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Two areas of r e sea rch  are being c a r r i e d  out  i n  t h e  Tullahoma 
area which i s  of i n t e r e s t  t o  a group concerned wi th  meteorological  
and environmental inputs  t o  a v i a t i o n  systems. One e f f o r t  dea ls  
wi th  t h e  i n v e s t i g a t i o n  of wind f i e l d s  about b l u f f  geometries 
t y p i c a l  of bui ld ings  o r  o the r  man-made obs t ruc t ions  t o  t h e  
su r face  wind and t h e  behavior of a i r c r a f t  f l y i n g  through these  
d i s tu rbed  wind f i e l d s .  The second e f f o r t  i s  t h e  d e f i n i t i o n  and 
mathematical models of atmospheric wind shear  a s soc ia ted  wi th  
thunderstorms, s t a b l e  boundary l a y e r s  and synopt ic  f r o n t s .  These 
mathematical models can be u t i l i z e d  i n  f l i g h t  s imulators  t o  
t r a i n  p i l o t s  and f l i g h t  crews and t o  develop ins t rumenta t ion  
f o r  landing i n  adverse wind shear  condi t ions .  

s a f e t y  of a i r c r a f t  operat ions under adverse wind condit ions with 
s p e c i a l  emphasis on wind f i e l d s  around a su r face  obs t ruc t ion .  
The p r o j e c t  c o n s i s t s  of two p a r t s :  (1) d e f i n i t i o n  of the  wind 
environment and (2) computer s imula t ion  of a i rc ra f t  dynamics i n  
v a r i a b l e  wind f i e l d s .  
d e f i n i t i o n  por t ion  of  t h e  program i s  p resen t ly  t o  (1) survey 
and de f ine  t h e  problem (2)  a n a l y t i c a l l y  model winds about b l u f f  
bu i ld ing- l ike  geometries,  (3)  conduct experimental  f i e l d  s t u d i e s  
of winds over s imulated block b u i l d i n g s ,  ( 4 )  develop turbulence 
s imula t ion  techniques and (5) conduct a n a l y t i c a l  s t u d i e s  of t h e  
secondary wave s t r u c t u r e  i n  t h e  p lanetary  boundary l a y e r .  

The ob jec t ive  of t h e  f i r s t  p r o j e c t  i s  t o  enhance t h e  

The scope of t h e  wind environment 
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The work conducte-d t o  d a t e  i n . t h e  wind environment d e f i n i t i o n  
i s  l i s t e d  i n  Tables 1 through 4 .  References t o  d e t a i l e d  
r e p o r t s  on t h e  research are a l s o  l i s t e d  i n  t h e  t a b l e s .  

The scope of t h e  computer s imula t ion  of a i r c r a f t  dynamics 
i n  v a r i a b l e  wind f i e l d s  includes computer s imula t ion  of f l i g h t  
paths  through t h e  wind f i e l d s  which are computed under t h e  wind 
environment d e f i n i t i o n  p o r t i o n  of t h e  s tudy.  
equat ions of motion with v a r i a b l e  wind inpu t s  are u t i l i z e d  wi th  
both f i x e d  con t ro l  and d i g i t a l  automatic c o n t r o l  s imula t ion .  
Some work on t h e  in f luence  of  v a r i a b l e  winds on aerodynamic 
c o e f f i c i e n t s  i s  a l s o  being c a r r i e d  ou t .  Table 5 l i s t s  t h e  
areas o f  completed work and re fe rence  r e p o r t s  of t h e  research  
conducted t o  da te .  A b r i e f  d e s c r i p t i o n  of t h i s  aspect  of t h e  
work i s  given i n  t h e  fol lowing.  

Operations of V/STOL a i rc ra f t  i n  t h e  v i c i n i t y  of bui ld ings  

The two-dimensional 

may became hazardous due t o  t h e  complex flow f i e l d s  c rea ted  by 
su r face  winds passing over t h e  bui ld ings  E l l .  The resea rch  
i n v e s t i g a t e s  t h e  behavior of winds about block geometries 
c h a r a c t e r i s t i c  of bu i ld ing  shapes and of t h e  f l i g h t  performance 
of an airplane pass ing  through t h e  wind f i e l d s .  
purposes an a i rcraf t  having t h e  c h a r a c t e r i s t i c s  of a DHC-6 
o r  DC- 8 i s  u t i l i z e d .  
f o r  t h e  a i rc ra f t  are w r i t t e n  t o  inc lude  v a r i a b l e  winds and 
wind shear  components. The in f luence  sf  those  t e r m s  i n  the ,  
equations of motion which e x p l i c i t l y  conta in  effects due t o  wind 
shear  have been assessed  as p a r t  of t h e  r e sea rch  e f f o r t .  

