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Several incidences have occurred i n  which an airplane has been severely 

upset by flying into  the vortex wake of a large je t  transport during landing 

approach or takeoff. A number of these encounters involving general avia- 

t ion type ai rcraf t  and one involving a je t  transport resulted in f a t a l  crashes 

(Ref. 7 ) .  Flight t e s t s  reported i n  Ref. 8 f'urther confirm the inabi l i ty  

of a p i lo t  t o  cope w i t h  the severe upsets. To reduce such severity, con- 

siderable effor t  i s  being spent t o  prcdict the wake locations, and t o  find 

ways of dissipating the vortices without degrading the performance of the 

generating ai rcraf t .  An alternate approach i s  t o  attempt t o  reduce the 

response of the penetrating; a i rc ra f t  t o  an acceptable level  by means of 

an autamatic cc. . t rol  system. 

A brief study was conducted t o  determine the potential  usefUness of 

command augmentation systems for  alleviating vortex wake encounter upsets 

and t o  identify those characteristics of the automatic systems that  are 

desirable and those that  are  undesirable. It i s  emphasized that  the study 

was preliminary and only meant t o  give a first-order assessment of the 

feas ib i l i ty  of the approach. 

A six-degree-of-freedan, nonlinear d ig i t a l  simulation was used t o  

analyze the Qnamic response of an a i rc ra f t  as it traverses a vortex wake. 

The study consisted of: establishing the disturbance input due t o  pene- 

t ra t ing  a vortex wake; developing a dynamic simulation of an a i rc ra f t  

penetrating a vortex wake f r m  an arbitrary position and angle; camputing 
the responses of two types of a i rcraf t ,  wi th  and without automatic control 

system, when penetrating the vortex wake from the most c r i t i c a l  angles; 

and assessing the effectiveness of aeverd types of automatic control 

systems t o  a l leviate  vortex wake encounter upsets. 

The two example a i rc ra f t  simulated were a general aviation airplane 

penetrating the vortex wake of an executive j e t  transport a t  eeparatione 

of 3 and 10 milee, and the wake of a caumercial j e t  transport a t  3 milea 

separation; and a carnnercial j e t  transport penetrating the vortex wake 

of a jumbo j e t  transport a t  a s e p ~ ~ a t i o n  of 3 milea. The types of a u t a ~ t i c  



control systems considered were bank angle camand, heading canmand, and 

r o l l  r a t e  command. In each case a pitch ccamnand system was a lso  used. 

The simulation included pilof  control inputs as well as control system 

inputs. 

This report  describes the  simulation used and the resu l t s  obtained. 

Previous studies have considered the  effects  of a vortex wake on a t r a i l -  

ing a i r c r a f t .  Reference 1 calculated the s t a t i c  moments produced assuming 

the aircre.f t  was placed a t  the worst location i n  the  vortex. Complete 

d i g i t a l  simulations of the dynamic response of an a i r c r a f t  penetrating a 

vortex wake were used ir. Refs. 7 and 13; however, they did not assess 

automatic control systems f o r  possibly a l levia t ing the upset, the primary 

thrus t  of th i s . r epor t .  

The succeeding sections of t h i s  report a re  organized a s  follows. 

Section I1 defines the vortex model used and describes the  resul t ing 

flow patterns. Section I11 describes the s t r i p  theory aerodynamics used 

i n  the  simulation. Section TV summarizes the d i g i t a l  computer simulation 

f;\atures. Section V defines the  perretrating a i r c r a f t  and t e s t  conditions 

considered. Section V I  describes the control systems and human p i l o t  

model used. Section V I I  includes typical  time traces of vortex encounter 

upsets and a discussion of t he i r  significance. Section V I I I  presents an 

analysis of the  sens i t iv i ty  of vortex upsets t o  vortex model parameters. 

Section I X  summarizes the r e su l t s  and conclusions of the study. And, 

f inal ly ,  several appendices a re  used t o  present detai led information i n  

support of the  material included i n  the  body of t h i s  report. This infor- 

mation i s  included i n  appendices so the  reader i s  not sidetracked by 

lengthy derivations, etc.  t ha t  would otherwiee be i n  the main text .  



SECTION I1 

VORTEX MOD& AND FLClW DESCRIPTION 

A s  might be expected, most of the  mathematical models f o r  vortex 

tangential  velaci ty  give quali tat ively similar flow patterns. That is, 

zero flow a t  t he  center of the  vortex core; f l a w  building up t o  a maximum 

a t  sane "core radius;" an6 then a f a l l i ng  off of flow magnitude fo r  rad ia l  

distances larger  than the "core radius". But thc detai led f i t t i n g  of 

measured vortex flow data with any of the theoret ica l ly  derived analytical  

expressions has met with varying degrees of success i n  the past (e.g.,  

Ref's. 1-3). Therefore, it was not immediately obvious which model t o  use 

i n  our simulation. However, a f t e r  consideration of the  al ternatives,  it 

was deemed adequate fo r  our purposes t o  use the following vortex model, 

taken from Ref. 1.  (This i s  often referred t o  a s  the "Lamb" model.) The 

model i s  defined by the tangential  flow character is t ics  given i n  Eq. 11-1. 

( ~ x i a l  flow was ignored, thus giving a two-dimensional flow. The reason 

fo r  not including ax i a l  flow is  tha t  no good model f o r  it i s  known.) 

where 

VQ i s  the  tangential' vortex velocity 

ro = ~ w G / ~ ~ V G ~ G  is  the  t o t a l  circulation, which 
represents t he  strength of the  vortex ( it i s  
a f'unction of the  weight, speed, and wing span 
of the generating airplane) 

c = 0.0002 r0 represents the  vortex decay e f fec t  

T represents the  age of the vortex 

r i s  the  rad ia l  distance f ran  t he  center of the 
vortex 

Equation 11- 1 can ks manipulated t o  give the  following useful  re la t ions  

( see Appendix A f o r  derivation) : 



The centers of the  two vort ices behind the generating airplane are  

assumed t o  ke s t ra igh t  l ines  a t  a constant a l t i tude,  pa r a l l e l  t o  each 

other a t  a distance (n/b)bG apart  (Ref. 1 ). A sketch of the  resul t ing 

ver t i ca l  flow f ran  both vor t ices  i s  shown along with the generating 

airplane i n  Fig. 11-1, while Fig. 11-2 shows an a e ~ ~ a l  p lo t  of the  can- 

puted ve r t i c a l  Flow 3 miles behind the  Je t s ta r ,  along w i t h  a scaled 

overlay of the  PA-30 fo r  reference. 

Figure 11-1. Sketch of the Vortex Flow Field 

Table 11-1 presents sane pertinent numerical values f o r  a single vortex 

f ran  several generating airplanes. The numbers anown f'or the C-5A and the 

J e t s t a r  were canputed using airplane weight and geanetry i n  Eq. 11-1, 

while the  numbers f o r  the  B-727 were obtained by f i t t i n g  a curve of the  

form of Eq. 11-1 t o  tower data taken a t  W C  ( ~ e f .  41, and then using 

Eq. 11-2 t o  compute the core diameter. The specif ic technique fo r  using 

meabured data t o  compute the vortex parameters i s  as  follows (see 

Appendix A)  : 

Determine ro f r m  the flw well outside t he  core 
(V, (r0/2nr) for  r 

along with  ro t o  determine 





TABLE 1 1 - 1 .  T A N a T I A L  FLOW CHARACTERISTICS 
OF A SINGLE VORTEX 

GENERATING S P A R A T I O N  I zgr I MnMOM 1 TOTAL I AIRPLANE I DISTANCE 
VELOCITY V ~ O C I T Y  CIRCULATION* I 

J e t s t a r  

*1t i s  noted tha t  the value of circulat ion computed using the 
Lamb model does not always agree with the circulat ion tha:; 7,- : ad  
be neasured. This i s  due t o  the fac t  tha t  the fa l lo f f  r" ;ex 
tangential velocity x i t h  rad ia l  distance i s ,  i n  r e a l i t  LILC - 
t ion  of the spanwise dis t r ibut ion of lift on the wing ;enex-- 
ated the vortex. Because the Lamb model assumeF a l / r  .off+, 
values of circulat ion computed via the Lamb modal may r . - ,  be 
accurate. However, fo r  our present purposes we ere not r e a l l y  
concerned with the numerical value of circulation, nor with the 
exact f a l lo f f  of flow with  radius. Therefore, t h i s  inadequacy 
of the Lamb model i s  not significant  here. 



SECTION I11 

STRIP THEORY C O l W m T l C 8 8  

Because the encountered vort ices can produce a highly nonuniform locd.  i 
3 

4 
.! 

flow w e r  the  l i f t i n g  surfaces of the  penetrating airplaxe, s t r ip  theory I a 
was used t o  canpute the  forces and mnents caused by the vortex flow ( see  ! 

