 &

Z.(t) = Czeeée(t) Qs
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where

hlgw = .._QU__.‘_L kg(tl)

=4
a

o

‘1o

It was determined by numerical experimentation that the forces and
mowucnts acting on the aircraft due to the vehicle's motion could be
accurate.y modeled by using the classical dynamic stability deriva-
tives. Thus the Integrals representing Z (t), Yp(t), Ly(t), etc.
were replaced by the damping derivatives.

As the aircraft approaches the vortex core the induced veloci-~
ties at some of the control points could become quite large. The
equations developed in this section would then over predict the
forces acting on the aircraft. 1In order to prevent this from
vccurring a check was incorporared 1ato tl-2 aerodynamics subrcutine,
The check simply limited the maximum sectional 1ift coefficient to
the sectional CLmax' This assumption is unot very restrictive when
on* considers tie velccities of the probe aircraft. For this study
the probe aircraft had approach velocities in the uneighborhood of
200 [-/sec. Therefore very large induced velocities could be

tolerated before the angle of attack approached the stall region.

Equations of Motion
The rigid body equations of motion of an aircraft having six
degrees o freedom and referred to a rotating axes system can pde

9
obtained from the following vector equaticns as presented by Etkina’
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The rctating axes system is fixed to the aircraft's center of gravity.
The main advantage of using a body axes system is that the moments and
products of inertia remain constant with respecc .o the body aves
system. The coordinate systems are shown in Figure 2%9. Now the

scalar equations car be writtez in the dimensional ronlinearized form

as follows:

X(t)

mgsind =m (U+ QW - RV)
Y(t) + mg cos 9 8in ¢ = mw (V + KU - PW)
2(t) + = gcos 8 cos ¢ =m (W+ PV - QU)

Lol + QR (15, - Iyy)

M(t) = IVVQ + RP (Ixx - Izz)

h

L{t)

N(t) = IzR + PQ (Lyy - Ig)

The Euler argles (4, 8, ¢) can be obtained bv integrating the Euler
rates which are expressed in terms of the angular velocities [P, Q, R]

by the transformation

& 0 cos ¢ ~-5in % P
5 = 1 sin ¢ tan 8 cos $ tan ¢ Q
Q L_O sin ¢ sec 8 cos ¢ sec 8 R

The coordirates of the alrcraft relative to the inertial frame are
tpressed as a function of the Evler angles and the Velocity com-

S ponents [U, V, W].




<

Fixed
Frame

Figure 29.

Z

Coordinate System
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( . u 10 7
'
%%' C¢Cw 5,565, ¢”9Cw U
-CcSw +S¢S;
%%L = Cfsv S~S5Sv C¢Sesv
i +C¢C¢ —S¢Cw v
'
%%— _SG S¢Cv CVCB [- ¥
- - L. -~ -
where C = cos S = sin
The forces and moments acting on the aircraft were divided into

four components
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~X(t§7 [ qu ng(t)q r-xm(t)- i Xc(t)—
(L) ; Yo Yg(t) Yq(L) Y. (t)
Z(e)l = | 2o 1+ 1 2g(0) | + | Z5(6) Zc (V)
L(t) Lo Lg(t) Lp(t) Lo (t)
M(t) Mo My (t) M () Mo (t)
_N(t)_ _No. LNg(t)‘ LNm(t)d _.NC(t)_
initial gust motion contrcl
£light
conditions

Usually the initial conditions were such that

Yo = LO = HQ =N -9,

o]

Control - Human Pilot

One of the earliest attempts to model mathematically the

behavior of a human belng was conducted by Diamantidesso

at the
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Goodyear Aircralt Corperation. Diamantides and his associates
developed a pilet model with the ald of an analog cemputer. This was
accomplished by postulating various mathematical models to describe
the humau dynamics and then by comparing the results of the analog
with human pilot actions. The test consisted of a movable simulator
eguipped with a control column and display. ‘Lthe longitudinal eqa-
tions of motion for a fighter aircraft were used to test the pilct's
reaction to paitch disturbances. The human pilot arnd the analog were
run in parallel. This allowed easy evaluation of the postulated human
dynamics. The test engineers adjusted the various parameters in the
analog model until the pilot was unable to detect that the analog was
flying the simulator. Figure 30 shows a block diagram representation
of Diamantides' pilot model. This figure indicates that upon per-
ception of the stimulus the human controller performs two linear
operations. First he makes a mental computation of the stimulus.
That is, position, rate and acceleration are sensed end weighed,

