


AN INVESTIGdTION OF THE DRAB OF WINDSHIELDS 

I N  THE 8-FOOT HIGH-SPEED WIND TUNNEL 

B y  Russe l l  G. Robinson and James B. Delano 

SUMMARY 

The drag of c losed-cockpi t  and t ranspor t - type  wind- 
s h i e l d s  was determined from t e s t s  made a t  speeds from 
200 t o  440 mi l e s  p e r  hour i n  t h e  M.A.C.A. 8-foot high- 
speed wind tunnel .  This  speed range corresponds t o  a t e s t  
Reynolds Number range of 2,510,000 t o  4,830,000 based on 
t h e  mean aerodynamic chord of t he  fu l l - span  model (17.29 
inches) .  The shapes  of t he  windsh ie ld  p rope r ,  t h e  hood, 
and  t h e  t a i l  f a i r i n g  were s y s t e m a t f c a l l y  v a r i e d  t o  i nc lude  
common types  and s r e f i n e d  design.  Transpor t  t ypes  v a r i e d  
from a reproduc t ion  of a c u r r e n t  type  t o  a complete ly  
f a i r e d  windshield .  

- \ The r e s u l t s  show t h a t  t h e  drag  of windsh ie lds  of t h e  
@ same f r o n t a l  a r e a ,  on a i r p l a n e s  of small t o  medium s i z e ,  

may account f o r  15 pereen t  of t h e  a i r p l a n e  d r a g  o r  may be 
reduced t o  1 p e r c e n t .  Optimum va lues  a r e  given f o r  wind- 

B s h i e l d  and t a i l - f a i r i n g  l e n g t h s ;  t he  e f f e c t ,  a t  v a r i o u s  
a i r  speeds ,  of  rounding o f f  sharp  co rne r s  t o  v a r i o u s  r a b i i  
i s  sbonn. The l o n g i t u d i n a l  p r o f i l e  of  a windsh ie ld  i s  
shown t o  be most important  and t h s  t r a n s v e r s e  p r o f i l e ,  t o  
be much l e s s  important .  The e f f e c t s  of r e t a i n i n g  s t r i p s ,  
of s t e p s  f o r  t e l e s c o p i n g  hoods, and of r eces sed  windows 
a r e  determined.  The r e s u l t s  show t h a t  t h e  d rag  of t r a n s -  
po r t - t ype  windsh ie lds  may sccount  f o r  2 1  pe rcen t  of t h e  
f u s e l a g e  drag  o r  may be reduced t o  2 percen t .  

INTRODU CT I ON 

P r i o r  t o  t h e  p r e s e n t  i n v e s t  i q a t  i on, no comparative 
t e s t  r e s u l t s  were a v a i l a b l e  f o r  o b t a i n i n g  t h e  drag of 
w indsh ie lds  a t  h igh  speeds. Most windsh ie ld  i n v e s t i g a -  
t i o n s  were concerned wi th  Bhs f i e l d  of view and t h e  adapt-  
a b i l i t y  of windsh ie lds  t o  bad weather ( r e f e r e n c e s  1, 2 ,  
and 3 ). Some comparative wind-tunnel t e s t s  ( r e f e r e n c e  1 1 ,  
however, show t h e  d rag  of a c e r t a i n  f ami ly  of windsh ie lds ;  
t h e s e  t e s t s  were made st approximately  one - f i f t h  s c a l e ,  a t  
82 m i l e s  p e r  hour ,  and a t  a n g l e s  of a t t a c k  corresponding 
t o  maximum speed and no lift.., Wind-tunnel t e sLs  r e p o r t e d  
i n  r e f e rence  4 show t h e  r educ t ion  i n  drag obta ined  by mod- 
i f y i n g  a given forward-sloping V-type cab in  windshield .  



In t h e  p r e s e n t  i n v e s t i g a t i o n ,  t he  drags  of windsh ie lds  
of  t h e  t ypes  r e p r e s e n t a t i v e  of  p r e s e n t  t r e n d s  i n  des ign  
f o r  p r i v a t e ,  m i l i t a r y ,  and t r a n s p o r t  a i r p l a n e s  were de t e r -  
mined through a wide speed range. For t h e  c losed-cockpi t  
types, t h e  f a l l owing  geometrfc f a c t o r s  wore i n v e s t i g a t e d :  
nose  shape,  nose l e n g t h ,  t a i l  l e n g t h ,  t a i l  shape,  t r a n s -  
v e r s e  p r o f i l e ,  d i s c o n t i n u i t i s s  ( r e t a i n i n g  s t r i p s  and s t e p s  
f o r  t e l e s c o p i n g  hoods) ,  and r a d i u s  of currvature a t  junc- 
t u r e  of hood w i t h  nose and t a i l  s e c t i o n s .  In a d d i t i o n ,  
s u r f a c e  p r e s s u r e s  were measured a t  one p o i n t  on a s h o r t  
c o n i c a l  nose s e c t i o n  and a t  s e v e r a l  p o i n t s  on a stream- 
l i n e  nose s e c t i o n  of medi~m l e n g t h  t o  se rve  a s  an ind ica-  
t i o n  of  c r i t i c a l  speeds and of t h e  a i r  l o a d s  t o  which 
windsh ie lds  a r e  subJected. The t ranspor twtype windahis lds  
inc luded  i n  the  i n v e s t i g a t i o n  were a reproduc t ion  of t h e  
Douglas DC-3 windshield:  w i n d s h i e ~ d s  wi th  t he  same glass 
a r e a  but u t i l i z i n g  f l u s h  f l a t  p a n e l s ,  f l u s h  s ingle-curvsd 
g lass ,  and f l u s h  d o u b l ~ ~ c u r v e d  g l a s s ;  and a design i n  
nh ich  tho windsh ie ld  d i s c o n t i n u i t y  mas completely fair@& 
a u t  . 