Ref. 5 ) .  To implement t h i s ,  the  penetrating airplane WRS assumeti t o  have 1 \ # 

three l i f t i n g  surfaces: a wing, a norizontal t a i l ,  and 8 ve r t i c a l  t a i l *  i 
Each of these surfaces was ddvided i n to  chord-wise s t r i p s  as shown i n  

Fig. 111-1. The wing was divided i n t o  20 s t r i p s  per s d - s p a n ,  while the  I 
horizontal and ve r t i c a l  t a i l s  were each divided i n to  6 s:.=ipa per semi-span. 1 
S t a l l  was accounted f o r  by l imi t icg  the maximum (and minimum) l i f t  c a f f i -  I * 
cient  on each s t r i p .  The distr ibuted forces along the fuselage were modeled j 
via a pitching moment and a yawing moment respect!vely proprt!..onal t o  the I 
vortex-flc.,-induced incremental angles of a t tack and s ides l ip  measured a t  I 
the wing I , %  root chord. I 

/ 6 Strips 

6 Strips per Semi- Spon 

Fig= 111-1 . St r ip  Theoq C t a n ~ t r y  

140 Liff-lag func t im  was wed becaure our primary a t tent ion wsr cocfirrd 
t o  the  near ax ia l  encountere where aan-etetionary effect8  wou? d be expected 

t o  be minimal. 



The flow a t  each s t r i p  (due t o  the vortex pair  from a generating 

airplane) was determinea by superimposing the flow from each of the two 

vbrtices as indicated i n  Fig. 111-2. A detailed derivation of the per- 

tinent equations for the flow a t  each s+.rip is included i n  Appendix B. 

Left Vor 

Flow Vector 

Figure 111-2. Flow a t  an Arbitrary Point i n  Space (y, z )  Due 
t o  the Left and Right Vortices of a Generating Airplane 

(wL and w~ are the tangential flow magnitudes of 
the l e f t  and right vortices, respectively.) 

MATCHING STRIP THEORY TO IQPWll 
MlICLE CHARACPERI8TICS 

A t  each instant i n  time the t o t a l  forces and moments on the penetrating 

airplane are obtained by adding the forces and mctnents due t o  the vortex 

flow alone t o  the forces and manents that  would exist  i n  the absence of 

the vmtex flow ( for  the instantaneous values of airplane at t i tude and 

motion). However, the forces and manents due t o  the vortex flow are  can- 

puted via s t r i p  theory, while those Uue t o  airplane at t i tude ar~d motion 

are computed via non-dimensional aerodynamic derivatives. To obtain a 

correct s e t  of t o t a l  forces and manents, it i s  necessary tha t  the s t r i p  

theory description of the airplane gives the same aerodynamic character- 

i s t i c s  as  obtained via the non-dimensional derivatives. To insure the 



achievement of t h i s  compatibility, the  magnitudes of several of the  s t r i p  

theory parameters a re  adjusted s l igh t ly .  Table 111-1 l i s t s  the  four dimen- 

sional  s t a b i l i t y  derivat ives (representing the  key aerodynamic propert ies)  

t h a t  were selected for  matching, a s  well  a s  the  s t r i p  theory parameters 

t h a t  can be adjusted t o  e f f e c t  the matching. 

TABLE 111- 1 

PARAMETERS USED FOR MATCHING STRIP THEORY CALCULATIONS 
TO I(NM VMICLE AE33ODYNAMIC CHARACTERISTICS 

where 

W s  

H s 

V r 

F r 

Wing 

Horizontal tall 

Vert ica l  t a i l  

Fuselage 



SECTION IV 

COMPUTER SIMULATION FEATURES 

A. COMPUIIATIW LOGIC 

The basic logic  fo r  computing t h e  d y n d c  effects of a vortex encounter 

are  l i s t e d  

0 
0 
0 

0 

0 

8 

0 
@ 
@ 
Q 

0 

0 

0 
0 

below. 

Star t  w i t h  known a i r c r a f t  c.g. location and a t t i tude.  

Select s t r i p  t o  be considered. 

Defj.ne location of point on desired s t r i p  i n  body-fixed 
axis system. 

Transform location of desired point t o  earth-fixed 
axis system, 

Ccmpute Zdlmensional earth-referenced flow a t  point 
of in te res t  i n  space due t o  both vortices. 

Transform earth-referenced flow at point of in te res t  
t o  body axis system i n  a i rcraf t .  

Cmpute Au ( o r  4 3 ,  as approp a te )  on desired s t r ip .  

Canpute hForce on s t r i p  (due t o  vortex flow). 

Repeat @ through @ fo r  each s t r ip .  

Sum the  forces and forces X lever  arms for  each s t r i p  
t o  get forces and moments on a i r c r a f t  due t o  vortex flow. 

Add forces and moments due t o  vortices t o  forces and 
manents due t o  a i r c r a f t  a t t i tude  and velocity (obtained 
v i a  non-dimensional s t a b i l i t y  derivatives ) , giving t o t a l  
forces and manents on a i rc ra f t .  

Integrate a i r c r a f t  equations of motion over s m a l l  At 
t o  obtain new c.g. location and a t t i tude.  

Repeat @ through @ u n t i l  desired t h e  of f l i g h t  
i s  reached. 

Store result8 and then plot. 



B, BfMUlrAT1:m FEATURE8 

The sal ient  features of the canputer simulation a re  l i s t e d  i n  Table IV-1. 

SALIENT FEATURES OF THE COMPUTER SIMULATION 

6-degree-of -freedom nonlinear d ig i t a l  simulation 

Arbitrary generating and penetrating airplanes 

Arbitrary i n i t i a l  conditions (penetration angles 
an4 position) 

Can use any vortex model desired 

No small-angle approximat9ms fo r  Euler angles 

Includes control surface position and ra te  limits 

Arbitrary control system logic 

Subroutine calculations: 

1 ) Vortex flow a t  ally point 
2) Transform flow in to  body axes 
3) Compute force on each s t r i p  via  s t r i p  theory 
4 )  Sum individual forces and forces X lever arms 
5) Numerical integration of equations of motion 

tl. "RAIL" ENTRY PROVISION 

Provision was made i n  the canputer program t o  constrain the penetrating 

airplanets c.g. t o  a straight l i n e  path (as  i f  on a "rail")  u n t i l  an 

a rb i t ra r i ly  selectable "release range" frcm one of the vortices i s  reached- 

whereupon the airplane is  to ta l ly  released t o  perfom whatever maneuvers 

the aerodynamic forces and munents (and gravity) produce. It i s  emphasized 

that  only the three translational degrees of freedom are  constrained pr ior  

t o  release. That i s ,  the airplane i s  canpletely f r ee  t o  rota te  about all 

three axes wen prior t o  release of the c.g. 

The purpose of t h i s  a r t i f i c i a l  constraint is  twofold. F i r s t ,  it insures 

that  the penetrating airplane w i l l  h i t  the  vortex care; and, second, it 

prmrides a means for obtaining repeatabil i ty of entry conditions nece,.semy 



fo r  making cornparisions of various airplane or control system configurations. 

The question of the val idi ty  of the subsequent upset naturally ar ises  

here. This was the f i r s t  item t o  be checked when the r a i l  entry was con- 

sidered. It turns out tha t  an encounter gith the r a i l  constraint i s  

equivalent t o  a f ree  f l i g h t  encounter wi th  different " i n i t i d "  conditions 

f a r  f r o m  the  vortex, but w i t h  the same conditions as the  vortex core i s  

penetrated. There are  s m a l l  differences i n  sane of the  airplane variables, 

but these are very minor for our purposes, and certainly a small price t o  

pay for  the advantages gained. 



BECTION V 

AI3ICRAFII AND TEST CrnI!rIONS 

Exsxnple vortex wake encounters were simulated f o r  two classes of 

a i rcraf t :  a 3, X)O pound, twin-engine general aviation airplane (PA-30, 
"Twin cornanchew ) penetrating the vortex wakes of a 30,000 pound execu- 

t ive  j e t  transport ( Je t s ta r ) ,  and a 140,000 pouna commercial j e t  transport 

(B-727); and a 1 26,000 pound commercial je t  transport (CV-880) penetrating 

the vortex wake of a 580,000 pound jumbo je t  transport (C-5A). For the 

PA-30, 3 and 10 m i  separations were used, while for the CV-880 a 3 m i  sepa- 

ration was simulated. The penetrating airplanes were i n  "final  approach" 

configurations. These a i rc ra f t  were selected because the aerodynamic data 

were readily available t o  the investigators. 

D i g i t a l  simulations were calculated for penetrations both perpendicular 

and paral le l  (approximately) t o  the vortex wake axes. For the perpendi- 

cular penetrations the primary measure of the severity of an encounter 

i s  peak normal load factor, while for glancing encounters the primary 

measure i s  the maximum bank angle during the upset. 