then a decision to act occurs. Secondly, *here are certain physical
limitations on the corrective hand motions which are caused by the
neuromuscular or motor feedback loop. Another ctaracteristic of

the humar operator is that he normally does not react to a stimulus
until it is above a certain threshold. Once the magnitude of the
stimulus is higher than the threshold value the information is sensed
and a mental computation is performed. The brain then commands the
appropriate muscle reaction. This all takes place in a fraction of

a second. The time lag is called the '"reaction time'., It has been

found that the reacticn time 1s almost constant in normal peorle.
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There are two types of control possible. They are pursuit and
compensatory. In pursult tracking past experience provides the
tracker with information about what to expect in a future input. 1In
compensatory tracking this is not possibleSl. Figure 31 1is a block
diagram representation of both pursuit and compensatory trackirg.

In studying the dynamic behavior of an aircratt penetrating 4 v. tex
svster 1t is quite apparent that the compensatory control is the
only type which 1is applicable.

The ilot model for compensatory control case can be expressed

in terms of the following transfer function.

kp e ' 1+ TLS)
(1 + TNs)(l + 118)

¥.(s) =

kp = pilot gain

=18

e = reaction time delay

Ty = lead time coastant

LR neuromuscular lag time constant
T = lag time constant

The above expression can be put into a mere convenient form by
assuming that the neuvomuscular lag can be accounted for by modlfying

the reaction time delay.

. (118 + 1) s
BO =k GoE) ¢

The parameters included in these expressions should not be inter-
preted as constants. In addition to the transfer function, adjust-
went rules are required to specify the pilot model parameters.

. 51, 5.
These rules have been determined by numerus investigators.” ’
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It has been found that the gain kp is easily and rapidly varied
by the pilot to an appropriate value. The egualization term that is
(TLS+1)/(TIS+1),15 varied within certain limits so thart the syster
has a good frequency response.

The adjustment ruies cam be stated as foilows:

1. The human adapts so that his gain ana equaiizarion charac-
terlstics are appropriate for a stable system.

2. The human adapts so that the form of his equalization char-
acteristic~ is appropriate to good low-frequeucy closed-loop response
to the forcing furction.

The adjustment rules were dotermined by analyzing experimental data
obtained from tests on hunan srorators. To put the ~djustmen. rules
in a more practical format we can use the following:

1. The open-loop phase margin. The pilot .lapts an equaliza-
tion to obtain 50 to 110 degrees of phase margin. It has been found
that an open-loop phase margin in this range yields a closad loop
svstem with a satisfactory time Jomain perforrance.

2. Cpen-loop crossover frequency. For good high fraquency

characteristics the crossover frequency should be at least 1 rad/sec.

Using these ruylee the coustants tp and 1y can be determined ‘rom
either a Bode or Polar plot of the open loop transfer funcrtion
T Yo}, wnere Y, 1s tee transfer function of the ailrcraft. Ancther
techrigus ~hich zan be empinyed to determine the pillot parameters
is the root locus method.

Botr sinrgle ana muiti axis control were iucorporated into the

-~

rrograi. Lased on the work in Referencec 77, 48, anl

tn

3-59 it was




o4

decided that the pltch and roll axis controilers could e modeled

accurately by the simnle transfer function

-15
Yp¢ = kpé(TL¢s+l)e (Roll)

-

Yoo = kne(‘LgS"-'l)e—- ® (Pitch)

3
o

Fignse 32 stows a block diagram representation of tne pilot-vehicle

system. The transfer funcrion can be writren ir the time domain as

Seltrr) = Ky, Zelt) + kp, 11, da
¥ v ¥ dt
and
Ba(t4n) = kp, 0lE) + Iy 1y, T8
where
e T ¢c -4 =— for wings level contrel

Appendix A gives the details orn the selection of the pilot parameters.
Figure 33 illustrates the block diagrm vepresentation of the roll
and heading control task. Agairn the pilot medel was assumed to have
the same form as those previously described.

The pilot models used in this study should give & qualitative
assessment cf the pilot's ability to coatrol the upset due to a

vortex encounter.