These t e s t s  were conducted i n  the  g . A . C . A e  +foot  
high-speed miad t unne l  ( r e f e r e n c e  5)  a t  speeds from 200 
t o  440 mi l e s  per  hour f o r . f u s e l a g e  a n g l e s , o f  a t t a c k  rang- 
i n s  from -3.5!j0 t o  0 . 0 3 ~  g i v i n g  a i r p l a n e  X i ? %  c00f f f  c i e n t s  
from 0 t o  approximately  0.4, r e s p e c t i v e l y r  The speed 
range corresponds.  t o  a Reynolds Number range of 2,510,000 
t o  4,830,000 basad on t h e  mean aerodynamic chord of t h e  
fu l lwspan  mode3 (17.29 inches) .  

APPARATUS AND TESTS 

The b a s i c  model i s  a i / 8 - sca l e  model of the  Douglas 
DC-3 wing-fuselage combinati  an wi th  t h e  windsh ie ld  d i s  J 

c o n t i n u i t y  complete ly  f a i r e d  out .  The s c a l e  of t h e  model 
was l a r g e  t o  f a c i l i t a t e  a c c u r a t e  drag measurements~of  t h e  4 

w i n d s h i e l d  p a r t s .  Engine n a c e l l e s ,  l and ing  gear ,  t a i l  
wheel,  and t a i l  su r f aces  were omi t ted  s o '  t h a t  the  d rag  
changes r e l a t i v e  t o  t he  drag of  the  b a s i c  model might be 
as  Large as p o s s i b l e .  The wing t i p s  extended through t h e  
t u n n e l  w a l l s  and mere uCi l f  zed as a cbnvsnient  means of 
suppor t .  The wing i s  of s t e e l  consOruction covered wi th  
s h e e t  aluminum, and t h e  fu se l age  is of mahbgany with .  in-  
t e rchangeable  nave s e c t i o n s  ' f o r  t h e  v a r i s u s  t r a n s p o r t -  
type windshields .  A l l  s u r f a c e s  were mainta ined aerody- 
namical  l y  smooth. 



The windsh ie lds  f o r  t he  closed-cockpit  t e s t s  were 
mounted on t h e  b a s i c  model ( f i g s ,  1 and 2 )  i n  t h r e e  i n t e r -  
changeable s e c t i o n s  l e t t e r e d  N, M, and T t h a t  r e p r e s e n f ,  
r e spec t9ve ly .  t h e  nose o r  windsh ie ld  p rope r ,  t h e  middle o r  
hood, and the  t a i l  o r  hood f a f r f n g .  Eacb windshfeld  i s  
des igna t ed  by t h r e e  numbers corresponding t o  t h e  p a r t  num- 
b e r s  f o r  I?, M, and f shown i n  f i g u r e  3. For example, 
combination 1-1-3 has  nose s e c t i o n  1, m i  dd le  s ec t iom 1, and 
t a i l  s e c t i o n  3; 0 d e s i g n a t e s  t h a t  t h e  middle s e c t i o n  has  
been omi t ted  and  t h a t  the  nose and t a i l  s e c t i o n s  b u t t  
a g a i n s t  each o t h e r ,  Host of t he  windsh ie lds  a r e  e a s i l y  re* 
p roduc ib l e  because of the  r e g u l a r  geometr ic  shapes on which 
t h e y  a r e  based; windshield.4-0-3 i s  one-half of  t h e  stream- 
l i n e  body of r e v o l u t i o n ,  N*A.C.A. form 111, f i n e n e s s  r a t i o  
5 ,  r e p o r t e d  i n  re fe rence  6. The windshields .were  a l l  Lo- 
c a t e d  so t h a t  t h e  foremost part of t h e  tail f a i r i n g  w a s  
39.69 inches  behind the  nose of  t he  fu se l age*  

For t h e  closed-cockpit  windsh ie lds  on one- and two- . 
p l a c e  a i r p l a n e s ,  t h e  s c a l e  of t h e  windshield ,  t he  fuse-  
l a g e ,  and. t he  wing i s  approximately  one-fourth f u l l  s ca l e .  
For t h e  t ranspor t - type  windsh ie lds ,  t he  s c a l e  i s  one- 
e i g h t h ;  t h e  o r i g i n a l  DC-3 windsh ie ld ,  the  mod i f i ca t ions  t o  
f t ,  and the  l o c a t i o n s  of t h e s e  windsh ie lds  a r e  shown i n  
f i g u r e  4. , a 

RESULTS !i i. 