Two types of glancing encounters were considered - a glancing entry 

in to  the side of one vortex ( f ran  "outside" the vortex pair) ,  and a 

glancing entry in to  the bottan of one vortex. These differed i n  one 

significant aspect. The side entry f i r s t  produced r o l l  i n  one direction 

(as the vortex was approached), and then suddenly rolled the vehicle over 

i n  the  opposite direction (as  the center of the vortex as encountered), 

The entry f ran below produced r o l l  i n  one direction only. For the par- 

t i cu la r  control system used, and the entry conditions trial, larger peak 

bank angles were obtained w i t h  the entries f ran below. Therefore, all 

of the various comparisons made were based on resul ts  for entries fYom 

be low. 

The simulated encounters, with and without the automatic control 

systems, for a l l  of the CV-880 runs, and for  the PA-% rune with the Jet-  

s ta r  vortices were made with no human p i lo t  control action. Thus, the 



comparisons for these aircraft combinations are made between the situation 

in which no action is taken to arrest the upset and that in which the con- 

trol system is operating to arrest the upset. A better comparison would 

include the action of the pilot-in-the-loop, but this was only done for the 

PA-30 encountering B-72'7 vortices. 



SECTION VI 

CONTROL SYSTEM MODELS 

Several types of control systems were used i n  the vortex encounter 

simulation t o  determine the  f ea s ib i l i t y  of using same form of automatic 

contr 01 t o  a l l ev ia te  vortex induced upsets. For comparison purposes, 

bare airplane (controls  f ixed) encounters, and encounters with a human 

p i l o t  model were a l so  run, Further, the  ef fects  of "slaw1' and "fast" 

act ing actuators on upset severi ty and recovery strategy was explored 

(and found t o  be s ignif icant) .  

The severs types of automatic control systems considered were: 

Rate Ccomnand System 

With t h i s  system only pitch ra te ,  yaw rate,  and r o l l  
r a t e  feedbacks were used. 

Attitude Ccmand Sl-stems 

Two t n ? s  of a t t i tude  systems were considered. One 
with pitch s t t i t ude  (and ra te ) ,  bank angle (and ra te) ,  
an+ yaw rote  feedbacks; and one w i t h  a heading feedback 
ir. addi+,ion. These two types of attiturie cantnand systems 
we?-* called "bank angle camand" and "heading command" 
syskms, respect ivel~; ,  

Tn defining the  speci f ic  autanatic control systeas f o r  the  PA-30 and 

the  CV-880, twc di f ferent  approaches were taken. Camand augmentation 

systems had already been de s ived  and f l i g h t  t e s ted  i n  a PA-3;) a i r c r a f t  

a t  the  NASA Flight  Research Center ( ~ e f .  6). Those system8 were used as 

a s ta r t ing  point and modified primarily by increasing r a t e  feedback gains 

f o r  t h i s  study. The resul t ing bank angle camnand system is  shown i n  

Fig* V I -  1 

New camand aumentation systems were designed i n  t h i s  study for the  - 
CV-880. Figures VI-2a end VI-2b present canposite l a t e r a l  and longitudinal 

block diagrams f o r  the  control systems used with the  W-680 (i.e., rate 
caxnand, bank angle ccmsnand, and heading camand systems). 
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Due t o  the re la t ively  low aileron control power available for  the P A - 3  

(compared t o  the vortex strength used) f u l l  &ileron was required to  minimize 

the bank angle durirlg an upset. The proper control strategy thus resembled 

that  of a bang-bang system u n t i l  the bank angle and r o l l  r a te  were both rela-  

t ively  small. However, a bang-bang aileron position could not be achieved 

due t o  the low ra te  l i m i t  i n i t i a l l y  used fo r  the ai leron actuator. This 

resulted i n  a lag between the commanded aileron and the actual  ai leron posi- 

t ion.  To compensate fo r  t h i s  lag the r o l l  r a te  gain was increased t o  a value 

that  would typically be considered as  higher than normal. The identif ication 

of such an "abnormal" system characterist ic a s  being desirable i n  some si tua- 

t ions for  minimizing vortex upsets was one of the  goals of the study. 

Subsequent t o  the i n i t i a l  analyses and control system designs, some up-to- 

date PA-30 control surface data was obtained. Thus, the actuator l ag  time 

constant was decreased from 1/10 t o  1 /30 sec and the ai leron ra te  l i m i t  was 

raised from 45. deg/sec t o  120. deglsec. These two changes resulted i n  a much 

more rapidly responding aileron, thereby making unnecessary ( and undesirable ) 

the very high r o l l  r a te  gain previously required fo r  a good system. Block 

diagrams of the "new" bank angle command systzm are  presented i n  Fig. VL-3. 

While on the  subject of desirable and un4esirabl.e cor~trol  system 

characterist ics,  it i s  pertinent t o  note than an ai leron t o  rudder cross- 

feed i s  a very undesirable feature t o  have when encountering a vortex a t  

a glancing angle. The purpose of such a crossfeed i s  typically t o  reduce 

s ides l ip  due t o  aileron. However, when encountering a strong vortex a t  a 

glancing angle it i s  canrmon for the  airplane t o  develop an appreciable 

i n i t i a l  yawing i n  the  direction opposite t o  tha t  of the  ro l l ing  motion. 

Thus, ai leron opposing the r o l l  w i l l  produce rudder t o  exaggerate the yaw- 

ing (and s ides l ip) .  This i s  part icularly bad when vortex induced s ides l ip  

i s  large t o  begin with. 

8. HUMAN PILOT MODEL 

I n i t i a l l y  it was hoped t o  develop separate p i l d  models for "surprised" 

and "expectant" p i l o t  situations. These labels  re fe r  t o  the  pi lo t ' s  degree 
of surprise a t  encountering a vortex wake. However, t he  develapment of 8 

surprised p i l o t  model was found t o  be beyond the  scope of the  prodect g d e  
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and was therefore not pursued. Our analysis showed tha t  human p i l o t  

nontrol of the  rudders would require considerable at tention and yet  would 

not produce sufficient  performance improvement t o  warrant h i s  e f fo r t ,  

Thus, it wes assunled ( f o r  simulation purposes) tha t  he would adopt a 

"feet on t h e  floor" strategy. Further, because the more in teres t ing 

variables during a vortex upset a re  la tera l -di rect ional  i n  nature, it 

was decided t o  u t i l i z e  the au tma t i c  longitudinal pi tch a t t i tude  control- 

l e r  fo r  dl of the human p i l o t  vortex encounters. This a l so  tended t o  

simplify the varj-aus upset canparisons, As a consequence of a l l  th i s ,  

the  human p i l o t  model used i n  the simulation (representing the  expectant 

s i tuat ion)  was confined t o  roll axis control, Further discussion of human 

p i lo t  modeling attempts using f l i g h t  t e s t  data i s  included i n  Appendix D. 

The? specif ic p i lo t  model used i s  one with a gain, lead, and time delay 

as shown i n  Eq. VI- 1 (Ref. 9 ) .  

Typically, the  lead (TL) w i l l  be the  same magnitude as  t he  airplane roll- 

subsidence time constant (TR), emd the time delay ( T ~ )  i s  about .33 sec. 

For canparison purposes an autanatic yaw damper was included i n  sane 

of the  simulated vortex encounters t o  give the  human p i l o t  a be t t e r  handling 

vehicle t o  control. This yaw damper was the  same one used i n  the  autanatic 

bank angle caannand system, With t h i s  au-ented airplane the  recoveries f'rom 

large upsets were much smoother than when the human p i l o t  :&el was controll- 

ing the bare airplane. T i &  t races  of upsets w i l l  be seen i n  a l a t e r  section. 

A concise evaluation of the haldliag qua l i t i e s  a6pecte of the  "iliitial" bank 

angle ccxnmmd system on the PA-30 is  given i n  Appendix C. AlthougSl the W- 

l ing  qu . l i t i e s  c r i t e r i a  w e d  there were developed fo r  a different  s i tuat ion 

(not an at t i tude comasnd system), they do repreeent the only !mown data. Based 

on theee available criterars the net result of the ewlwrtion i n  Appeadix C is 

that  the bank angle carmaad 8yrtem designed t o  -e vortex encounter upsets 

is  expected t o  cesult i n  fbvorable p i l c t  opinion fo r  naslnal flight operations. 



In  t h i s  section a s a r ~ l i n g  of time traces fo r  various s ia~la te . '  vcrtex 

encounters i s  presented. The t racss  included here were selected becawe 

they exhibit features considered pe- t inent  i n  making a point o r  drawing a 

conclusion. It i s  noted t ha t  the sp -s , ;~ ic  encounters selected are not 

isolated cases tha t  exhibit unique fea" 're8 i n  sane way or otner (although 

that; too would be of in te res t ) ,  but instead w e  considered typical  repre- 

sentations of whatever point i s  being made. 

