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PULL-UP AT A MACH NUMBER OF 0.96 

By H. Arthur C a r n e r  and Ronald J. Knapp 

SUMMARY 

Measurements of the chordwise pressure  distribution over the 
10-percent-thick w i n g  of the X - l  r eseuch   a f rp lane  have been made a t  a 
section  near  the midspan of the left ~Lng. D a t a  presented are fo r  a 
Mach  nuuiber range from 0.79 t o  1.00 a t  a section n0rma.l-force coefficient 
of  about 0.32 and for  section normal-force coefficients up t o  1.00 a t  a 
Mach  nuniber of approxfmately 0.96. The results show that the section 
center of load moves a f t  from about 32 percent chord a t  Mach  number 0.79 
t o  40  percent chord a t  Mach number 0.84, and then  forward t o  18 percent 
chord a t  Mach zlumber 0.89. The section  center of load move8 aft t o  
45 percent  chord a t  Mach nuniber 0.93 and then  remains  approximately con- 
stant a t  Mach numbers up to  1,OO. 

A t  a section normal-force coeff ic ient  of 0.32 a shock exists on the 
upper surface a t  the lowest test Mach  number of 0.79 and supersonic flow 
ex i s t s  over approximately 50 percent of the chord on the  upper surface. 
The first indication of a shock on the lower surface  occurs at a Mach 
number of about 0.84. A t  Mach numbers above 0.95 the shocks on both 
surfaces  occur  near the t r a i l i n g  edge and the  pressure  distribution over 
both  surfaces is quite similar. 

An increase  in the normal-force coefficient a t  a Mach  number of 
approximately 0.96 c&uBeB a s l igh t   increase  in the   sec t ion   s tab i l i ty  a t  
the higher  normal-force  coefficients. 
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INTROUUCTION 

NACA TP1 LWHO4 

DuPing the  course  of tests t o  determine  the  spaarise and  chordwise 
loading of the  10-percent-thick *@;-of the X-1 airplane, varioue e t a t i m s  
a re   be ing   i n s t rwn ted   t o  measure. the presaur.eB .aver the upper and lower 
surfaces  individually. The data presented herein reprebent the   resu l t s  
of individual  surface measurements Over a chordwise s ta t ion  at 64.4 percent 
of the semispan. 
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SYMBOLS . .  - 

f'ree-stream Mach number 

normal-load factor 

airplane weight, pounds 

wing  =ea, square  feet 

airplane  normal-force  coefficient (nw/qs) 

wing s p ,  feet 

local wing chord p a r a l l e l  "Lo plane 'of eymmetry, feet  

chordwise location from leading edge, feet 

spanwise locatiun from airplane  center l ine,  feet 

Pee-stream dynamic pre.esure, pounds per aquare.  foot 

free-stream  static pressure, pounds per  square foot 

local etatic  pressure, pounds per square  foot 

pressure coefficient (" 4 ..> 
pressure coefficient  for  sonic  velocity 

pressure  coefficient on upper surface " 

pressure coefficient on lower surface 

resultant  pressure  coefficient (pL - PJ - 
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cn section normal-force coefficient (J1 'R a 5) 

8% lef t   a i leron  angle ,  (down deflection  positive),  degrees 

The X-1  research  airplane used in  these tests is 6 h m  i n  figure 1. 
A three-view  drawing of the  airplane showing the general  over-all dimen- 
sions is given as figure 2. 

The airplane  has a 10-percent-thick d n g  and incorporates a modified 
65-110 a i r fo i l   sec t ion .  'At the test section the trailing-edge cusp was 
replaced by a  s t ra ight  taper,f'rom the 85-percent-chord  point t o  the 
traiUng edge (reference 2). The prof i le  and ordinate8 o f t h e  modified 
section  are  presented in table  I. The wing t es t   sec t ion  was located  at  
approximately  the midspan of the exposed l e f t  wing pasel end included  the 
inboard  end of the   d le ron   ( f ig .  3 ) .  The area  about  the tes t   sec t ion  wa8 
relat ively smooth during  the  tests b u t  no reflned fill- o r  smoothing 
was attempted. 

Standard NACA recording  instruments were used t o  obtain  airspeed, 
pressure altitude, normal acceleration, and control  positions. Wing- 
surface  pressures were measured by an NACA recording  multiple-pressure 
manometer. All recorda were synchronized by a c m o n  timer. 

f iee-s t ream  s ta t ic  and dyaamic pressures were recorded from an NACA 
high-speed  Eitot-static  head located at the left  %ring t i p .  The s t a t i c  
vents were located  approximately 0.96 of the local chord ahead of  the 

Wing-surface  pressure6 were measured from flueh-type  orifices 
installed i n  the wTng skin. The or i f ices  were connected t o  the ins t ru-  

ment  compartment by 1 - inch  inside-diameter aluminum tubing.  *Rubber 
L 8 
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tubing of 3- inch  inside diameter used between the aluminum tubing 

and the manometer c e l l s .  The average  length of aluminum tubing wag 
approximately 8 fee t .  'About t h e e   f e e t  of rubber tubing was used on 
each l ine.  

16 

. . . . . . .  

Normal acceleration was measured near the center of gravity of the 
airplane. . .  