The drag  r e s u l t s  a r e  p re sen ted  a s  nondimensionol coef- 
f i c i e n t s .  For t h e  closed*cockpit  types ,  t h e  windsh ie ld  
d rag  c o e f f i o i e n t s  a r e  based on the  wfndshield  f r o n t a l  a r e a .  
For t h e  t r a n s p o r t  types ,  t h e  drag  of t h e  f u s e l a g e - w i t b  Tar- 
i o u s  w inash ie lds  i s  expressed  as a f u s e l a g e  drag c o e f f i -  
c i e n t  based on the  . fu se l age  f r o n t a l  a r e a  because t h e  wind-. 
s h i e l d  a r e a  i s  no t  d i s t i n c t  from t h e  , fuse lage  f r o n t a l  a r e a -  

. . 
, . $or the  c losed-cockpi t   windshield^, the  windsh ie ld  

d rag  c o e f f i c i e n t  i s  

where i s  t h e  d i f f e r e n c e  i n  d rag  between t h e  model 
w i t h  t he  windsh ie ld  and t h e  model wi thout  
t h e  windshield .  



Fa, maximum c ros s - sec t iona l  a r e a  of t he  wind- 
s h i e l d .  

q ,  dynamic p r e s s u r e  of the  f r e e - a i r  s tream 
(* p v a ) .  

For t h e  t r anspor t - t ype  windsh ie lds ,  t he  fu se l age  d rag  
c o e f f i c i e n t  i s  

where ADg i s  the  drag  of the  complete model used  l e s s  
t h e  drag  of .the wing; e  ADF i s  t he  
drag  and t h e  i n t e r f e r e n c e  of the  f u s e l a g e ,  
t he  windsh ie ld ,  and the  wing f i l l e t s .  

FF, maximum c ros s - sec t iona l  a r e a  of t he  f u s e l a g e .  

The p r e s s u r e  c o e f f i c i e n t  P i s  given by the  equa t ion  

where Ap i s  the  l o c a l  s t a t i c  p r e s s u r e  a t  a p o i n t  on 
t h e  windsh ie ld  l e s s  t h e  s t a t i c  p r e s s u r e  
of  the  f r e e  a i r  stream. 

The Mach number M i s  t he  r a t i o  of t he  a i r  speed t o  
' t h e  speed of sound i n  a i r ,  

The r e s u l t s  f o r  t he  c losed-cockpi t  windsh ie lds  a r e ' .  
' p r e s e n t e d  a s  p l o t s  of C D ~ ~  of t h e  k i n d s h i e l d  combinat i o n  

a g a i n s t  t h e  f u s e l a g e  ang le  of a t t a c k .  U p  f o r  a speed o f  
approximately  260 mi les  p e r  hour ( f i g s .  5  t o  1 5 ) ,  Theke 
p l o t s  show the  e f f e c t s  of nose shape, nose l e n g t h ,  t a i l  
l e n g t h ,  r a d i u s  a t  t h e  j unc tu re  of windsh ie ld  and hood, ra- 
d i u s  a t  the  j unc tu re  of hood and t a i l ,  r e t a i n i n g  s t r i p s ,  
and s t e p s  f o r  t e l e s c o p i n g  hoods, 9he v a r i a t i o n s  of d rag  
wi th  angle  of a t t a c k  of t h e  fu se l age  f o r  t he  bes t  and tho  
p o o r e s t  windsh ie ld  combinations . t e s t e d  a r e  shown i n  f is- 
u r e  16  f o r  a~ = -60 t o  3.5' f o r a  s p e e d o f  137 - 
m i l e s  p e r  hour. Cross p l o t s  showing the  e f f e c t s  of  nose 
l e n g t h ,  t a i l  l e n s t h ,  r a d i u s  a t  the  j unc tu re  of windsh ie ld  
and hood, and r a d i u s  at t h e  junc ture  of  hood and t a i l  a r o  
shown i n  f i g u r e s  1 7  t o  22 f o r  spoeds of 229 t o  381 mi l e s  



p e r  hour ,  The l o c a l  p r e s s u r e s  an two of t h e  windsh ie ld  
combinations a r e  shown os p l o t s  o f  t h e  p re s su re  c o e f f i -  
c i e n t  P with  M as a parameter  f o r  as 0 = -3.55', -1.79 , 
and - 0 . 0 3 ~  ( f i g s .  23 and 24) ,  The r e s u l t s  f o r  a ' f e w  wind- 
s h i e l d  combinations a r e  p l o t t e d  a g a i n s t  M f o r  ay = 
-3.55' and ;1.7g0 t o  show t h e  e f f e c t  of  c o m p r e s s i b i l i t y  
on t h e  d r s g  ( f i g s ,  25 t o  27).  