For t h i s  type of encounter the vortex flow appears a s  a rapid sequence 

of i;p and down flows a s  each vortex is penetrated. Consequently, the most 

pertinent variable t o  consider i s  tne normal acceleration. Most other vari-  

ables have very l i t t l e  excitat ion because the encounter i c  over so quickly. 

In  fac t ,  the ent i re  "upset" i s  over before any effective cor~trol  act ion car. 

be achieved. A s  a resul t ,  the bare airplane response looks jus t  l i k e  tile 

response with e i the r  a ra te  feedback ccntrol system or  an a t t i t ude  h edback 

control system, as  can be seeE i n  Figs. VII-! , BII-2, and VII-3. For com- 

parison purposes, Figure VII-I( ehows the normal acceleration and pitch ra te  

traces that  were measured i n  a f l i gh t  t e s t  s i tvat ion of an F-111 a i r c r a f t  

penetrating the wake of a C-5A. The quali tat ive s imi lar i ty  is  quite eqridert, 

althcugh the numerical values are  not the a&;? (nor would they be expected 

t o  be). 

Figure VII-5 shows a simulated vortex encounter of a CV-880 behind a 

C-5A. For t h i s  case the motion of the airplane a s  it pasaes fran one vortex 

t o  the other is even l e s s  significant  thm it me with the  PA-30 encounters, 

a s  evidenced by the normal acceleration t race  being Fore qumetric.  (Notice 

tha t  the normal, acceleration looks l i ke  the ver t i ca l  flow that wmld be sensed 

by an i ne r t i a l l y  referenced probe moving l a t e r a l l y  across the wake. ) 
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C. 9 DM; GLANCING INTEZCEET IROM SIDE WITH 
PA-30 BEHIND A JETSTAR 

Figure VII-6 shows the time t races  fo r  a controls fixed glancing encoun- 

t e r  from the side. While it can be seen tha t  the primary variable of in teres t  

i s  bank engle, it i c  noted that  there i s  more normal acceleration than one 

might typically expect for  such a glancing encounter. 

The bank angle t race  shows the airplane t o  be f i r s t  banking t o  the 

r ight  as  the lef't wing enters  the upflow region of the r igh t  vortex, and 

then rol l ing over rapidly t o  the left a s  the center of the vortex i s  h i t .  

This reversal i n  bank angle i s  character is t ic  of glancing encounters from 

the side, and can "trick" a p i lo t  i n t ~  applying ai leron i n  the - same direc- 

t ion  a s  the vortex i s  ultimately rol l ing him. Jus t  such a s i tuat ion i s  

l ikely  t o  have occurred i n  the 1972 f a t a l  crash of a DC-9 behind a DC-10 

a t  Greater Southwest a i rpor t  i n  Fort Worth. In tha t  s i tuat ion an i n i t i a l  

r o l l  i n  one direction was followed by a large r o l l  (go0) i n  the opposite 

direction, and then ground contact shortly thereafter .  

D, MISCEUAmEOUS GLANCING ENCOUlTlBS FROM BELCkl 

Figures VII-7, VII-8, VII-9, VII-10, and VII-11 show glancing encounters 

from below a vortex. When a vortex is  encountered from below the ro l l ing  

moment i s  continuously i n  the same direction ( ra ther  than reversing) thereby 

giving larger  peak bank angles. These f ive  example vortex encounters f o r  a 

3 mile separation are  presented t o  show the de ta i l s  of the upsets with and 

without augmentation systems. Figures VII-7 and VII-8 shows the PA-30 and 

CV-880 without augmentation systems. Figure VII-9 shows a PA-30 with a 

bank angle command system. Figures VII-10 and VII-11 then show a CV-880 
with heading command, and bank angle command systems, respectively. Roll 

ra te  command systems are not shown because they were not very effective i n  

a l levia t ing the upsets . 
Figure VII-7 shows t ha t  the PA-30 r o l l s  inverted when no control Is 

applied. It also  shows t ha t  the peak yaw r a t e  occurs a t  8bout the time the 

vortex center i s  reached. However, the in teres t ing aspect o f t h e  peak y a w  
r a t e  18 the direction of yawing. The ~ r t e x  is  ro l l ing  the  airplane t o  the 

l e f t ,  but yawing it t o  the  r ight .  Thus, the encounter produces an uncoor- 

dinated s i tuat ion wherein the motion cues could be confisiag t o  a pi lot .  



Figure VII-8 shows the C V - 8 8 l  response t o  a vortex encounter when no 

control i s  applied. It i s  quali tat ively similar t o  the PA-30, including 

the uncoordinated yawing, but the  maximum bank angle i s  l e s s .  

Figure VII-9 shows that  f o r  the PA-30 with a bank angle command system 

the ai leron position l i m i t  i s  reached &or t o  encountering the center of 

the vortex. The bank angle t race  shows the airplane ro l l ing  over t o  about 

60 degrees in  2-112 seconds, and then rol l ing back t o  wings level  i n  another 

2 seconds. Notice that  even though the ai leron position and ra te  limits 

were reached, r o l l  control i s  quite good once the  centra l  region of the 

vortex i s  passed. 

Figure VII-10 shows an in teres t ing point t o  be considered with regard 

t o  the useful control system feedback variables. I n  t h i s  s i tuat ion the 

CV-880 has a heading feedback a s  well a s  a bank angle feedback t o  the 

1 aileron. Due t o  the large adverse yaw, th2 ai leron command due t o  heading 

i . , 
subtracts from the ai leron comrmnd due t o  bank angle. (The t races  show Jr 

and cp t o  be very similar, but with opposite signs.) Thus, the  net a i leron 

command i s  quite small even though the hank angle i s  about 35 degrees. This 

i s  not a good si tuation.  During a vortex upset the control of bank angle i s  

more important than maintaining a given heading. I n  fac t ,  be t t e r  heading 

control w i l l  ultimately be realized if  good bank angle contro:. i s  achieved. 

The conclusion t o  be d r am here i s  that  a heading fe~dback t o  the ai leron i s  

detrimental t o  good bank angle cont~:ol. 

Figure VII-11 shows the t races  for a control system that  is the same 

as  that  used i n  Fig. VII-10, except f o r  the removal of the heading feedback. 

mis system i s  called a bank angle command system, Here it i s  readily seen 

t ha t  the banK bngle never builds up, and the maximum hLsding change i e  

actually about the same a s  that found using the heading command system! 

This i s  clearly a be t t e r  system fo r  controlling vortex wake upsets. 

A similar s i tuat ion t o  the above example (of the  detrimental e f fec t  of 

a heading feedback) was found when an aileron-to-rudder crossfeed wae used. 

Again, due t o  the opposite (o r  adverue) ro l l  and yaw directions resul t ing 

from the vortex flow, the direction of the rudder fkom the  crossfeed ten& 

t o  increase the yawing excursions, and makes any upset considersbly worse. 
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Thus, another conclusion regarding control system effectiveness 1.1 a l l e -  

viating vortex encounter upcats i s  t ha t  an a i leron t o  rudder croasfoed is  

detrimental. 

The key performance me.ric fo r  evaluatine; glancing vortex encomtcr 

upsets i s  the maximum bank nngle experienced. Tables VZI-1 and VII-2 pre- 

sent a summary of maximum bank angle comparisocs f c r  scveral types of conLml 

systems on the two example a i r c r a f t  considered. 

TABLE VII- 1 

GENERAL AVIATf 3N AIRCRAFT PENX'RATIIJCI MECUTIVE 
m mANsP0m WAKE F90M BElrLkl 

Maximum Bank Angle Canparison 

I 3 Mile ( 10 Mile I 
No Augmentation System 

Bank Angle Command System 

TABLE VIA. 

COMMERCIAL JET TRAnsPOm P m E m A T r n  
JWBO JET TRANSPORT WAKE FROM BELW 

Maximum Bank Angle Com-rism 
( 3  Mile 3epra t ion)  

Heading Coarmend System 

Roll Rate Cam3and Qrstem 



A s  can be seen i n  the comparisons i n  the tables, the automatic control 

systems provide a significant  reduction i n  the maximum bank angle experienced 

in a vortex wake upset fo r  both types of a i r c r a f t .  

So far ,  no human p i l o t  control has been considered. A s  a separate phase 

o f  the study, comparisons were made with ident ica l  vortex encounters using 

models fo r  manual and automatic control. $or these encounters the vortex 

model parameters used were di f ferent  from those used up t o  t h i s  point.  They 

were obtained by adjusting the vortex model parameters (given i n  Section 11) 

t o  f i t  tower data from a B-727 flyby a t  NAFEC (see Appendix A).  Another 

significant difference ex i s t s  i n  the si tuations tha t  follow. The bandwidths 

of the control surface actuators 'lave been increased. This was done t o  

re f l ec t  the l a t e s t  infomation on the actual  hardware on NASA's PA-30. The 

actuator time constants were decreased and the ra te  l imi ts  on the surface 

motion were increased. The consequences of these changes were presented i n  

Section V I ,  but it i s  mentioned here t o  remind the reader that  the traces 

that  follow are  not t o  be di rect ly  compared with those t ha t  have already 

beer. presented. 