For i l l u s t r a t i v e  

The two-dimensional equat ions of motion 

Two c h a r a c t e r i s t i c  bu i ld ing  geometries considered t o  d a t e  
are a long,  low two-dimensional bu i ld ing  which i s  s imulated as 
a forward fac ing  s t e p  and a long,  r ec tangu la r  c ross  s e c t i o n  block 
geometry. Both geometries are i l l u s t r a t e d  i n  Figure 1. 
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Outflow Block Geometry 

Wall Boundary 

Upper Boundary 

Figure 1. Illustrates typical bluff geometries considered 
to simulate buildings. 
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. Wind fields about 
the bluff geometries illustrated in Figure 1 have been computed 
by solving the two-dimensional incompressible Navier-Stokes 
equations. Turbulence was modelled in the solution with the two 
equation model that includes a transport equation for the 
turbulence kinetic energy and a transport equation for the 
turbulence length scale. 
in Bitte and Frost [ 21  and Shieh, Frost and Bitte [ 3 ]  . 
Figure 2 shows typical wind fields over the forward facing 
step and over the block geometry, respectively. 

Details of these solutions are given 

0 - 10 m/sec 

-10,O -1,25 0 2,75 9-75 20-0 
X 
H 
- 

Scale 
0- 20 (m/sec) 

F 

-10-0 -6-0 -2 -0 -1.0 

Horizontal D i s t a n c e  x 

Figure 2 Typical Wind Fields About Simulated 
Buildings. 
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The influence of these  wind f i e l d s  on a STOL a i r c r a f t  passing 
over the  building o r  landing upon the  top of the  building a r e  
invest igated by solving the  two-dimensional equations of motion 
f o r  the  a i r c r a f t  with the  computed wind f i e l d s  as inputs .  

The a i r c r a f t  i s  modelled 
as a point mass and a force  balance perpendicular and para l le l  
t o  the  ground speed ve loc i ty  vector ,  Figure 3 ,  i s  employed t o  
derive the  following equations : 

Governing equations of motion. 

V = -D1 (CD cos 6 + CL s i n  6 )  Va2 - D2 sin y 

where Figure 3 defines the  nomenclature. A momentum balance gives:  

q = D7FT + D5Va2Cm (3 )  

with the remaining equations making up the  complete set being: 

va = [(is - WX)2 + (k - W , t 2 I  ( 4 )  

V = Wx cos 6 -  wZ s i n y +  ((w, s i n  y - wX cos y )2  
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Figure  3 P o i n t  Mass A i r c r a f t  Nodel and Nomenclature. 
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s i n  6 = (W, s i n  y + Wz cos y)/va 

1 cos y - - awX s i n  y - 
wx - at az 

a wz 
ax cos y - - - awZ wz - - a t  

Inspection of t he  equations show t h a t  wind shear en te rs  
e x p l i c i t l y  only i n  Equation(7). The term Wxsin y '  + Wz cos y '  

i n  t h i s  equation demonstrates t h a t  passing through a varying wind 
f i e l d  r e s u l t s  i n  a contr ibution t o  the  r a t e  of change i n  angle 
of a t t ack .  Of course, va r i a t i on  i n  wind en te rs  Equations(l)and(2) 
i nd i r ec t ly  through Va and 
aerodynamic coef f ic ien t s  CL, CD and CM are used i n  the  analys is  
as pe r t a in  t o  the  a i r c r a f t  of i n t e r e s t .  