The r e s u l t s  f o r  t he  t ranspor t - type  windsh ie lds  are 
p r e s e n t e d  as p l o t s  of CDFF a g a i n s t  as f o r  a speed of 

265 m i l e s .  p e r  .hour  ( f i g .  28). 

PRECIS ION 

The accuracy  of t h e  t e s t s  i s  b e s t  shown by t h e  exper- 
imen ta l  s c a t t e r ,  For t h e  closed-cockpit  windsh ie lds ,  t h e  
e r r o r  i n  drag va lue  i s  e s t i m a t e d  t o  be not  g r e a t e r  than  4 
t o  7  pe rcen t  of t h e  drag of t h e  windsh ie ld  and i s  s m a l l e s t  
f o r  t h e  b e s t  windshfe lds  and l a r g e s t  f o r  t h e  poor wind- 
s h i e l d s .  For t h e  t r anspor t - t ype  windsh ie lds ,  t he  e r r o r  i s  
e s t i m a t e d  t o  be not  g r e a t e r  t han  1 pe rcen t  of t he  d rag  of  
t h e  b a s i c  fu se l age ,  

I t  i s  r e a l i z e d ,  of cou r se ,  t h a t  t he  most impor tan t  
source  of e r r o r  i n  p r e d i c t i n g  f u l l - s c a l e  c h a r a c t e r i s t i c s  
from the  model r e s u l t s  p robably  i s  t h e  d i f f e r e n c e  i n  
Reynolds Number. Some t r a n s i t i o n  e f f e c t s  may be of  impor- 
t a n c e  i n  t h e  model t e s t s  whereas.  t h e  f low over  a n  a c t u a l  
w indsh ie ld  w i l l  be a f f e c t e d  by the  p r o p e l l e r  s l i p s t r e a m  
and  by t h e  c h a r a c t e r  of o t h e r  p a r t s  ahead o'f t h e  wind- 
s h i e l d ,  For comparisons under tho  most unfavorable  cond.i- 
t i o n s ,  t he  r e s u l t s  may app ly  a t  l e a s t  q u a l i t a t i v e l y .  

E f f e c t  of nose s&~g. -  For nose s e c t i o n s  w i th  l e n g t h s  
approximately  equal t o  t h e  he igh t  of t he  windsh ie ld ,  t h e  
d r a g  of  combination 9-1-3 wi th  a c o n i c a l  nose ( f i g .  5) i s  
about  t h e  h i g h e s t  of any windsh ie ld  t e s t e d  and i s  approxi-  
mately  15 pe rcen t  of t he  d r s g  of a small- o r  medium-size 
a i r p l a n s  of average propor t ions .  The confcn l  nose i s  char- 
a c t e r i z o d  by an obtuse  ang le  between the  nose and t h e  hood 
t h a t  i s  of cons t an t  magnitude and cont inues  around t h e  corn* 



p l a t e  t r a n s v e r s e  pe r iphe ry  of t h e  windshield.  That t he  
drag  depends on t h e  sharpness  of t h i s  ang le  and t h e  amount 
of windsh ie ld  pe r iphe ry  wi th  an angu la r  break i s  shown 
by t h e  f a c t  t h a t  combinationz 6-1-3 wi th  a c y l i n d r i c a l  nose 
has  about h a l f  t h e  drag of combination 9-1-3 and t h a t  com- 
b i n a t i o n  1-1-3 wi th  a s p h e r i c a l  nose and no break has  
s t i l l  l e s s  drag. Windshield drag depends l a r g e l y  on t h e  
l o n g i t u d i n a l  p r o f i l e  and on ly  s l i g h t l y  on t h e  t r a n s v e r s e  
p r o f i l e ,  as i s  shown by t h e  g e n e r a l  aqrsement i n  f r g u r e  5 
of t h e  curves  f o r  windsh ie lds  having tho  sane degree of 

9 

edge sharpness  bu t  having semihexagonal o r  semioctagonal  
t r a n s v e r s e  p r o f i l e s  i n s t e a d  of semic i rcu la r .  The drag  of 
t he  s t r eaml ine  mindshield  4-0-3 i s  t h e  lowest  of any wind- 
s h i e l d  t e s t e d  and  i s  approximately  1 pe rcen t  of t h e  drag 
of a r e p r e s e n t a t i v e  a i r p l a n e .  Rounding o f f  t he  windsh ie ld  
c o r n e r s ,  as i n  combination 9c-lc-2, i s  t h e  b e s t  means of 
reduc ing  t h e  d rag  of a poor windshield.  This  e f f e c t  is 