Numerical Analysis
The twelve first order differential equatiens needed to describe
the aircraft's motion were soived numerically by using ¢ fourth or-er

Runge-Kutta technique. The Runge-Kutta method for a system cf
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differential equations can be found in any text on numerical analysis.

For completeness the general form of the Runge-Futta algorithm is

presented below in its functional form.eo

Pk = b fk(xi’ Y14 2,45 * * * yn’j)

Pl Pn
QR’zhfk(}Zi"’h/z, y1’i+-2——) e :YQ,1+"2—')

q]1 q
rk'h fk(xi+h/2’ 71’1+—2-’o~ . e ’yn,i+59.)

Sk h fk(xi + h, Yl,i + rl s 0t s, yn’i + rn)

Yk, 41 = Yk,i t g (py + 2qy + 2ry + sy)

»
where k = 1, 2, 3....h

The equations of motion rearranged to a form suitabl:z for integration
are as follows:

U = (X(t) 8)/m - (W + R’V

[
B8
0Q
]
e
o

Ve (Y(t) gin 5)/m - RU + PW

+
H

oQ
0
(o]
o
@

W= (2(t) +m g cos

[e4)

cos ¢)/m ~ PV + QU

P o= (L(E) - QR (I - L3/ Igy
Q = (M(6) - R (L - T, /1,
R = (N(2) - PQ (Iyy = 1o /Ty
6 =Q cos & - R 3in

© .
L}

+ Q sin ¢ tes € + R cus ¢ tan @

Y = Q sin ¢ sec & + K cos ¢ sac &

X=UCC +V(55C -C.5) +WCSC +55)
87y ¢ ¢Toy 8%y CA ¢y

.-T i(S + )+ W{C,S T
Y o= UGS, +V(S5.5 +CCY+UWESS ~-5,C)

-

a v

~ -

Z = U, +V(SC) + WL

where C = cos S = gin




3ECTION IV

RESULTS

Simplified Analysis

Before discussing the results of the computer simulation it

73

would be instructive to examine the results from a simplified analysis.

Consider the situation of an aircraft suddenly penetrating along the
axis of the vortex core. A measure of the vortex hazard would be a
comparison of the vortex induced rolling moment to that available due
to maximum aileron deflection. This type cf aralysis has been dis-
cusgsed previously in Chapter 1. igure 34 taken from zeference 12
jcdicated the severity of such a vortex encounter. The vortex gene-
cated by the leading wing is approximately that of a DC-9 during
aporrach. The separation distance and eeparation time were 9000 feet
and cne minute respectively. Examination of this figure reveals that
penetrating aircraft would zxperience induced rolling moments exceed-
ing their roll capability. Figure 35 also taken from reference 12
sthows the effect of the lateral displacement on the vortex induced
roillag moment. Note that the induced rolling moment reverses sign
as the voitexn vgves toward the wing tip.

Usiag sianle strip theory the induced rolling moment was
calculated for aircrafc of varying sizes. Table 1 contains the
characreristics of the penetrating aircraft while Table 2 contains
the information pertaining te the generating aircraft., The results
of thez2 calculatisne are presented in Figures 36 - 38. Figure 36
shows that a light single engine aircraft would experience momentary

loes of control fur separation distances of up to 9 miles behind a




74

Juswnl Juirion
pasnpuj-xa3iop uo uwdg BATIBVTAY JO I0933d ‘yg dIn¥iy

r

)

]

L

0°Z -1 0

10a311C) 80" -

24 l.lL 1104 [woyd4y




75

Juadmol Buyiroy paonpuj

X3310A uo jusmadeTdy¥yg T®X3IE®] JO 3I233JF °Gf 91n81g
¢/9
N
01 w/ 9 Y 4
r T T T ]
i
F-a
|
X 9
q —
_ //.....nu

-

20°

VAV

80" -




76

j1cdsuea}

9€T 14 SE°91 9 ¥ €8 vE6 000°0¢L 190 4811
11odsuexy uaataq

A AN 0 X v 1] 0S¢ o0o%* L2 aayradoxg Y8yl
I3BIADIFY

AR 0 0L oG 6°SY LLe oLt sgaureng 1y81]
auy3ugy

60T 0 £€€°S 699" 9°9¢ SLT 00£‘¢t utAl 34811
aur8ugy

L1 0 £€°S £99° €°6¢ gLy 000°C aT3uts Iy31]
(8d3)A v (33)% X (33)q (z33)s G 3382017V