I f  the equations of motion are wr i t t en  i n  terms of 
airspeed Va and p i t ch  angle r e l a t i v e  t o  the  d i rec t ion  of Va 
f o r  a coordinate system with x aligned along Va ,  one obtains:  

6, see Equations (4 )  and(6). Character is t ic  

Va = - Diva CD - D2 s i n  y '  + D6 COS (6T + a') 

- Wx cos y '  - Wz s i n  y ' )  

- (W, cos y '  - Wz s i n  y ' )  

In  these  equations wind shear appears e x p l i c i t l y  when Wx 
are introduced through Equations (8) and ( 9 ) .  

and Wz 
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Discussion of the equations of motion. It i s  frequently 
reported that the influence of wind shear w i l l  have particularly 
strong effects  on STOL a i rc ra f t  due t o  the i r  s l o w  landing speed 
and steep f l i gh t  paths. To investigate the significance of t h i s  
statement, the various terms which explici t ly  contain wind effects  
i n  the equation of motion are examined for  the conventional take-off 
and landing a i r c r a f t  (CTOL) and for the short take-off and landing 
a i rc ra f t  (STOL). Aerodynamic coefficients character is t ic  of a DC-8 
and of a DHC-6 are used in  the investigation. Examination of 
Equations (10) and (11) indicate that there i s  a contribution t o  
the acceleration of re la t ive  a i r  speed of the  a i rc ra f t  and of 
pitch ra te  due t o  the d i rec t  entrance of wind shear into the l a s t  
term on the right-hand side of the equations. 

One can iso la te  these terms and compare the i r  re la t ive  
magnitudes for different types of airplanes under different . 
glide slopes and landing speeds. 
of the wind shear terms thus isolated are given in Equations (12)  
and (13)  below: 

The contribution t o  Va and y c  

- awx AVa - - - az 'a s in  y va 
2 A i *  = - awX [+-I sin2 y 

az 

- V cos y - y 
'a 'a 

Equation (12)  shows the contribution to  the acceleration of 
re la t ive  velocity resulting i n  Equation (10) from the wind shear 
contribution. Figure 4 i l l u s t r a t e s  the variation of t h i s  
contribution t o  the acceleration as a function of a l t i tude .  The 
wind shear considered in  Figure 4 i s  taken as a conventi.ona1 logarithmic 
wind profi le  having a f r i c t ion  velocity u* = 1 m / s  and a surface 
roughness zo = meters. 

z + zo w = -  
Z 

u* In 
X K 

0 
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Figure 4 Contribution of Wind Shear Term 
t o  t h e  Relative Acceleration 

It i s  in te res t ing  t o  observe tha t  the  curves f o r  the landing speed 
of 70 m / s  a t  an angle of 3 "  l i e s  almost on t o p  of the curve fo r  
a s lower  landing speed of 35 m / s  and a steeper gl ide path of 7" .  
The former values a re  typical  of the landing speed and glide path 
of a CTOL a i r c r a f t  whereas the l a t t e r  values a re  typical  of those 
of a STOL a i r c r a f t .  
influence of wind shear suspected t o  occur on STOL a i r c r a f t  i s  no 
worse than the CTOL due t o  the compensating ef fec ts  of the steeper 
gl ide path. The reason i s  that  even though the STOL has a slower 

The f igure  i l l u s t r a t e s  tha t  the strong 
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landing speed i t  "cuts'' through velocity gradients a t  an equal 
r a t e  t o  that  of the CTOL a i rc ra f t  because of the steeper glide 
slope. 

angle caused by wind shear. 
effects  of higher landing speed coupled with smaller glide s lope  
and slower landing speed coupled w i t h  steeper g l i d e  slope tends 
t o  bring the curves for the r a t e  of change of pitch r a t e  closer'  t o  
one another. 

Figure 5 shows the contribution t o  the change of pitch 
Again one sees that  the compensating 
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Figure 5 Contribution of Wind Shear to Change in y " .  
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It i s  a l so  i n t e r e s t i ng  t o  compare the  contr ibut ion t o  the  

Taking the  r a t i o  of those two terms appearing i n  Equation (8) 
change of r e l a t i v e  ve loc i ty  caused by wind shear t o  t h a t  caused by 
drag. 
andcomputingtheir e f f e c t s  f o r  an atmospheric boundary layer ,  one 
obtains the  r e s u l t s  shown i n  Figure 6 .  
i n  landing speed and g l i d e  slope,  t h i s  r a t i o  remains almost i den t i ca l  
f o r  the two d i f f e r e n t  a i r c r a f t .  
the  suspected influence of wind shear on the  STOL a i r c r a f t  w i l l  
not  be as pronounced as o r ig ina l ly  suggested [ 4 , 5 ] .  
regarding the  influence of wind shear on STOL a i r c r a f t  are reported 
by R a m s d e l l [ G I .  Further examination of the  various terms and t h e i r  
comparison with terms contr ibuted due t o  wind shear are being 
invest igated under the  current  contract  e f f o r t .  