. l a t a r  d i scussed  q u a n t i t a t i v e l y ,  

E f f e c t  of nose legg+h,- The v a r i a t i o n  of windsh ie ld  
d rag  wi th  l e n g t h  i s  somewhat similar f o r  s t r eaml ine  noses  
and f o r  c o n i c a l  noses ,  a s  shown by f i g u r e s  6 and 7 ;  the  
drag  of the  windsh ie lds  p r o g r e s s i v e l y  dec reases  as t h e  
l e n g t h  of t he  nose increases .  The c r o s s  p l o t s  i n  f i g u r e s  
1 7  and 1 8  i n d i c a t e  t h a t  t h e  optimum nose l e n g t h  f o r  a 
conical-nose windsh ie ld  i s  about  2R f o r  speeds up t o  
300 mi l e s  'pe r  hour  and i s  g r e a t e r  than 3R f o r  h i g h e r  
speeds ,  t h a t  t he  l e n g t h  of a streamline-nose windshfeld  
s h o u l d ' b e .  g r e a t e r  than 3R, and t h a t  t h e  drag  of a stream- 

. Pine-nose windsh ie ld  l onge r  than  3R w i l l '  be l e s s  thall 
f o r  a c o n i c a l  windshield ,  . 

E f f e c t  of t a i l  le l ig th . .~ .  F igu re s  8 and 9 and t h e  c r o s s  
. p l o t s  of f i g u r e s  19 and 20 i n d i c a t e  t h a t  t h e  l e n g t h  of 
bo th  s t r eaml ine  and c o n i c a l  t a i l  s e c t i o n s  should be Pour 
t imes  the  he igh t  of t he  windshield .  The optimum t a i l  
l e n g t h ,  however, means l i t t l e  if a bad nose s e c t i o n  i s  
used ,  a s  a comparison of combinations 9-1-6 and 9-1-2 i n  
f i g u r e  LO shows, There appea r s  t o  be l i t t l e  t o  choose be- 
tween a long  c o n i c a l  t a i l  and  a long  s t r eaml ine  t a i l .  

E f f e c t  of r a d i u s  at t r a n s v e r s e  . iunc tgre~ . -  Large re-  
d u c t i o n s  i n  t h e  d rag  of a windsh ie ld  w i t h  a sho r t  confcal 
nose can be r e a l i z e d  by rounding off  t h e  sharp edge a t  t h e  
windshield-hood junc tu re  ( f i g .  12).  The c r o s s  p l o t s  g iven 
i n  f i g u r e  21  i n d i c a t e  t h a t  t h e  minimum e f f e c t i v e  r a d i u s  i s  
approximately  25 percen t  of t h e  he igh t  o f  t h e  windshield.  
Rounding o f f  t h e  sharp  edge t o  a g r e a t e r  r a d i u s  dec reases  



t h e  d rag  very l i t t l e  a t  moderate speeds* A similar round-. 
i n g  o f f  of t h e  sha rp  t r g n s v e r s e  edges of t he  windsh ie lds  
shown i n  f i g u r e  6 a i l1  undoubtedly decrease  t h e  d r a g  f o r  
t h e s e  combinations a l so .  The d rag  of  t h e s e  compromise 
w indsh ie lds  i s ,  however, app rec fab ly  g r e a t e r  than  t h a t  of 
w indsh ie ld  4-0-3, which h a s  a good b a s i c  shape, 

Rounding o f f  t h e  sharp  t r a n s v e r s e  edge a t  t h e  hood- 
t a i l  j unc tu re  of a r a t h e r  s h o r t  c o n i c a l  t a i l  p r o g r e s s i v e l y  
d e c r e a s e s  t he  d rag  as the  r a d i u s  i s  inc reased  ( f i g ,  12) .  
The c r o s s  p l o t s  g iven i n  f i g u r e  22 show t h a t  t he  reduc- 
t i o n @  i n  drag a r e  much l e s s  than  those  ob ta ined  by a s in -  
i lar  roundPnq o f f  of t h e  t r a n s v e r s e  edge on t h e  nose secu 
t i on .  Rounding of f  t he  sharp  edge t o  s r a d i u s  g r e a t e r  
t han  2R does no t  appear  t o  be important ;  g r e a t e r  reduc- 
t i o n s  can be ob ta ined  by i n c r e a s i n g  the  l e n g t h  of  t h e  t a i l ,  