3jeadayy Buyiwizauad jO SOJILTIAIDBIRY)

1 a1qel




17

1291 911 LSyt 00C°06 9-0a
9€? 06 9€6 000° 0/ 6-0a
$ 44 S6T 005°s 000°0S¢S Lyt
oze 0ze 00Z°9 000°C09 V-¢0
(sd3)a (33)4 (z33)-$ (aT)M 33eIdITV

332131y BuT3IBIAUIY JO 8D [ISTIIIDERIABY)

I1 @798l




DC~6. Also the light twin would be cut of control for penetraiicons
under 2.3 miles separation. Figure 37 shows that both the lighc
single and twin englne aircraft are momentarily oui of control behind
a DC~9. Note that for the light twin to be under control the separa-
tion distauce must be in excess of 3 miles. Now in Figure 38 we see
that even an aircraft the size of a DC~¥ would be consid: red to be out
of control for separation distances of up to 13.5 miles behind a 747.
rigure 3¢ taken from 2 repor' by Rcbinson and Larson61 illustrates
tha: the strip theory apprc..h yields an effective upper bound to the
induced roliing momert. The scatter in the flight test data is due
largely to the difficulty cf penetretirg into the vortex ccre. This
will be discussed in more detail later in This section. An interest-
ing result of the flight test program conducted by NASA was that the
pllots felt that they had control of the aircraft at separation
distances where the ratio of CQ/C16&53WX was greater than one. This
i¢ due most likely to twc factors. First as the aircraft begins to
roll the natursl roll damping due to the wing aids the pilot in
regaining control of the aircraft. Secondly and probably the most
important is that the eircraft is rapidly expelled from the vortex
system thus giving the pilots the false .mpression that thev were in

¢ wolete control oxr the aircraft.

Along-Track Penetration With Roll Control
Along~track penetration itz most likely to occur during final
approach or shortly after take-off. 1In either case the following

aircraft can ill-afford to have any large excursions from its normal
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flight path. For the separation tizes considered in this study the
normal dovnward motion of the vortex system t ould place the vortices
well below ths flight path of the following 1ircraft. However, several
investigators have shown that under certain tmospheric conditions the
downward motion of the vortex system can be re arded. In fact one
investigator has suggested that as the vortex system approaches an
inversion layer the vortices behave as though they wvere approaching
the ground. Thus the vortices would cease their downward movement
and begin to spread laterally. Another pnssibility of encountaring a
vortex wake in the terminal area would D& du ing the execution of a
misgsed approach by the lead aircraf:i. The wake of the lz2aa aircraft
would be lald down at an aititude well above that of the follewiing
aircraft ard thus could descead inte the flight path of tha trafling
aircraft.

Now consider some typical results {rcm the six degree of
freeden computer simusation. First 12t us examine the respense of an
air:rafiz where the pilot centrcls the foll attitude. That is, the
mathemacical pilot mede’ adttempts to maintain a wings level orienta-
tion. The characteciszics of the penetrating and generating aircraft
are listed in Table I1I. Figure 40 fllustrates the penetrating angles
under ccpsideration. §p 1s the sagle between the penetrating air-
craft's flight sath and the plane of the vortices. Whereas tn 18
defined a5 the angie between the flight path and the vortes axis when
viewed frow adbove. For th=2 cases considered here the separation
distance was 27,000 feet or approximately ? minutee behind the
gererating aivcraft. Alzo it should be pointed out that the flight

sath of the penctrating alzcraft @as selected so that it would
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intersect the vortex <orez if¥ the aircraft were not iufluenced by the
vortek system.