Once again, due t o  the  va r i a t i on  

Thus one i s  l e d  t o  bel ieve  t h a t  

S i m i l a r  conclusions 
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Figure  6 R a t i o  of Change i n  V due t o  Wind Shear t o  
a 

t h a t  due t o  Drag 
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Fl igh t  through building; disturbed winds. Having introduced the  

e f f e c t s  of wind shear i n t o  t he  governing equations of motion f o r  t he  
a i rp lane,  the  performance of a i r c r a f t  i n  the  wind f i e l d s  created by 
atmospheric f l o w  over simulated buildings i s  invest igated.  
shows the  f l i g h t  path  of an a i r c r a f t  taking off  and landing i n t o  
the  wind flowing over a two-dimensional b luff  type body s i m i l a r  t o  

a long building.  Figures (8) and (9) show typ ica l  wind f i e l d s  t h a t  
would be encountered by the  aircraft i f  i t  remained on the  prescribed 
f l i g h t  path.  
a sudden drop i n  longi tudinal  wind speed j u s t  as the  a i r c r a f t  passes 
over the  building and a sudden increase i n  v e r t i c a l  updraf t .  
Figure (9) shows the  wind encountered by an a i rp lane  on the  f ixed 
take-off path.  
wind as the a i rp lane  passes over the  building.  These wind f i e l d s  

Figure (7) 

One observes f o r  landing i n t o  a flow over a building 

Again one observes a r a t h e r  severe increase i n  head- 

Figure 7 Illustrates Flight Path of Aircraft over Building 
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are being introduced i n t o  the  equations of motion and r e s u l t s  
describing the  computed f l i g h t  paths of the  a i rp lane  through the  
wind f i e l d s  with both f ixed  and automatic controls  w i l l  be provided. 

Figures 10 and 11 show the f l i g h t  path of a STOL a i r c r a f t  
landing with f ixed controls  over a long, very wide, l o w  building.  
Additionally, the  f l i g h t  path and t h e  a i r c r a f t  t r a j ec to ry  i f  landing 
i n  an atmospheric boundary layer  undisturbed by the  presence of the  
building are i l l u s t r a t e d .  The sudden decrease i n  headwind encountered 
j u s t  a t  the  leading edge of the  building causes t he  a i rp lane  with 
f ixed controls  t o  land sho r t .  
approximately 30 m shor t  of the  g l i d e  path touchdown point  and with 
a 50 m/sec wind and the  a i r c r a f t  lands approximately 70 rn shor t .  
Thus under s trong wind condit ions,  the  a i r c r a f t  encountering a strong 
shear caused by the  edge of the  building,  i s  drawn i n  toward the  
building.  
large  bluff  objects  which c rea te  complex wind pa t te rns  i n  approach 
paths.  

controls  and the  con t ro l  inputs  required t o  remain on the  g l ide  
slope w i l l  be invest igated during the  study. Results of the  program 
w i l l  provide an envelope of wind speeds and building geometries f o r  
parametric va r i a t i ons  i n  surface roughness of the surroundings which 
c r ea t e  hazardous landing conditions f o r  STOL type a i r c r a f t  operating 
i n  the  v i c i n i t y  of buildings.  

the  object ives  of studying and analyzing ava i lab le  wind shear in-  
formation f o r  synthesizing wind shear models f o r  a i r c r a f t  hazard 
def in i t ion .  
and associated wind shear cha rac t e r i s t i c s  which incompass the f u l l  
range wind shear environment po t en t i a l l y  encounterable by an a i r c r a f t  
i n  the  terminal area w i l l  be developed. The mathematical wind shear 
scenario will be provided i n  format f o r  d i r e c t  engineering 
appl ica t ions .  

necessary two-dimensional computer code fo r  a i r c r a f t  motion which w i l l  
allow ana lys i s  of the  f l i g h t  through the  thunderstorm wind shear 
p r o f i l e s  t o  be ca r r ied  out .  