Figures VII-12 and VII-13 show vortex encounters (PA-30 behind a B-727) 

f r m  the side and from below, respectively, fo r  several types of control. 

A s  can be seen, the bank angle command system does a be t t e r  job than the 

human p i l o t  i n  controlling the upset. But the primary difference i s  not so 

much i n  the attenuation of the peak bank angle as it i s  i n  the damping out 

of subsequent motions due t o  the dutch r o l l  mode. This suggested t ha t  a 

yaw damper might be very useful t o  the human p i lo t .  Thus, the same human 

p i lo t  along with the yaw damper from the bank angle command system was t r i ed .  

It can be seen that  the human plus yaw damper does jus t  about a s  good a job 

as  the fu l ly  automatic system. It must be remembered, however, that  the 

human p i lo t  model used here always puts i n  c m t r o l  i n  the correzt direction, 

and without large delays dae t o  surprise, conf'usion, incapecitation (due t o  

large vortex-induced jost l ing),  e tc .  Thus, any comparisons are based on the 

human pi lo t  behaving i n  the most favorable manner possible - ra ther  than 



i n  a "tyyical" manner. Clearly it would be desirable t o  get fur ther  com- 

parisons t o  verify these ccnclusions. Such comparisons might be obtained 

i n  a moving-base simulator. 

It i s  noted tha t  the bare airplane entering the vortex from below i s  

upset i n  a very in teres t ing  way. It turns w l t  t o  be performing a "split-S" 

maneuver i n  tha t  it i s  ro l led  over 180 degrees onto i t s  back, and then it 

dives through the ve r t i ca l  and pu l l s  up again. (The p i t ch  t r ace  is  not 

included here, but it looks approximately l i k e  a r a q  down t o  degrees, 

followed by a ramp back up.) The bank angle and heading t r aces  both show 

the required 180 degree jumps a s  the  airplane passes through the  ve r t i ca l .  



Bo
nk

 A
ng

le
 

C
or

nm
on

d 
Sy

st
em

 
C

 

H
u

m
m

 P
ilo

l 
H

um
an

 P
do

t 
W

it
h 

Ya
w

 D
om

pe
r 

/V
 

Fi
gu
re
 V

II
-1

.2
. 

Ex
am
pl
e 

V
or

te
x 
En
co
un
te
rs
 *
om
 

th
e

 S
id

e 
(P

A
-3

0 
B

eh
in

d
 B
-7
27
) 

fo
r 

S
ev

er
al

 T
yp
es
 o

f 
C

o
n

tr
o

l 





SECTION VIII 

SESSITIVITY OF UPSET M VORTEX PARAMETERS 

Several questions need t o  be answered w i t h  regard t o  how well  the  

vortex flow needs t o  be known (and modeled) t o  insure val id  simulation 

resul ts .  The first question concerns the  analyt ica l  form of the  vortex 

model t o  be used. Then, the  questions of how accurate each parametw 

i n  the  model needs t o  be known, and wh.at a r e  the  ef fec ts  of er rors  i n  

these parameters. Before attempting t o  answer these questions, t h e  r e s u l t s  

of sane simulated encounters w i t h  varying vortex flow character is t ics  w i l l  

be presented. Then answers t o  these questions w i l l  be noted, along with 

some guidelines concerning f'uture full scale  vortex flow measurements. 

The vortex model used i n  t h i s  report  has three  basic character is t ics  

(core diameter, maximum tangential  velocity, and t o t a l  c i rcula t ion)  which 

a re  re la ted  by the  f ollowing eqcation ( see Appendix A) .  

This shows t h a t  there a r e  only two flow character is t ics  t h a t  can be varied 

independently. 

To determine the e f fec t s  of chrg;e i n  these flow character is t ics  a base 

case of vcrtex parameters was chosen, and systematic parameter changes were 

made. Simulated vortzx encounters with i d e n t l i a l  i n i t i a l  conditions were 

run and the changes i n  the upsets noted. The base case was chosen t o  be a 

f i t  t o  the B-727 tower data shown i n  Appendix A. This was 

VIII- 1 



The f i r s t  perturbations were t o  double the  core diameter while holding 

tr,e maximum velocity fixed, and t o  double the  core diameter while holding 

tL.e circulation fixed. These two perturbation cases (along with the  base 

case: allowed three comparisons t o  be made. Namely, the  effects  of seps- 

ra te ly  holding circulation, core diameter, and maximum velocity constant 

(while varying the  other two parameters). 

The resul ts  of these comparisons were quite straightforward. When c i r -  

culation was held constant, while core aize and peak velocity were varied, 

the upsets (PA-30 with a bank angle canmand system) were essent ia l ly  identi- 

cal.  However, when e i ther  core s ize  o r  peak velocity was held constant the 

upsets were different  -- roughly i n  proportion t o  the result ing change i n  

circulat ion (which was required t o  hold the appropriate parameter constant). 

As a consequence of t h i s  observation more simulated encounters were 

run with circulat ion held constant, but with core s ize  (and thus peak 

velocity) being varied by larger and larger  amounts u n t i l  the  upset finally 

shared a change. This happened when the  core diameter reached 13.6 f t  (o r  

about 1 /3 of the wing span of the penetrating airplane). Figure V I I I -  1 

shows a summary of the  bank angle traces obtained during the  encounters 

described above. Figure VIII-2 shows superimposed plots  of the  vortex 

flow (of the  r ight  side vortex) fo r  the  various core sizes, etc. looked 

a t  i n  t h i s  i n i t i a l  sensi t iv i ty  investigation. 

On looking a t  Fig. VIII-2 it i s  apparent why the  upsets a re  essent ia l ly  

a function of only the circulat ion and are independent of the core size.  The 

flow outside about a 4 ft radius i s  the same for  a l l  of the core diameters 

l e s s  than 7. ft (with circulat ion held constant). Thus, the flow over the 

major portion of the wing of the penetrating airplane is  not much affected 

by core size differenczs. Further, the flow within the core ( fo r  the  values 

of circulation and maximum velocity considered) i s  so large tha t  s t a l l  i s  

occurring on those s t r i p s  within the  core anyway (thus producing the  same 

l i f t  regardless of the  flow magnitude differences). On the  other hand, 

changes i n  the circulat ion a re  reflected i n  proportional changes i n  flow 

a t  all radi i ,  and i n  part icular ,  outside the  core. Therefore, a scaling 

of upset magnitude with circulat ion i s  (by hindsight) obviaus. 



Figure VIII-1. Upset Comparisons for Various Vortex 
Parameter Values (Glancing Encounters from 

Right Side; yo = -lo0, y o  = 0) 
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Figure VIII-2. Vortex Flow for Several Core Sizee 
and Vortex Strength8 



Perturbations i n  vortex flow ( a s  described above) were a lso  t r i e d  with 

human p i l o t  models contrclling the PA-,ZO. The resu l t s  and conclusions are  

exactly the same a s  for  the bank angle command system s i tuat ion already 

presented. 

Summarizing the upset sens i t iv i ty  t o  vortex parameters, it appears tha t  

the de ta i l s  of the flow within the core have very l i t t l e  e f fec t  on the upset 

(for core diameters l e s s  than about 113 of the penetrating airplane ' s  wing 

span). Thus, analytical  vortex models tha t  d i f f e r  primarily i n  the descrip- 

t ion  of flow within the core a re  fo r  pract ical  purposes equivalent models. 

The key parameter that  needs t o  be accurately modeled i s  the t o t a l  circula- 

t ion,  because the upset magnitude roughly scales with circulation. The 

implications fo r  flow-measuring f l igh t - tes t  applications a re  clear. Deter- 

mining only the maximum flow velocity, - or  the core diameter accurately is 

not very useful. Both need t o  be known i n  order t o  even esterlate the  circu- - 
l a t ion  magnitude. Care should be taken to  insure gett ing good measurements 

well outside the core t o  enable accurate estimates of the circulat ion t o  be 

made. Further simulation of upset ccmparisons should a l so  be made t o  deter- 

mine the effects  of flow f a l l o f f  with radius other than l / r .  



A six-degree-of-freedom nonlinear d i g i t a l  computer simulation was developed 

for analyzing the dynamic response of an airplane encountering a vortex wake. 

This simulation was used primarily t o  determine the f ea s ib i l i t y  of having an 

automatic control system t o  a l levia te  vortex encounter upsets. Secondary 

goals were concerned with be t te r  understanding the nature of the upsets and 

determining the conditions that lead t o  more hazardous upsets. A future use 

of the simulation might be t o  define a hazard volume along tke final approach 

path a t  an a i rpor t .  Based on the exercises of the simulation t o  date, the 

f~ l l awing  i s  a l i s t i n g  of some of the general conclusions that  can be drawn. 