For an aircrait descending into the vor cex system at the a,gle
%p = 2,57, Figures 41 - 43 illustrate the <ffe:t of “he oblique pene-
tration angle vp OB the response of the penet:ating a’rcraft, Notice
that the aircraf: descending into the vortex with Vp = 3% .oile away
from the vortex system. The aircraft is seem to roll slightly and
climbe azway from the vortex. The aircraft clizbs since it is filying
into the upwash region of the port vertex. Upon increasing the pene-
tration angle to yp = &° w2 see a8 ~ignificant difference in the air-
craft's response. Tigure 42 shows the alrcrafr rolling sharsly to the
right and at the same time its rate of descent is increased as the
aircraft passes inteo the sirong downwach region between the vort._~es.
Pigure &3 illustrates the effect of including the pilst in the simula-
tion. Without pilot control the aircraft rolls to an angle (-eater
than 100 degrees whereas with coatrcl {nmput the aircraft rolls
approximately 50° before roll recovery takes place. The time history
plot of the yaw angle reveals the influeace that the vertical tail
plays «r the aircraft's dynemic behavior. As the aircraft enters the
vortex field the aircraft 1s seen to roll iz a counterclockwise
directicn. This can be expla.ned by referring back to Figure 35
whicu {1lustrates thz 2ffect of lateral displacement on ths Induced
rolling moment coefficient. Note that the indrced roliiag moment
coefficient reverses sign as the vortex moves toward the wing tip.
Thus as the aircrafif approaches the port vortex It initiaiiy rolls Iun
the opposite direction with respect to the vortex fieid. The piist's

reacticn to the disturbance would be to apply aileron control to roll
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the aiccrafc in a clockwise lirection. Now as the aircraft nzare the
vortex the airceraft Is rolled sharply in the clockwise direction. Thus
we see that the pilot's initial reactinn would momentarily be out of
rhase with the roll disturbunce. Alsc during the vortex encounter the
vertical taill experiences an induced velocity ivom ti.e left which
causes the aircraft tc yaw to the Jeft by approximately 12°. A3 _he
aircraft passes into the field of iufluence of the starboard vorte.
the upsetting roll moment tends to aid the piiot in regaining a wings
level attitude. The yaw excursicn to the right is due primarily to
the roll orientation,

Figures 44 - 49 show the effect of varying the angle GP. For
thege calculations ¢p is held constant. YHeve the aircraft is
climbing into the vortex system. The angle ép was varied from 3°
to 9°. These figures again indicate the influence of the vertical
tatl on the aircraft's response. As the aircraft ciimbs intc the
velocity ficld of the nort vortex the vertical tail experiences a sice
velocity from the right. This gives rise to a positive yawing moment
which yaws the airplane to the right. As the aircrafr passes through
the plane of the vortices 1ts rate of (limb diminishec and the air-
craft rostls 1n a clockwise direction. The2 aircraft in Figure 44 is
approximately 60 feer below and &0 feet to the left of the port
vortex. However, after B8 seconds the sircraft is located 47 feet
benea'h the vortex plane., TIf the airplan. had not encountered the
vortex system the afirplane would have been approrximately 40 feet
above the plane of the vortices. Similar resuits are shown iv
Figures 44 - 49. Based on the results presented here several cenclu-

slons can be made concerning the dynamic behavior of the following
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aircraft. The calculstions showed that even w:th pilet control

iarge excursions in roll, yaw, and aslticude were experieuced Ly the
penetrating alrcraft. Also, the results revealed tre significant
influence that the vertical tail makes to the aircraft's dynamic
respounse., Finally for the cases considered in this section th=
following aircrait was in close proximity to the ground and thus the
excursions shown here are completely unacceptable from a flight safety
standpoint.

AdZditional results of the along track penetration ztudy are show.
in Figures 30 - 53. The probe aircraft selected were a Jet Star anc
DC-9. These aircraft were flown into the wake ot either a DC-9, 727
or a DC-10. Figure 50 shows the maximum roll excursion amd roli rate
of the Jet Star as a function of separation distance. The figure
indicates that there is very little difference in the aircraft's
response at separation distances from 2 to 8 miies. This can he
explained by a2xamining Figure 51 which is a plot of the maximum
induced rolling moment ccefficient as a function of separation dis-
tance. The equation used ia computing this curve was taken from
reference 12, Note that the rolling moment coefficient d-=creases
slowly with increasing separation distance. This {8 cue to the
method used to predict the vortex velocity distribution. Recall that
McCormick's equations predict small core radii and lurge maximm
tangential velocities. The lower portiun of Figure 51 shows the
velocity distributions used in computing the roll coefficient. At
distances of several core radii along the span the induced velocizie«

tend to ccalesce. This is the region which contr!lbutes the majoer




(434
000°0L
06

086

wet
002°8¢
129

s

aeig 39f

061
000°sT
oS

oct

33B223TY
gBIUTENg

3381017V Buyiwalauadd 3o §273181a930818 )