With a 10 m / s  wind the  a i rp lane  lands 

This i l l u s t r a t e s  the  po ten t i a l  hazard of the  presence of 

Many other  f l i g h t  paths with both f ixed and automatic 

Fl ight  through Wind Shear. The second phase of the  work has 

From t h i s  information a comprehensive s e t  of wind p r o f i l e s  

A supplementary e f f o r t  t o  t h i s  program i s  t o  develop the  
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The wind shear  p r o f i l e s  considered are t h e  s t a b l e  and 
n e u t r a l  boundary l a y e r ,  thunderstorms and f r o n t a l  winds. The 
wind shear  models developed w i l l  be b r i e f l y  summarized and 
then a more d e t a i l e d  d iscuss ion  of  t h e  f l i g h t  paths  through t h e  
thunderstorms w i l l  be given i n  v i e w  of t h e  fac t  t h a t  t h i s  i s  
probably of more i n t e r e s t  t o  t h i s  p a r t i c u l a r  group. 

c o n s i s t  of a t a b l e  look up computer code based on t h e  experimental  
d a t a  from Clarke and Hess [ 7 ]  . These authors  measured hourly 
wind p r o f i l e s  over f l a t  homogeneous t e r r a i n  f o r  f o r t y  days. 
They expressed t h e i r  d a t a  i n  terms of contour maps of dimension- 
less he ight  versus dimensionless s t a b i l i t y  c r i t e r i a .  These d a t a  
have been t abu la ted  i n  a computer program look up r o u t i n e  develop- 
ed which w i l l  permit t h e  wind p r o f i l e  i n  the  ver t ica l  d i r e c t i o n  
f o r  both t h e  long i tud ina l  and l a t e r a l  wind f i e l d s  t o  be computed 
f o r  any given s t a b i l i t y  condi t ion  wi th in  t h e  range of 
<-300.  A discuss ion  of t h e  program i s  given i n  Reference 1. 
The mathematical models f o r  t h e  thunderstorm gus t  f r o n t s  a l so  
u t i l i z e  a t a b l e  look up computer code based on t h e  da ta  of Goff 
from t h e  National Severe Storms Laboratory [ 8 ] .  Goff [ 8 ]  has 

measured t h e  wind p r o f i l e ' s  v a r i a t i o n  wi th  he igh t  and with h o r i z o n t a l  
s p a t i a l  coordinate  based on Tay lo r ' s  hypothesis  f o r  some twenty 
thunderstorms. These d a t a  were measured wi th  a 500 m e t e r  tower 
over varying periods of t i m e .  Typical s t r eaml ine  p a t t e r n s  
developed by Goff [ 8  ] w e r e  shown i n  Figure 1 2 .  
v e l o c i t y  contour maps f o r  t h e  l o n g i t u d i n a l ,  la tera l  and v e r t i c a l  
components of t h e  wind have been given i n  t h i s  re ference .  
A l l  t hese  d a t a  have been t abu la ted  on cards and a prescr ibed  
g r i d  format with computer t a b l e  look up r o u t i n e  developed which 
allows t h e s e  d a t a  t o  be ex t rapo la ted  f o r  any p o s i t i o n  i n  t h e  x 
and z coordina tes ,  

Mathematical models of t h e  n e u t r a l  and s t a b l e  boundary l a y e r s  

> -200 

Corresponding 

Data f o r  major f r o n t a l  v e l o c i t y  p r o f i l e s  i s  s t i l l  being 
developed. 
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Figure 12 Typical Gust Front Streamline Patterns by Goff [ 8 1  
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Attention i s  now directed t o  the  behavior of a i r c r a f t  
passing through the  thunderstorm gust  f ron t s  developed as 
described i n  the  preceding paragraph. 

serious hazard t o  a i r c r a f t  operations i n  the  terminal areas. 
Accidents i n  which wind shear has been iden t i f i ed  as a contr ibut ing 
fac tor  have occurred a t  Kennedy In te rna t iona l  Airpor t ,  Eastern 
Air l ines  [ 9 ]  , a t  Stapleton Airpor t ,  Continental Ai r l ines  [ l o ] ,  
a t  Logan In te rna t iona l  Airpor t ,  Iber ian  Air l ines  [ll] , t o  mention 
only a few recent  events.  