E f f e c t  of r e t a i n i n g  s t r i p s ,  Re ta in ing  s t r i p s  l o c a t e d  
a t  t h e  windshfeld-hood junc tu re  produce l a r g e r  d rag  incre -  
ments ( f i g s .  13 and 14) f o r  t h e  s p h e r i c a l  nose (1-1-3)s 
t han  f o r  t h e  s t r eaml ine  nose (3-1-3)e. The drag  of  conbi- 
n a t i o n  (1~1-3)f i s  shown i n  f i g u r e  1 4  t o  be lower than t h a t  
of  1 h - 3 ,  This  r e s u l t  i s  unexpla inab le  bu t  may be due t o  
t h e  f a c t  t h a t  t h e  d i s t r i b u t i o n  of p r e s s u r e  on a sphericaL 
shape i s  very s e n s i t i v e  t o  s u r f a c e  d i s c o n t i n u t t i e s :  btxt , 
i n  any case ,  t h e  d i f f e r e n c e s  i n  drag should be small. It 
i s  obvious ly  a d v i s a b l e  t o  make r e t a i n i n g  s t r i p s  as n s a r l y  
f l u s h  wi th  t he  g l a s s  as p o s s i b l e ,  

Stews f o r  t e l e s c o ~ i g g  hoods.- S t eps  may i n c r e a s e  t h e  
a c t u a y  t i n a s h i e l d  drag  from 25 t o  50 pe rcen t ,  as shown by 
f i g u r e  15. The accuracy of t h e s e  p a r t f c u l a r  t a s t s  does  
no t  appear  t o  be s u f f t c i e n t  t o  i n d i c a t e  t h e  r e l a t i v e  d rags  
of  t h e  va r ious  k i n d s  of s tep .  The d e t r i m e n t a l  e f f e c t  of a 
c y l i n d r i c a l  hood s e c t i o n  nay 'be seen i n  f i g u r e  6 by com- 
p a r i n g  combinat i o n s  2-1-3 and 2-0-3, 

Local  P re s su re  on windshie&&&,- Although t h e  maxim- 
n e g a t i v e  p r e s s u r e s  over noee 2 were not  measured, extrapo-  
l a t i o n  of t he  curves  shown i n  f i g u r e  23 i n d i c a t e s  t h a t  t h e  
peak negateve p r e s s u r e  occu r s  a t  about 75 percen t  of t h e  
nose l e n g t h  back of t he  f r o n t  of t he  nose,  The curve of 
c r i t i c a z  p r e s s u r e  c o e f f i c i e n t  PC ( t h e  p re s su re  coe f f i -  
c i e n t  a t  whfch t h e  speed of sound i s  l o c a l l y  reached)  
a g a i n s t  M ( f i g .  2 4 )  was de r ived  from B e r n o u l l i t s  equa t ion  
f o r  compress ible  flow, E x t r a p o l a t i o n  of t h e  p r e s s u r e  coef- 
f i c i e n t s  of t he  two windsh ie lds  t e s t e d  t o  t he  curve of c r i t -  
i c a l  p r e s s u r e  c o e f f i c i e n t  PC i n d i c a t e s  t h a t ,  f o r  ap = 



-1.7g0, the  l o c a l  v e l o c i t y  of sound w i l l  be reached when 
M = 0.675 (515 mi l e s  p e r  hour a t  5g0 2 . )  f o r  t he  stream- 
l i n e  nose and when M = 0.605 (460 mi l e s  p e r  hour a t  59' 
F.) f o r  the  s h o r t  con ica l  nose. The drag  of  t he  windsh ie ld  
i s  expected t o  i n c r e a s e  e x c e s s i v e l y  a t  t h e s e  speeds. 

E f f e c t  of speed.- The d rag  of  windsh ie lds  having a 
s h o r t  nose s e c t i o n  wi th  sharp  t r a n s v e r s e  j unc tp re s  in- 
c r e a s e s  very r a p i d l y  as the  speed i s  i n c r e a s e d ,  as is  
shown f o r  two t y p i c a l  windsh ie lds  i n  f i g u r e  25. The drags  
of windsh ie lds  w i t h  f a i r l y  good nose and t a i l  s e c t i o n s  
v m y o n l y  s l i g h t l y  wi th  speed, a s  does t h e  drag of t h e  b e s t  
windsh ie ld  4-0-3 ( f i g s .  26 and 2 7 ) .  Figure  26 shows t h e  
c r i t i c a l  speed a t  which the  drag  r i s e s  a b r u p t l y  f o r  wind- 
s h i e l d  9a-la-2 t o  be approximately  380 m i l e s  p e r  hour a t  . 59' F., o r  M = 0.50, which i n d i c a t e s  t h a t  small r a d i i  at 
the  j u n c t u r e s  may be s a t i s f a c t o r y  a t  low speeds bu t  unsnt-  
i s f a c t o r y  a t  h igh  speeds. An i n c r e a s e  i n  t he  r a d i u s  a t  
t he  j unc tu re  t o  100 pe rcen t  of t he  windsh ie ld  he igh t  pre-  
ven ted  the  occurrence of t h e  c o m p r e s s i b i l i t y  shock w i t h i n  
t he  range of t h e s e  t e s t s .  