AT 2TBL

(°28/313) A3F00TAA
(a1) 3uBIeM

(33) veds

(z33) T2V UM

givismeleg IJUIdITY




-

-

474 L1%

000‘€EST 000° L9t
0°811 66T
0°0S2°¢ 00% ‘¢

066~) 01~-2a

€Y7 rAN4
000061 000°0L
€Y1 06
009‘2 086
Ll 6-00

138a01TY BUTIPIBUIN JO BUTISTIDIDRIBYD

A 91981

(998/33) £230073A
(q1) I4Brop
(33) umds

(z33) veav Buin

g1a33WeIV JJUIIITY




{Deg)

ofse:

100

60
Jet Sta= in the Wake
of a DC~-9
40
M
20
0 | i 1 1 _J
0 2 4 6 8 10
50
Jet Star in the Wake
of a DC-9
1N o
oT—o—wo
20
0 I 1 { 1 _J
0 2 4 & 8 10
Separation Distanc: - Miles

Figure 50. Maximum roll angle and roll
rate of a Jet Star in the
Wake of a DC-9
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pertica of the induced rolling moment. Therefore {t follows that the
roil coefficient will decrease slowly with separaticn distance.

As menticoed in the introduction various techniques have been
proposed to modifvy the vortex structure. Sume of the concepts which
have been considered include spoiler deflaction and mass injection
into the vortex core. Goth of these technlques reduce the maximum
tangential velocity and iacrease the core radius. EHowever, at a2 dis-
tance of several core radii from .he vortex center the velecity
distributions are the same as the unaltered vortex. This can be seen
in Figure 11. This figure presents Marchman's data and illustrates
the effect that blowing has on the vortex velocit— distribution. Based
on the results shown iu Figure 51 it can be concluded that the vortex
abatement devices will not eliminate the vortex hazard unless the
device hastens the vecrtex break-up.

in the literature it has been suggestcd that the vortex hazard
can be assessed by the vratio of the maximum induced acceleration tc
the maxipum acceleration obtained with full aileron deflection. 1If
the ratio ]Pi/?@max is greater than 1 the alrcraft is assumed to be
out of control. This ratio is of cource the same as the ratio
C;,/C;_aaéa used previously. Figure 5Z shows that the Jet Star flying
into the wake of either a DC-9 or 727 wruld be uncontrollable for the
separation distances shown. The roll excurzionm of the Jet Star in the
wake of the DC-10 or 727 exceeded 200 degrees 7oy the same separation
iistances. Now Pigure 53 shows the same type of results for a DC-9
in the wake of either a DC-9, 727 .= DC-10. The maximum roll apgles

exzeed 40° for penetration anto the wake of the 727 and XX -10.
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Whereas the maximum roll angle in the wake of the DC-9 is omnly 20°.
The ratio IélcallPamax shown in Figure 54 indicates that the DC-9

is nomentarily out of control when penetrating the wake of a 727, DC-9
and DC-10.

In an effyrt to assaese the validity of thie computer simulation
the results were compared with flight test data obtained from Refer-
ence 62. These data were obtained by the NASA Flight Research Center,
The probe aircraft were positioned by radar to a specified distance
behind the generating aircraft. The probe aircraft were then flown
into the vortex wake for 2 to 3 minutes in order to record sufficient
response data. The vortex system of the generating aircraft were
marked by entrainment of the smoke generated from the aircraft's
engines. However, it was noted that there was a lack of smcke to
clearly mark the wake at large separation distances.

The computed results for a DC-9 penetrating the wake of a
Convair 990 are presented i- Fig.:re 55 along with the flight test data.
Two calculated curves are shown in this figure. The solid curve {is
based on calculaticns including only roll control and the dashed curve
for both roil and heading control. The so0lld curve is low in compari-
son to the flight test data for separation distances under 4 miles.

In the 5 to 5§ mile range the computed resultsg are high. However, the
flight test data exhibits considerable scatter. This is due largely
to the difficalty of penetrating the virtex system. Recall Figure 35
which 1illustrates the effect of laterai reparation on the vortex
induced rolling moment. 1Inis figure indicates that if the aircraft
misced the vortex core by a relatively small distance the roll ex-

cursion would he quite different. Since the pilots had difficulry
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iu seeing the vortex wake at large separatioa distances one would
expect to have scatter in the flight test data. Another factor con-
tributing to the scatter is the break up of the vortex system.