f l i g h t  cha rac t e r i s t i c s  of a l a rge  j e t  commercial type a i r l i n e r  
landing through 11 separate  mathematical models of wind f i e l d s  
associated with thunderstorm outflows. The influence of the  wind 
f i e l d  and of the  separa te  wind components individual ly  on the  
a i r c r a f t  f l i g h t  path ,  p i t c h ,  ground speed and other  aerodynamic 
parameters i s  invest igated.  The analys is  i s  ca r r ied  out  f i r s t ,  
with the  a i r c r a f t  controls  f ixed i n  the  trimmed condition a t  
entry i n t o  the  f l o w  f i e l d  and, second, with individual  parameters 
such as ground speed, p i t ch  and r e l a t i v e  airspeed held constant 
throughout the  approach. The parameters held  constant a r e  those 
being invest igated as the  most s u i t a b l e  v i sua l  displays f o r  
p i l o t  monitoring during landing i n  severe wind shear i n  the  FAA 
wind shear manned f l i g h t  simulation program current ly  i n  progress.  
The r e s u l t s  of the  study w i l l  i s o l a t e  and iden t i fy  the  influence 
of individual  wind components and of individual  control  input  
on landing through wind shears c h a r a c t e r i s t i c  of thunderstorm 
outflows. 

Wind shear associa ted with thunderstorm gust f ron t s  i s  a 

One phase of the  research invest igates  computer simulated 

Wind Shear. Eleven thunderstorm outflows measured with the  
500 m tower a t  the  National Severe Storms Laboratory i n  Norman, 
Oklahoma [ 8 ] ,  as previously described provide two-dimensional 
wind f i e l d  where z designates t he  v e r t i c a l  dimension and x the  
hor izonta l  dimension. These are tabulated on a g r i d  system 
as i l l u s t r a t e d  i n  Figure 13. The data a r e  punched on computer 
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cards and a computer look up subroutine i s  programmed. The 
subroutine when ca l l ed  with the  posi t ion (x,z) re tu rn  the  hor i-  
zontal  wind speed, Wx, the  v e r t i c a l  wind speed, Wz, and the  
s p a t i a l  wind gradients  Wxx, ' w x z ,  W zx and Wzz a t  t ha t  posi t ion.  
The programmed wind f i e l d s  combined with the  two-dimensional 
equations of motion governing a i r c r a f t  f l i g h t  allows the  
a i r c r a f t  behavior i n  severe wind shear t o  be evaluated. The 
governing equations of motion have been described previously. 

-2.90-2.50-2.90 

F i g u r e  1 3  Ver t ica l  Velocity Contour Given by Goff [ 4 1  

Compared w i t h  Tabulated Values fo r  Computer 
Look-up G r i d  System 
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The governing equat ions are solved wi th  a v a r i a b l e  s t e p  
s i z e ,  m u l t i p l e  equat ion Runge-Kutta numerical  i n t e g r a t i o n  scheme. 
The i n i t i a l  condi t ions  f o r  a l l  analyses  are trimmed condit ions 
a t  t h e  po in t  a t  which t h e  a i rcraf t  i s  assumed t o  enter t h e  wind 
f i e l d .  Typical ly  t h e  po in t  of  e n t r y  i s  e i t h e r  a t  z=91 m (300 f t )  
o r  a t  z = 305 m (1000 f t )  and a t  t h e  r ight-hand s i d e  of t h e  wind 
f i e l d .  This r e s u l t s  i n  t h e  a i rcraf t  being normally trimmed 
f o r  a l i g h t  t a i l  wind and updra f t  with subsequent f l i g h t  i n t o  
s t rong  headwinds and f l u c t u a t i n g  up and downdrafts. 