A 90 deg vortex encounter gives a purely longitudinal 
s i tuat ion w i t h  incremental normal acceleration (ANZ) 
being tbe  largest  effect.  

0 A vortex-induced LQ?z cRn exceed the  design loads of 
smaller encanter ing a i rcraf t .  

90 deg encounters with a PA-30 show the  same general 
t reces  (and similar "kinks") of UZ and 6 (pi tch r a t e )  
as do f l i g h t  data fo r  an Y-511.  

PA-30 resu l t s  show tha t  a l l  control systems (SAS1s) 
have n i l  e f fec t  i n  reducing the peak mZ ( fo r  90 deg 
intercept), and actually increase the peak Afl (although 
it i s  s t i l l  not large).  The reason for t h i s  s i tuat ion 
i s  that the  encounter i s  over very quickly - before 
a SXS can t50 much. Thus, SAC! and bare airplane resu l t s  
look a l ike .  

Glancing encounters produce primarily l a t e r a l  distur-  
bances (e  . g . , bauk angle and sideslip),  but sizeable 
pitch a t t i tude  and normal acceleration can s t i l l  occur. 

The l a t e r a l  s i tuat ion i s  usually more c r i t i c a l  than the 
longitudinal s i tuat ion (and more amenable t o  rrlleviation 
of vortex induced upset +a automatic control systems). 

!he primary measure of a l a t e r a l  upset i s  the maximum 
bank angle attained. 



Several conclusions were reached regarding the uce of 
automatic control systems for alleviating vortex wake 
encounter upsets: 

- Bpecifically designed att i tude command 
augmentation systems can provide signifi-  
cant alleviation of vortex wake upsets. 

- A iaate damper or ra te  canmand system alone 
docs not significantly alleviate vortex 
encounter upsets. 

- An "ideal" human p i lo t  model ( for  roll 
control of an airplane with a yaw Campel 1 
can alleviate vo~cex upsets almost as we= 
as an automatic system. (The p i lo t  model 
i s  ideal i n  that  it implicitly assumes the 
p i lo t  always puts i n  control in  the correct 
direction, and without large delays due t o  
being surprised, confused, or incapacitated 
due t o  rapid motions. ) 

- A heading t o  aileron loop is  uetrimental. 

- An aileron to  rudder crossfeed is  detrimental. - Control surface saturation ( i n  rate or posi- 
tion) effects are important when trying t o  
ainimize separation distance, or when a mall 
airplane is  following a larger one. However, 
significant d l e v i a t  ion i s  s t i l l  possible 
even with some saturation. - High authority and high surface ra te  limits 
are needed for a good vortex upset allevia- 
ting system. - I f  low bandwidth actuators are used, a good 
vortex upset alleviating system w i l l  d i f fer  
from a conventional SAS in  that it w i l l  have 
a higher r o l l  ra te  gain and a lower bank angle . 
gain than a conventic.la1 SAS would have. -- If high bandwidtt? a c t ~ a t o r s  are used, then a 
good vortex upset alleviating system is  simi- 
l a r  t o  a conventional SAG !n loop structure 
and gains used. 

The characteristic of a vortex that has the iargest effect 
on an encounter upset i s  the to t a l  circulation. I n  fact, 
t;x upset magnitude roup;hly scales with circulation; whereall 
6he peek tangential velocity and the core size are indivd- 
dually not very Important for core sizes l e s s  than a b u t  
1 /3 of the penetrating airplane ' s wing W n .  

Flow measuring t e s t  programs (whether wind tunnel, tower, 
or f l ight  t e s t )  need t o  inrrure the simultaneous maauure- 
ment of meximwsl flow velocity end core diameter in  ordar t? 
be able t o  estimate the circulation. Either quantity alone 
i s  not very usef'ul. 

1x12 



0 A s-uamary of the items that  vortex upsets are  sensit ive 
t o  include: 

- Vortex parameters (primarily the t o t a l  
circulat ion).  

- Vortex entry conditions (angle, direction, 
and duration near vortex center. It is  
possible t o  h i t  the center of a given vortex 
i n  several ways that give t o t a l l y  di f ferent  
upsets. Because of t h i s  it i s  tempting t o  
c lass i fy  a vortex as  %on-hazardous" on the 
basis  of f l i gh t  encounters; whereas, i n  
actuali ty,  a different  entry condition 
might produce a very large upset. ) 

- Penetrating airplane geometry (wing span and 
aileron control power are  key items). 

- Control surface actuator position and ra te  
l imits ,  and effective lag i n  actuation. 

- Control strategy during upset. ( I n  human 
p i l o t  cases can get delayed actions a s  well 
as  wrong actions. Too high a aain nlong with 
a rate-limited control surface can take extra 
time t o  reverse a control input. ) 
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APPENDIX A 

EPIRICAL FIT TO B-727 TC1WER DATA 

Tkle purpose of t h i s  appendix i s  t o  describe a simple r m s  f o r  f i t t i n g  

vortex flow data w i t h  a commonly used analytical.  expression and then wwk- 

ing an example. The analy t ica l  expression used t o  Cefine the  tar~gtr ' . . i l  

flcw of a vortex i s  given i n  Eq. A-1 .  

Fo simplify the  notation during subsequent mathematical mhnipulations, the  

following defini t ions w i l l  be used. 

With these def in i t ions  Eq. A-1 becmes: 

The goal of the  derivation t h a t  follows i& t o  determine e x p l i c i t  

expressions f o r  K and T i n  terms of eas i ly  measured quant i t ies  f r an  wind 

tunnel or  f l i g h t  t e s t s .  Figure A-1 shows a sketch of tangent ia l  f l . o - l r  

veloci ty as  a function of distance f ran  s vortex center, and defines two 

quant i t i tes  t h a t  can be determined f ran  vortex flcw measurements (f.e., 

and dCORE). ( A  second derivation w i l l  be presented l a t e r  vnere 

It w i l l  be aosmed t h a t  %ORE is not known. ) Thus, the  prc%le!r a t  t h i s  

point  i s  t o  derive expressions f o r  K and T i n  terms of Vba,  an6 M CORE. 
This i s  done as follows. 

v%x i s  the  value of V0 when 



u 
d core 

Figure A - 1 .  Sketch of Tangential Flow Velocity f o r  a Single Vortex 

Taking a derivat ive of Eq. A-4 gives, 

Then, equating t h i s  t o  zero and rearranging terms leads t o  Eq. A-7.  

This equation i s  seen t o  be a transcendental equat ion ' in  the  s ingle  variable, 

rGORE/~. Separate p lo t s  of the  l e f t  and r igh t  s ides of t h i s  equation a r e  

shown i n  Fig. A-2, where it can be seen t h a t  two d i s t i n c t  solutions ex i s t :  
2 an8 t r i v i a l  solut ion a t  rCORE/~ = 0,  and the  desired solution a t  rgORE/~ = 

1.25643. The deslred solut ion can be rewrit ten i n  terms of the  vortex core 

diameter ( instead of core radius)  as, 



and 

T 

Figure A-2. Flots of Left  and Right. Sides of Equation A-7 

This gives an expl ic i t  expression fo r  T i n  terms of dCORE. 

Next we need t o  derive an expression for K. Substituting the  solution 

fo r  rSORE/~ in to  ~ q .  A-4 and rearrangicg terms gives, 

In terms uf the  t o t a l  circulat ion t h i s  bexmes, 

Po E 2nK = 4.39180 V h a x d c ~ ~ ~  (A- 12) 

Thus, we have determined simple analyt ica l  expressions f o r  campting 

the  values of vortex strength ( r o )  ~ n d  effect ive  age (T E ~ E T )  i n  terms 

of peak tangential  velocity and radius ( o r  diameter) a t  which t h i s  peak 

velocity occurs. The pertinent equations a re  repeated here i n  simplified 

form fo r  easy reference. 



(A-13) 

(A- 14) 

The above derivation assumes   CORE i s  known. Many times t h i s  i s  not 

the case. For those cases where d c O ~ ~  i s  not known the  following derivation 

would apply. ( ~ c t u a l l y ,  the resul ts  tha t  follow can a l so  be applied when 

 CORE i s  known, thereby providing a check of the  computed estimate of   CORE. ) 

If Eqs. A- 13 and A-14 are substituted i n to  Eq. A- 1 (and r c ~ h d  i s  used 

instead of kORE) ,  the  follow in^ equation resul ts .  

For r/rCORE greater than 2 the  exponential terms i s  l e s s  than 3.91 and 

can be neglected, giving, 

This shows that  outside the  imedia te  region of the core the  de ta i l s  of 

core size, etc. have no effect  o? the  flow f ie ld .  