The e f f e c t  of c o m p r e s s i b i l i t y  on the  drag  of wind- 
s h i e l d  w i th  a s h o r t  c o n i c a l  t a i l  ( f i g .  27 )  dec reases  pro- 
g r e s s i v e l y  as t h e  t r a n s v e r s e  edge a t  the  hood-ta i l  Junc ture  
i s  rounded o f f .  t o  g r e a t e r  r a d i i .  Figure  22 i n d i c a t e s  t h a t  
a r a d i u s  of 2 R  i s  n e a r  t he  optimum va lue  a t  medium 
speeds  (M = 0,30) ,  but f i g u r e  27 shows t h a t  the  com- 
p r e s s i b i l i t y  e f f e c t  i s  s t i l l  g r ea t .  The adverse  o f f e c t s  
can be reduced by us ing  a l o n g e r  t a i l ,  as i s  shown i n  
f i g u r e  27 f o r  combination 9c-lc-2. A g e n e r a l  conc lus ion  
a p p e a r s  t o  be. t h s t  poor windsh ie lds  become r e l a t i v e l y  
poore r  as the  s p c e d , i n c r e a s e s .  

T r a n s p o r t - t y ~ e  w i n d s h i e l d s . - ~  The drag of  the  fu se l age  
w i t h  t h e  o r i g i n a l  DC-3 windshie ld  ( b )  i s  t he  h i g h e s t  dnd 
i s  a n  inc rease  of  21 percen t  over t he  d r a g  of t he  f u s e l a g e  
wi th  t h e  f a i r e d  nose (q), as i s  shown i n  f i g u r e  28. . The 

. d r a g  of t he  same windshield  w i t h  t h e  window r e c e s s e s  made 
f l u s h  ( c )  i s  14  pe rcen t  h l g h e r  than t h e *  d rag  of t h e  fu s s -  
l a g e  wi th  the  f a i r e d  nose,  which i s . a  sav ing  of 7' pe reen t  
of t h e  fu se l age  .drag as .a  r e s u l t  of making t h e  windows 
f l u s h .  The wif idshis ld  wi th  single-curved g l a s s  and a 
sharp  edge a t  t he  junc ture  of wind0.w and roof ( e )  i nc reased  
tho  drag  about 4 parcen t  of t h e  b a s i c  fu se l age  drag;  f a i r -  
i n g  t h i s  sha rp  edge (a)  decrease& the  drag  about 2 parcen t .  
The f u s e l a g e  w i t h  double-curved g l a s s  ( f  ) showed a d rag  in- 
c r e a s e  varying from 2  t o  5 pe rcen t  of t h e  b a s i c  f u s e l a g e  



drag.  These r e s u l t s  i n d i c a t e  t h a t  windsh ie lds  u s i n g  s in -  
gle-curved g l a s s  may have as  low a drag  as  windsh ie lds  
u s i n g  double-curved g l a s s .  This  conclpsion i s  probably  
t r u e  on ly  f o r  windsh ie lds  wi th  a generous f a i r i n g  above 
t h e  g l a s s  a r e a ,  as  i n  t h e  p r e s e n t  case.  The sharp V-type 
windsh ie lds ,  ( b )  and ( c ) ,  had h ighe r  drag c o e f f i c i e n t s  
as  t h e  speed w a s  i nc reased  above 260 mi l e s  p e r  hour: t h e  
o t h e r  cabin  windsh ie lds  a r e  no t  a f f e c t e d  by compress ibi l -  
i t y ,  a t  l e a s t  up t o  440 m i l e s  p e r  hour ,  

CONCLUSIONS 

I t  i s  recognized t h a t  t h e  r e s u l t s  of t h i s  i nves t iga -  
t i o n  a r e  l i m i t e d  i n  t h e i r  a p p l i c a t i o n  by s c a l e  and s l i p  
s t ream e f f e c t s  and by the  e f f e c t s  of p a r t s  t h a t  may be 
ahead of the  windshield .  The fo l lowing  conc lus ions  drawn 
from t h e s e  t e s t s  should n e v e r t h e l e s s  be u s e f u l  as a gen- 
e r a l  guide i n  design. 

For c losed-cockpi t  windsh ie lds :  

I, The windsh ie ld  drag  f o r  a i r p l a n e s  of small t o  me- 
dium s i z e  nay account f o r  15 percen t  of t h e  a i r p l a n e  d rag  
o r  may be reduced t o  1 pe rcen t .  

2, Sharp j u n c t u r e s  a t  t h e  f r o n t  of windsh ie lds  a r e  
t o  be avoided. A r a d i u s  of a t  l e a s t  25 pe rcen t  of  t h e  
w indsh ie ld  h e i g h t  should be used i f  the  drag i s  t o  be kep t  
low a t  medium speeds;  a l a r g e r  r a d i u s  should be used f o r  
high-speed a i r p l a n e s .  