Typical  Resul t s .  Figure 14 shows t h e  f l i g h t  path of an 
a i rcraf t  c h a r a c t e r i s t i c  of a DC-8 wi th  f ixed  t h r u s t  and e l e v a t o r  
s e t t i n g  through f o u r  r e p r e s e n t a t i v e  gus t  f r o n t  wind f i e l d s .  
Three of t h e  wind f i e l d s  excite t h e  phugoid mode of t h e  a i r c r a f t  
causing severe overshooting of t h e  touch down po in t .  Note t h e  
approximate phugoid per iod  f o r  t h e  assumed landing speed of 
150 mph given by T = Va/g i s  32 sec. g iv ing  a h o r i z o n t a l  
wave l eng th  A= TV of 1907 m (6256 f t ) .  The non-dimensional 
h =X/ha i s  20 corresponding c l o s e l y  t o  t h e  t y p i c a l  wave length  
observed in  Figure 14. 

approach a r e  shown i n  Figure 15. The ground speed twice reaches 
a low of 9 1  ktx a t  a p i t c h  angle  of zero degrees.  This ground 
speed i s  below t h e  s t a l l  speed and represen t s  a very hazardous 
s i t u a t i o n .  

A 

For Case #9, t h e  ground speed and p i t c h  angle  during 

I n  Case {Ill  wind f i e l d ,  t h e  a i rc ra f t  does n o t  depar t  
s u b s t a n t i a l l y  from the  2 .7  g l i d e  s lope  f o r  which it i s  i n i t i a l l y  
trimmed. Inspect ion  of  t h e  wind speeds a c t u a l l y  "seen" by t h e  
a i r c r a f t  (Figure 16) during landing  f o r  Case #9 and Case {'ll 
wind f i e l d s  reveals t h a t  f o r  Case {ill headwinds inc rease  a t  
approximately t h e  s a m e  ra te  as f o r  Case #9,  but  updra f t s  w e r e  
no t  as severe. I n  Case {'ll a s t rong  downdraft w a s  encountered 
a t  t h e  end of  t h e  h o r i z o n t a l  shear  whereas f o r  Case 1'9, 
a s t rong  updraf t  w a s  encountered which forced t h e  a i r c r a f t  
through a second o s c i l l a t i o n .  To separa te  t h e  inf luence  of 
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va r i a t i on  i n  up and downdrafts from the  influence of var ia t ions  
i n  hor izonta l  wind speed, the  so lu t ion  f o r  Case {,9 w a s  repeated 
f i r s t  with Wz= 0 and second with Wx= 0 .  
paths are shown i n  Figure 1 7 ,  respect ively .  

Figure 1 7  i l l u s t r a t e s  t h a t  the  phugoid mode i s  excited 
by the  hor izonta l  wind shear  from 15 <x/ha<40 but  i s  considerably 
l e s s  s t rongly  influenced by the  hor izonta l  wind when the  v e r t i c a l  
component i s  absent as i n  the  region of x/ha>40. Recall ,  
however, from Figure 14 t h a t  t he  wind shear i n  the  hor izonta l  
d i r ec t ion  i s  e s sen t i a l l y  gone when the  a i rp lane i s  beyond 
x/ha>40. 
exc i t a t i on  of the  phugoid mode and, although causing an over- 
r id ing  of the  g l ide  s l o p e  and a long landing, does no t  cause the  
extreme o s c i l l a t i o n s  with associated lo s s  of ground speed and 
severe p i t ch  angles found f o r  Case # 9 .  This observation tends 
t o  support the  conclusion of McCarthy and Blick [ 1 2 ]  t h a t  the  
c h a r a c t e r i s t i c  wind speed wavelength of thunderstorms can cause 
i n s t a b i l i t y  i n  the  phugoid mode. The r e s u l t s ,  on the  other  
hand, do not support the  conclusions of F u j i t a  E131 who a t t r i b u t e s  
the  strong downbursts associa ted with thunderstorms as being the  
p o s i t i v e  f a c t o r  i n  accidents  r e l a t e d  t o  f l i g h t  through thunderstorms. 
The continuing research w i l l  draw fu r the r  conclusion i n  t h i s  
regard and w i l l  discuss t h i s  aspect of f l i g h t  i n  thunderstorms 
i n  much grea te r  d e t a i l  f o r  a l l  11 thunderstorm cases invest igated 
i n  fu r the r  r epo r t s .  