The influence of trying to maintain heading is illustrated by
the dashed curve. By maintaining heading the pilot increases the roll
upset. As previously shown the aircraft is rapidly expelled from the
vortex system and thus by trying to hold his heading the pilct keeps
the aircraft in the influence of the vortices for a longer time. This
then gives rise to larger rolil excursions. Based on this comparison
it is felt that the results of the computer simulation are representa-
tive of the actual aircraft-vortex encounters.

Figure 56 is a time history plot of the roll and vaw angle. The
pilot model is successful in maintaining the aircraft's heading. In
thies case the roll excursion is essentially the same. The difference
between this &nd the preceding case is the penetration angle Vpe In
the second exarple the pilot is attempting to maintain an oblique
angle to the vertex axis. However, in the results shown in Figure 55
the pilot is attempting to fly right along the vortex axis.

Numerous cases of cross track penetration were calculated. The
results shown in Figuves 57 and 58 are representative of the cases
studied. The normal load factors without control input compare
favorably with the results obtained in previous investigations.a' 2» 6
However, when pilot control was added the normal load factor was
increased slightly which is quite different from the results shcown in

igure 3. The results of this study indicate that structural failure
is not a serious threat to th2 penetrating aircraft. Figure 58 shows

the angle of attack time history. Notice that the wing is stalled
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o Flight test data Ref. ©
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Figure 55. Maximum roll angle of a DC-9 in the Wake
of a Convair 990
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for a fraction of a second; however, the ajircraft does not have time

to develop any appreciable vertical velccity.

*

v




_—r

113

SECTION VY

CONCLUSIONS

Based on the results pregented in the previousr section the

foiluwing conclusions have been reached covcerning the dynamic behavior

of an aircraft penetrating & vortex wake.

1.

Encountering a vortex can produce rolling moments on the
aircrait in either direction.

The pilot's reaction to the roll disturbance csn be momen-
tarily out of phase with the upsetting roll moment.

An aircraf: descending into a vortex can experience com-
pletely different types of response depending upon the
penetration angle Vp* For very shallow angles the aircraft
i8 rolled away from the vortex gystem. As *p increases the
aircraft is rapidly rclled to a very large roll orientation.
Aircraf. climbing into the vortex system will experience
large roll, yaw and altitude excursions.

Reduction of the maximum vortex tangential velocity does not
significantly reduce the hazard of a .- -~ex cncounter.

The calculated results agree favorably with flight test
data for up to 5 miles, At distances greater than 5 miles
the computed results were too high.

The pilot can increase tne roll upset by trying to maintain
his heading. In so doing the aircraft remains in the
vortex field for a longer time resulting in a larger roll
excursion.

In the transverse penetration the pilot’s control input did

not appreciably increase the load factor as show: iu previcus
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studies. For the aircraft used in this study the results
indicate that structural failure is not a serious threat

to the penetrating aircraft

The results show that corporate and light jet transpor:s
cannot mix safely with the t.eavier jet tran-ports at dis-
tances less than at lenst & wuiler.

Admittedly the probability of wncountevring a vortex wake s
still quite smallj however, if{ the separation distances are
reduced the possibility of an encounter will definitely
increase. The results of this study indicate that redwced
separation distances are unacceptuvole from a flight safety

viewpoint,
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Appendix A

Selection of Pilot Parameters

The pilot parameters weve gelected on the basis of the rules pre-
sented in Chapter III. In order to apply these rules the open icop
transfer function for the desired control task must pe develrpe
The equations used i1 selecting the pilot parameters are present.:’
for the following control tasks:

1. Pure Roll

2. Roll and Heading Control

3. Pure Pitch

Roll Comtrol

The eguation governing the rolling mction of an airplane can b
expressed in terms of the Laplace transform variable as

(sz-Lps)¢ = Lg0a
or rewritten to form the roll angle/aileron deflection transfer func-
tion

$(s) _ Léa
84(8) s(s-Lp)

Previously it was stated that the pilot could bz modeled by a gain,
simple lead term, and a time delay which in mathematical notation

yields

6a(8)

w = - 1 “TeS
o0 T 3e(m) T Fpg fTLySte

where T, = .25 seconds. Ncv the open loop transfer function can be
formed by taking the product »f the aircraft and pilot transfer

functiors.