Such a r e s r l t  suggests tha t  t h e  - best way t o  estimate ro would be t o  

f i t  the  measured flaw outside the  core region w i t h  a curve of the  form 

of ~ q .  A-17. 

Then Eq. A-13 could be used t o  estimate   CORE (assuming Vemax i s  k n h ) j  

tmd Eq. A-14 t o  determine ~ C T .  This progression of ~ d C U h t i 0 n s  avoids 

the sanetimes inaccurate estimate of  CORE obtained through direct  

measurement. 



The following steps summarize the  sequence of calculat ions used when 

 CORE l.s e i t h e r  not known, or  w i l l  only be used for  ?heckin@; t h e  computed 

value. 

0 

0 

0 

F i t  flow data outside of core v ic in i ty  w i t h  curve 
of form: 

(A- 18) 

Use value obtained f o r  Po/& along with measured 
value of V&=to compute  CORE via:  

Compute T ~ E T  (using ~ q .  A-14): 

An example applicat ion of tflis technique f o r  f i t t i n g  vor tex  flow data 

w i t h  an analy t ica l  expression i s  given here t o  demonstrate i t s  usefulness. 

Figure A-> shows how the  flow outside the  core region can be f i t  w i t h  s 

simple ~ / r  curve. The value of K (a ro/21t) was found t o  be 250. f t2 /sec  

for  t h i s  example data f o r  a B-727. dCOm i s  now computed t o  be: 

and T ~ E T  i s  found as: 

W i t h  the  s e  numerical values Eq. 4- 1 becomes, 

A p l o t  of t h i s  equation along w i t h  the  superimposed data  points  i s  s h m  

i n  Fig. A-4. 



fits to data 

Figure A=>. K/r F i t  t o  Vortex Flow Data f o r  a B-727 





DERIVATION OF VORTEX nuw AND 
STRIP THEORY EQUATIONS 

VORTEX MODEL: 

'i'he vortex model used, which was taken f ran Ref. 1, i s  defined by the 

tangential  flow character is t ics  given below (because no good model f o r  axid 

flow i s  knam, it was se t  e q u u  t o  zero, thus giving a two-dimensional flow). 

where 

VT i s  the tangential vortex velocity 

Po = ~ W G / ~ ~ V G ~ G  represents the  strength of the  vortex (it 
i s  a function of the weight, speed, and wing span of 
the generating airplane) 

6 = 0.0002 r0 represents the  vortex decay effect  

T represents the age of the  vortex 

r i s  the  rad ia l  distance f rm the center of the vortex 

The centers of the  two vort ices from the generating airplane a re  assumed 

t o  be s t ra ight  l ines  at a constant a l t i tude,  pa ra l l e l  t o  each other a t  a 

distance (n/4)bG apart ( ~ e f .  1 ). A sketch of the resul t ing ve r t i c a l  flow 

fran both vort ices i s  s h m  i n  Fig. B-1. 

/- 
Generating 

Vertical 

I 

Figure B-1. Sketch of the  Vortex Flow Field 



STRIP THEORY 

Because the  vort ices produce a highly nonuniform l o c a l  flow over the  

l i f t i n g  surfaces of the  penetrating airplane, s t r i p  theory was used t o  

compute the  forces and moments caused by the  vortex flow ( see  Ref. 5 ) .  
To implement t h i s ,  t he  penetrating airplane was assumed t o  have three  

l i f t i n g  surfaces: a  wing, a horizontal  t a i l ,  and a v e r t i c a l  t a i l .  Each 

of these surfaces was divided i n t o  chord-wise s t r i p s  a s  shown i n  Fig. B-2. 

The wing was divided i n t o  20 s t r i p s  per  semi-span, w h i k  the  horizontal 

and v e r t i c a l  t a i l s  were each divided i n t o  6 s t r i p s  per  semi-span. The 

d is t r ibuted  forces along the  f'uselage were modeled v i a  a  pi tching moment 

and a yawing manent respectively proportional t o  t h e  vortex-flaw-induced 

incremental angles of a t tack  and s ides l ip  measured a t  t~,: wing 1/4 root  

chord. 

/ 6 Strips 

6 Strips per Semi- Span  

Figure B-2. S t r i p  Theory Geanetry 

F%OW AT EACH STRIP 

Let Gig be the  veloci ty vector ~f  the  wind a t  any point  ( i )  i n  apace 
(due t o  both vor t ices)  expressed i n  "earth-fixed" axes. . 



Left 

Figure B-3.  Flow 
and 

From Fig. B-3 

I r R i g h t  Vortex 

a t  an Arbitrary Point i n  Space (y  , z) Due t o  the  Lef t  
Right V3rtices of a Generating Airplane 

it can be seen tha t :  

where y, and WR a r e  the  tangent ia l  flow magnitudes of the  l e f t  and r i g h t  

vort ices,  respectively. 

Clearly, 'ijiE i s  a function of the  posi t ion of the  point i n  space being - - - - 
considered (RiE); i.e., w i ~  = wiE(RiE). But points  of i n t e r e s t  f o r  flow 

calculations w i l l  be points  on the  airplane expressed i n  airplane body 

axes. Thus: 
- - 
R i E  = RegE + T K i B  ( B-6) 

where 
- 
RcgE i s  the  p o s i t i m  of the  airplane c.g. i n  ear th  axes 

T i s  the  transforma~ion mo'kix f r t s  airplane body 
axes t o  ea r th  axes 

- 
R i g  i s  the  posi t ion of a point  on the  a i rp lane  expressed 

fn  airplane body axes 

B-3 



cos 9 cos 8 cos @ s i n  8 s i n  cp cos 9 s in  8 cos cp 
- s i n  9 cos cp + s i n  9 s i n  cpl 

L- s i n  cos 8 s i n  cp cos 8 cos cp J 

T = 

For force calculations we need t o  kncw the  flow (due t o  t h e  vor t ices)  

i n  airplane body axes. Thus: 

s in  $ cos 8 s i n  $ s i n  8 s i n  9 s i n  9 s i n  8 cos cp 
+ cos Ji cos cp - cos I) s in  cp 

Note t h a t :  

The incremental angles of a t tack and s ides l ip  are defined as: 



Putting a l l  t h i s  together gives: 

and 

AIRPLANE GEOMETRY AND Ill-TAL FORCES 
IXDUCED CIN EACH STRIP 

The components xi, yi ,  z i  ( i n  body axes) w i l l  be given i n  the  next subsection. 

The incremental force on each str ip i s  assumed t o  a c t  a t  the in terrect ion 

of the 0.25 F and the centerl ine of the s t r i p  and i s  proportional t o  the  

incremental angle of at tack a t  the 0.75 F of the s t r i p  (Ref. 5 ) .  The 

gemetry required t o  define the  pertinent locations on the  l i f t i n g  surfaces 

i s  given in  Fig. B-4; and the  resul t ing equations follow. The subscript 

" i "  i s  used for the  r igh t  s ide  of' the airplane and for the ve r t i c a l  t a i l ,  

while "j" i s  used fo r  the l e f t  s ide  of the  airplane. i and j both increaee 

f r m  root t o  t ip .  
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Figure B-4. Geometry f o r  Typical L i f t ing  Surfaze ( ~ o t e  t h a t  
Relations Apply t o  0.25 F and 0.75 3 Locations) 

Wing and Horizontal Tail:  

= X i  - Cut = - hy t an  X 

xi+l = xi - - a tan x 
j.1 j 

N 

zi = conetant (for wing and harizantrl tail) 
3 



Vertical Tail: 

a XI = Xo - - tan X 
m 

AREAS OF STRIPS 

Figure B-5 and the following two equations define the area of each 

strip.  
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Figure B-5. Geanetry Pertinent t o  Determining Area of Each Strip 



The incremental forces on each strip are eumtd as e h m  below t o  

give the net forces and manents on ths airplane. is ignored. 

The notation used here i s  defined as follaws. 

W Wing 

H E HorizontcJl t a i l  

V s 7ertical t a i l  

F z Fuselage 



aF and BF arc evaluated a t  the 0.8 E of the wing root chord. * 
It i s  noted tha t  s t U  was accounted f o r  by l imi t ing t h e  maximum (and 

mininun) l i f t  coefficient  on each s t r i p .  



APPENDIX C 

HANIXLING QUALITIES CONSIDEBATIONS 

The PA-30 bank angle c m a n d  systems presented i n  Section V I  were based 

on optimizing the  response t o  vortex upsets.  The purpose of t h i s  appendix 

i s  t o  d~ te rmine  i f  the  i n i t i a l  control system (with the  high roll r a t e  gain) 

plus airplane resu l t s  i n  adequate handling propert ies  for  normal operations. 

To be consistent with the  vortex analysis,  t h e  handling qua l i t i e s  evaluation 

assumes the  a i r c r a f t  t o  be i n  the  landing configuration a t  100 k t  (ru13 f laps ,  

gear down). 