a i rp l ane ' s  controls  are f ixed a t  t r i m  condition a t  the  point  of 
ent ry  i n t o  the  thunderstorm wind f i e l d  and are then held constant 
while t he  a i rp lane  makes the  approach. Thus, these f l i g h t  paths 
represent  the  one extreme of no control  inputs .  The opposite of 
t h i s  extreme would be the  case where the  a i rp lane remains on the  
2.7"  g l i d e  slope and the  con t ro l  inputs  required t o  maintain 
trimmed conditon a l l  the  way along the  f l i g h t  path computed. 
This case i s  re fe r red  t o  as the  quasi-equilibrium case and has 
a l s o  been computed. Figure 18 shows the  t h rus t  requirement of 

The r e su l t i ng  f l i g h t  

The curve f o r  the  case Wz=O has only a very s m a l l  

The preceeding discussion r e l a t e s  t o  the  case where the  
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the  a i rp lane with DC-8 cha rac t e r i s t i c s  i f  i t  i s  t o  remain on a 
g l ide  path during an approach through the  Case #9 and Case 
{Ill thunderstorms. In  Case #9 maintaining constant relat ive 
a i r  speed, one sees t h a t  the  p i l o t  must draw the  t h rus t  control  
well  back and i n  t h i s  extreme 
As  the  hor izonta l  shear diminishes the  p i l o t  must quickly r e s t o r e  
the  t h rus t  i f  he i s  t o  remain on the  g l i d e  slope.  The approximate 
t i m e  required t o  reduce the  t h rus t  t o  p r a c t i c a l l y  zero and r e tu rn  
t o  approximately the  o r ig ina l  value i s  on the  order of 22 seconds. 
This i s  less than the  spool up t i m e  of most j e t  engines and thus 
i l l u s t r a t e s  t h a t  i t  i s  e s s e n t i a l l y  impossible t o  maintain g l ide  
slope through thunderstorms as in tense  as thunderstorm Case # 9 .  
For  Case {Ill where the  phugoid mode i s  not  exci ted ,  the  p i l o t  
s l o w l y  increases t h rus t  and maintains the  g l i d e  slope without 
any extreme va r i a t i on  i n  t h rus t  taking place.  

important f ac to r  i n  the  behavior of the  a i r c r a f t  entering a 
thunderstorm gust  f r o n t .  The research w i l l  i nves t iga te  the  
i n t ens i ty  of s torms which c r ea t e  hazardous s i t ua t ions  such as 
i l l u s t r a t e d  f o r  Case # 9 .  Examination of the  response of the  
a i r c r a f t  i n  a l l  11 thunderstorms gives ins igh t  i n t o  the  
p o s s i b i l i t y  of a i r c r a f t  encountering hazardous s i t ua t ions  when 
f ly ing  through thunderstorms. 

the  same wind f i e l d s  with constant ground speed, with constant 
r e l a t i v e  ve loc i ty  and with constant p i t ch  angle,  respect ively .  
The control led  var iab le  which provides fo r  the  most s t a b l e  f l i g h t  
through the  strong wind shears w i l l  be del ineated.  

ase even negative t h rus t  r e s u l t s .  

The nature  of the  thunderstorm i s  thus observed t o  be an 

Other r e s u l t s  from the  study w i l l  include landings through 
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NOMENCLATURE 

4 

LT 
M 
I YY 

Y 
m 

&T 

a 
6 

a ? 
FRL 
X 

Z 

time derivative of the pitching rate (q)  
effective moment arm of the thrust vector 
pitching moment 
moment of inertia about the symmetry plane of the 
aircraft 
refers to the derivative with respect to time 
magnitude of the acceleration of gravity 
dimensionless magnitude of the velocity relative to 
the earth 
angle between is and x-axis (the flight path angle) 
aircraft mass 
angle between the thrust vector and the fuselage 
reference line (FRL) 
angle of attack 
angle between qa and 9 
thrust of the engines 
lift 
drag 
gravitational forces 
dimensionless velocity vector relative to the earth 
dimensionless velocity vector relative to the air mass 
fuselage reference line 
dimensionless distance parallel to the surface of the earth 
dimensionless distance perpendicular to the surface of 
the earth (positive downward) 
(i = 1, 2, 3 ,  4,  5, 6, 7) dimensionless constants 
surf ace r oughnes s 
friction velocity 
wind speed horizontal to ground 
wind speed vertical to ground 
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