Y = Y Y 1o -
0.L. P: "A ¢e(s) da(s) &e(S)
X, t1.Ls (s+i/7
¢ ) ¢(5) ) KP; L: ‘)a( / LQ) Q'Tes
O.L. :e(s) S(S"Lp) ’

It has been found by experimentaticn that pilots adopt an equaliza-

term is fixed by the roll rootr Tp = 1/L,. The pilot's gain was
- R L P 8 KP@
calculated {rom an expression taken from Reference 63. For a well

damped response Kp‘ was relatel to the L, and Lsa as follows:

2
Kp, = B

¥ - 2Lx
“a

Heading and Roll Contr.

Assuming the roll axis to be handied as explained above the

heading transfer function can be approximated by the following ex-

pression.

.. N5 (S+1/T-',1)
3 5(52+2§dwd5+wd2)

where

¥¢
Uty = (Fy = = %)

szUd - ‘(Yv +~ Nr)

-~

Ud" il Nq

L “jow the open loop transfer function can be written.

-8

. %

— - hd

‘e s (8<+24ugs+ud?)

TLY H5(S+1/TW1)(S+1/TLw) e

tion term so that they cancel *he roll mode. That is the pilots lead
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The rules stated in Chapter II1I call for a selection of pilot lead
and gain so that the phase margin lies between 50 and 100 degrces.
The lead term can therefore be adjusted to satisfy the phase margin
requirement while the galn can be varied to ensure that the open
loop crossover frequency falls in the vicinity of 1.0 r“dians per
second. Filgure 59 shows a block dlagram sketch of the pilot-v. icle

system as well as a Bode plot of the open loop transfer function.

Pitch Ccntrol
The pitch angle/elevator deflection transfer “unction ran be

obtained by solving the longitudinal set ot equationms.

(s-Xplu - (Rg8 + X)w - (¥gs - g)6 = X38

=Zyu + (8-Z,5 - Z)w - (U, + Zq)se = 266

-M,u - (Mws + Mw)w + (s2- Hqs)e = Mg$

solving for 98(s)/5(s) ylelds

9(8\ Aesz + BeS + Ce
8§(s) Aleng

where

Along = [sz+2(6m)ps+mp2]{32+2(;m)spa+usp2]

The terms Ag, Bg, Cg, (Zw)p etc. are related to the aircraft's
stability derivatives. Ashkenas and McRuer64 have shown that the

following approximations can be made for the numerator

. 1
Acs® + Bas + Cg = Ag(s+) (s+l/32,)
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where
Ag = Ms
ZU
UTey = Ky + Ko
1/T92 = -Zw

and for the denominator

Zéwsp-_(zg"'nq"'”u)

wgp = Zy Mg — Mg
2 S w - -Xu Mx_g:g_)—
p Zy, Mq—HQ
2. MMy - M)

p 2y igHy

Again the open loop transfer function is obtained by multiplying the

aircraft transfer function by the pilot transfer function.

6(s)

YO.L. = [YPe] [6(3) ]

8(s) _ Ms kpg TLg(s+1/TLy) (s+1/Tg ) (s+1/Tg,)e >
Se(s) (sz+2(6u)ps + upz)(52+ 2(6w)sp s + “spz)

Figure 60 shcwes a block diagram sketch and Bode plot of the open
loop transfer function. Note that the crcssover frequency is approxi-

mately 4.5 radians/second. This value was selected based on the

5

information contained in a paper by McRuer, Graham and Krendel6
They found that for gonod pitch attitude control a crossover frequency
of 4.5 radians/second is required for an affective time delay of

.25 seconds.




125

uoyioung 1djsuwl] Yd23}d jJO 1074 @2Wpog Q9 eandyg
m
001 o1 0°1 1°C
L A A S | T trrrer 1T I irrin1r i1 1
orz- = \ - o9-
\
N
081~ - AN — ov-
AN oIl = Ko
Oil ol b ONI
~N
or -4 0
-4 07
¢ Y5ty z+ ) (98 3+.;%?5~+ S) 2 10
¢ z )3 ¢ - 8
0 LY o5 0 )
612 CUL/T48) CFL/T148) (Tla/Tes) Y1 Oy W
09
BIPRRRESSE SRS =

qp

%]

o]

57 213 67

~US Governmert Printing O‘.ce 1974