A summary of per t inent  l a t e r a l  ha:.dling qual i ty  fac tors  a re  given i n  

Table C-1 where each of the  handling metrlcs for  the  augmented a i rp lane  

a re  compared t o  the  bare airplane and t o  "desirable values" a s  detemined 

f rm Refs. 10, 11 ,  and 12. 

The dutch r o l l  frequency and damping of the  augmented. airplane a r s  

seen t o  be well  above the  minimum requirements ( see 'lable C- 1 ), A s ign i f i -  

cant improvement i n  dutch r o l l  damping i s  evident on the  augmented a i rp lane  

as  canpared t o  the  t a r e  airplane. While the  bare ~ i r p l a n e  i s  seen to be 

qui te  acceptable i n  t h i s  regard, the  combination of minimal dutch r o l l  

damping (Cd = 0.225) and low I d a r e  usually r e s u l t s  in  an unccmfortable 

"snaking motion" i n  turbulence. It i s  therefore expected tha t  the  p i l o t  

ra t ings  i n  turbulence w i l l  improve from acceptable (crder  of 3)  t o  very 

good (order of 1.5) as  a r e s u l t  of the  augmentation. 

The r o l l  subsidence and s?iralmodes for  the bare airplane a re  a l s o  

well within acceptable l i m i t s  ( see Table C- 1 ) . However, fo r  many augmented 

airplanes ( including t h i s  one) the  r o l l  subsidence alld s p i r a l  modes do not 

e x i s t  i n  the conventional sense. I n  the  present case, the  r o l l  r a t e  t o  

a i le ron feedback r e s u l t s  i n  a coupllng between the  r o l l  mode pole and the  

actuator  mode pole giving a second-order mode a t  a frequency of 13 radlsec  

and a damping r a t i o  of 0.5. The bank angle t o  a i le ron feedback s t a b i l i z e s  

t h e  unstable s p i r a l  mode and drives the  s p i r a l  mode pole out t o  0.62. 

The " r o l l  mode" l i s t e d  a t  12 rad/sec i n  Table C-1 actual ly  only represents 

t h e  time required t o  achieve peak r o l l  r a t e  fo r  a s t ep  a i le ron input. 



TABLE C-1 

HANDLING &ALITY PARAMETERS 

DESIRABLE 
VALUES 

- > 30 (deg) 

The bank angle at tainable i n  1.3 sec for  a f i l l  l a t e r a l  wheel input 

i s  given as  a measure of adequate control authority i n  Ref. 10. Fran 

Table C-1 it i s  seen tha t  the unaugmented and auwented configurations 

both have adequate c-mtrol power. 

Having established tha t  the inner-loop (bank angle ) characterist ics 

are  satisfactory, the outer (heading) loop characterist ics may be identified. 

Evaluation of the piloted heading control properties i s  accmplished v i a  

the aileron-rudder coordination boundaries taken fran Ref. 11 and given 

i n  Fig. C-1. The p parameter (ordinate i n  Fig. C-1) defines the  rudder 

shaping required t o  coordinate the turn and the N&&& (abscissa i n  

Fig. C-1)  parameter defines the  required magnitude. Fran Table C-1, the 

values of p for  the augmented and unaumented airplanes are  small 



( I u 1 << 1 ), indicat ing a pure gain rudder i s  reqaired ( see Ref. 11 ). 

In both cases, the  rudder magnitude i s  well within the  5.5 p i l o t  r a t ing  

boundary. We theref  ore would expect favorable p i l o t  ra t ings  fo r  heading 

control  f o r  the  augmented as  well  a s  the  unaugnented airplane. It i s  

in te res t ing  t o  note t h a t  the  yaw damper i s  somewhat unconventional i n  

t h a t  the  yaw r a t e  feedback i s  not washed out.. Class ica l  SAS "design 

rules" require a washout on the  yaw r a t e  feedback t o  avoid 3 2  e f fec t  

of "opposite rudder" i n  a steady turn. However, the  p i l o t  r a t ing  bounda- 

r i e s  i n  Fig. C-1 indica te  t h a t  t he  p i l o t  w i l l  supply t h e  required rudder 

without degradation i n  opinion ra t ing .  Based on these r e su l t s ,  we con- 

clude t h a t  the  simplifie-l yaw damper CAE (no washout) will have l i t t l e  

( i f  any) e f fec t  on p i l o t  opinion. 

I n  smary,  tne  i n i t i a l  (high roll r a t e  gain) PA-30 s t a b i l i t y  augmentation 

system design based on minimizing t h e  response t o  wake vortex encounters i s  

expected t o  r e s u l t  i n  favorable p i l o t  opinion f o r  nom-al f l i g h t  operations. 



Figure C- 1. P i l o t  Rating Baundwiee for Heading Control 

c-4 



FLIGHT TEST A C T M T I E S  

A limited f l i g h t  t e s t  program was carr ied  out  a t  NASA's Flight Research 

Center i n  ear ly  November of 1973 t o  invest igate vortex charac ter is t ics  and 

encounter upsets.  A Boeing 727 was used as  the generating a i r c r a f t  ( t o  gen- 

e ra te  vor t ices) ,  and a PA-30 and a Learjet  were used a s  penetrating a i r c r a f t .  

The primary t e s t s  were car r ied  out a t  an a l t i tude  of 12,000 f t  t o  insure 

adequate a l t i tude  f o r  upset recovery as  well a s  t o  avoid convective turbu- 

lence present near the  ground (which would tend t o  break up the vor t ices) .  

The PA-30 was f i l l y  instrumented t o  record airplane motions during 

vortex encounters. Khile the Learjet was a lso  instrumented t o  measure a i r -  

plane motions, i n  addition it was equipped with flow measuring apparatus and 

was thus used primarily t o  tneasure the  vortex flow a t  separations (from the  

generator) near those of the  PA-30 penetrations . 
A l l  of the  vortex penetrations were essent ia l ly  ax ia l .  The attempts t o  

obtain flow data via perpendicular crosstrack encounters with the Learjet were 

only moderately successful, because the  smoke used t o  v isual ize  t h e  vor t ices  

was not dense enough t o  be seen from the  side (except a t  very close ranges). 

The d i g i t a l  simulation was u t i l i z e d  t o  invest igate several aspects of 

the proposed vortex encounters p r io r  t o  the  f l i g h t  t e s t s .  These were t o  

determine i f  there might be a po ten t i a l  safety nazard a s  regards s t ruc tu ra l  

loads on the  l i f t i n g  surfaces, a s  well a s  t o  give the  p i l o t  an indicat ion of 

the severi ty of the  upsets t o  expect. With regard t o  the load calculations, 

a s igni f icant  aspect remains unresolved. This i s  how t o  account fo r  the  

dynamic lift ef fec t  due t o  the  very rapid buildup of angle of  a t tack  during 

the penetration of a vortex core. As an approximation f o r  the load calcula- 

t ions  it was assumed t h a t  the  maxinlum l i f t  coeff ic ient  on a s t r i p  i s  

1.25 times the  value fo r  s t a t i c  s t a l l .  

One of the  hoped f o r  r e s u l t s  of the f l i g h t  t e s t s  was a va l iaa t ion  of 

the assumed human p i l o t  model ( a t  l e a s t  fo r  the  "expectant" p i l o t  s i tua t ion) .  

However, there  was considerable d i f f i c u l t y  i n  ge t t ing  - any quanti tat ive r e s u l t s  



w i t h  the avaiiable f l i g h t  t e s t  data. In  f a c t ,  due t o  the  large uncer ta in t ies  

in  the data no d i rec t  model val idat ion was even attempted. Therefore, we 

were able t o  make only a few qual i ta t ive  statements concerning t h e  p i l o t ' s  

c m t r o l  act ions.  One nf these i s  t h a t  the p i l o t  appears t u  be applying 

a i le ron proportional t o  bank angle (with a gain of about unity) p r i o r  t o  

the large vortex induced upsets. Then he appcars t o  approximately double 

h i s  a i le ron gain when a large ro l l ing  disturbance occurs. It i s  noted t h a t  

the gain levels  measured a re  consistent with what would be predicted snaly- 

t i c a l l y ,  but the  small amount of good f l i g h t  data does not j u s t i f y  making 

any general conclusions. To get some f e e l  f o r  the  t m e  of control  a c t i v i t y  

used, Figure D-1 shows examples of bank angle a?C? aileron t r aces  during two 

vortex encounters. 

We would a lso  l i k e  t o  have obtained some "surprised" p i l o t  data wherein 

the  p i l o t  was not mentally prepared 3r the vurtex encounter, but theye were 

no instances of t h i s  s i tua t ion  d.ming the  f l i g h t  t e s t s .  Therefore, a p i l o t  

model fo r  such a s i tua t ion  i s  pure speculation a t  t h i s  point .  
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