3. The optimum l e n g t h  f o r  a c o n i c a l  windsh ie ld  nose 
w a s  twice  the  mindshield  h e i g h t  and, f o r  a s t r eaml ine  
n o s e ,  was more than  th roe  t imes  i t s  h e i g h t ;  noses  should 
be l onge r  f o r  h ighe r  speeds. 

4. T a i l  f a i r i n g s ,  whether c o n i c a l  o r  s t r e a m l i n e ,  
should be about f o u r  t imes  as long  as t h e i r  he igh t .  

5, Steps  f o r  t e l e s c o p i n g  hoods inc reased  the  d rag  of 
a good windsh ie ld  from 25 t o  50 percen t ;  r e t a i n i n g  s t r i p s  
added measurably t o  t he  drag  of a windshield .  

6. Poor windsh ie lds  became r e l a t i v e l y  poorer  as  speed 
w a s  i n c r e a s e d  owing t o  c o m p r e s s i b i l f t y  e f f e c t s  and ,  i n  gen- 
e r a l ,  had lower c r i t i c a l  speeds. Tho b e s t  windsh ie lds  a t  



low speed. had t h e  l e a s t  c o m p r e s s i b i l i t y  e f f e c t  ove r  a wide 
speed range and had t h e  h i g h e s t  c r i t i c a l  speeds. 

For t r anspor t - t ype  windsh ie lds :  

1. The windsh ie ld  d rag  may aucount f o r  2 1  pe rcen t  of 
t h e  f u s e l a g e  d r a g  o r  may be reduced t o  2 percen t  wi thout  
complete ly  f a i r i n g  the  windsh ie ld  a r ea .  

2, Recessed windsh ie ld  windows added 7 pe rcen t  more 
t o  t h e . f u s e l a g e  drag  than d id  f l u s h  windows. 

3, Sharp edges between windshield  pane l s  and cab in  
roof  o r  s i d e s  added 2 t o  14 pe rcen t  t o  t he  fu se l age  drag. 

Langley Memorial Ae ronau t i ca l  Laboratory,  
Nat iona l  Advisory Committee . f o r  Aeronaut ics ,  

Langley F i e l d ,  Va., May 22 ,  .1939. 
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FIGURE LEGEBDS 

Fiqxre' 1 .- Findshield combination 3-1-3 ready for testing 
in the tunnel. 

Figure 2 . -  Typical closed-cockpit windshield installation, 
Combination 1-1-3. 

Figure 3,- Component parts of the closed-cockpit windshield 
combinations. All dimensions are in inches. 

Figure 4.- Transport-type windshields, 

Figure 5.- Effect of nose shape of short length. M, 0.34; 
V, 260 m.p.h. 

Tigure 6.- Effect of nose length, streamline shape. 
I&, 0.34; V, 250 m.p.h. 

Pigure 7.- Comparison between streamline and conical noses. 
hi, 0.34; V, 260 m.p.h. 

Figure 8.- Effect of tail length, streamline shape. id ,  
0.34; V, 260 m.p.h. . 

Fiqure 9.- Effect of tail length, conical shape. M, 0.34; 
V ,  260 m.p.h. 

Fiqure 10.- Effect of tail length. N, 0.34; V, 250 m.p.h. 

Figure 11.- Effect of radius at windshiold-hood juncture. 
id ,  0.35; V, 265 m.p.h. 

Figure 12.- Effect of radius at hood-tail juncture. I d ,  
0.35; V ,  265 m.p.h. 

Figure 13.- Effect OF retaining strips, combination 1-1-3, 
M, 0.34; V, 260 m.p.h. 

Figure 14.- Effect of'retaining strips, combinations 1-1-3 
and 3-1-3. M, 0.34; V, 230 n.p.h. 

Figure 15.- Effect of stops for telescoping hoods. >l, 
0.34; v ,  260 rn.a.h. 

Figure 16.- Variation of drag with angle of attack. Id, 
0.18; V, 137 m.p.h. 



Figure 17,- Effect of nose length, streamline shape. 

Figure 18.- Effect of nose longth, conical shape. 

-I ~ i z u r o  13.- Effect of tail length, stream1.ine shape. 

Figure 20.- Effect of tail length, conical shape. 

Fi-ure 2 2 . -  Effect of radius at ~indshiefd-hood juncture. 

Figure 22.- Effect of radius at hood-tail juncture. 

Pigure 23.- Pressure distribution over streamline nose, 
medium length. 

Figure 24.- Variation of peak negative pressare with 
speed for two windshields. 

Figure 25. - Compressibility cf f ect on windshield drag. 
Figure 26. - ComprossiSili tg effect on mindsbiclds with 

various radii at noso-hood juncture. 

F i ~ u r e  27 . -  Conprossibility affect on windshields with 
various radii at h.ood-tail juncture. ap, -1,790. 

Pigure 28.- Drag of fuselage with transport-type wind- 
shields. id, 0.35; V, 265 m.p.h, 
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Figs.  13,14 
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