ACCURACY 

The accuracy o f .  the   t es t  results i s  eetFmated to  be  within the 
following limits: 

Mach number . . . . . . . . . . . . . . . . . . . . . . . . . . .  M.01 
p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . g . o 2 q  

" 

cn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  s.03 
..............................s. 006 C%/k 

METHODS 

The pressure  cells  of  the  muitiple manometer were vented to   t he  
fuselage instrument cmpartment;  thus,  pressures OR the wing surface 
were measured re la t ive   to   the   ex is t ing  compartment static  preseure. 
Strttic  pressure a t  the  pi tot-s ta t ic  head was a leo  meamred relat ive t o  
compartment preasure. The measured stat ic   pressure a t  the boom was 
corrected t o  free-stream  static  pressure by the use of the radar tracking 
method of reference 1. Ground t e s t s  were made t o  determine any effect8 
of lag that might be present i n  meaaurfng the wing-surface  premures. 
These t e s t s  show that the effects  of  lag were negligible and have been 
neglected in  these data. 

TESTS 

The dab presented  herein were obtained  during a three-rocket  flight 
a t  40,000 fee t   a l t i tude .  A pull-up was made a t  the end af the Level run 
by using both  the  elevator and adjustable  stabil izer.  Cdntinuous  records 
of  pressure  distribution were obtained  during  the  level run  (M = 0.79 t o  . 
1.00) and during  the  pull-up to a load factor of 3.2 a t  a Mach  number of 
approximately 0.96. 

- 
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PRESENTATION OF DATA 

E'resenteCin figure 4 are preesure  distributione f o r  the upper an5 
lower surfaces of the wing test section  for a Mach number range from 0.7'9 
t o  1.00. These dist r ibut ions have been selected fo r  a sect€on normal- 
force  coefficient of about 0.32. Pressures were not  obtained a t  all 
or i f ices  on the section because of leaks i n  some pressure  lines  within 
the wing. Included i n  the figures are values of free-stream Mach nlzmber, 
airplane  normal-force  coefficient,  integrated  section  normal-force  coef- 
f icient,   left-aileron  deflection, and pressure coefficient  for  sonic 
velocity, f o r  each dis t r ibut ion.  

Pressure  dfstributions  obtained  during the pull-up at  a Mach  number 
of approximately 0.96 are presented i n  figure 5.  The data cover a range 
of section  normal-force  coefficients f r c m  0.34 t o  1.00. Values  of free- 
stream Mach nmber,  airplane  normal-force  coefficient,  integrated  section 
normal-force coeff ic ient ,   lef t -a i leron  def lect ion and pressure coefficient 
f o r  sonic  velocity axe included  for  each  pressure  distribution. 

The total- load  dis t r ibut ions over the section  derived from the faired 
dis t r ibut ions of individual surfaces of figure 4 are presented as figure 6 .  
The data cover a Mach  number range frcm 0.79 t o  1.00 for  a section normal- 
force  coefficient of  about 0.32. Values of  free-stream Mach  nurnber, air- 
plane  normal-force coefffdent ,   in tegrated  sect ion normal-force  coef- 
f ic ien t ,  and lef t -a i leron  def lect ion are included  for  each  astribution. 

Figure 7 presents the total-load distributions  over the section 
derived from the faired dis t r ibut ions of figure 5 .  The data cover a 
range  of section normal-force coefficients from 0.34 t o  1.00 at  a Mach 
number of approximately 0.96. Values of free-streamhach number, airplane 
normal-force coefficient,   integrated  section normal-force coefficient,  
and l e f t  aileron  deflection are included  for  each  distribution. 

A figure showing the wing section  cJmracteristics  for the Mach  number 
range  investigated is shown as figure 8. The eection-pitching-moment 
coefficient has been  derived from the center-of-pressure  curve  for a 
section normal-force coefficient of 0.32. Also shown on the p lo t   a r e  
data obtained w i t h  the 8-percent-thick wing X-1 airplane as given  in 
reference 3.  

Figure 9. presents the var ia t ion of the section  center of pressure 
and the section  pitching moment with section normal-force coefficient for 
values of section normal-force coefficient from 0.34 t o  1.00 at a Mach 
number of approximately 0.96. 
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DISCUSSION 

Upper-Surface Pressure  Distribution 

NACA F4l LWHO4 

For the  given  section  normal-force  coefficient, at the lowest Mach 
number of these  data (M = 0.79),  the pressure coefficient -for aonlc 
velocity has been  exceeded and supersonic  flow.exists Over approxfmately 
50 percent of the chard on the upper surface  (fig. 4) . T h e  presence of 
a compression  shock i s  indicated by an abrupt pressure  recovery st about 
the  55-percent-chord  point. 

Figure 4 shows that, f o r  a given  section narmal-force coefficient, 
there i s  a gradual  transition of load  dtstribution oyer the chord as the 
Mach number fncreases from 0.79 t o  1.00.- The compression  shock on the 
upper surface moves tpward the trailing edge as the Mach  number increases. 
It may be seen that the tranei t lon  resul ts  in a shift of the load center  
to   the  rear  with increaaing Mach number. As will be shown in  the following 
discussion of aelected Mach  number ranges, the  load-center a h f f t  is a 
r e su l t  of the shock movement toward the rear and the extensfon of tbe 
region of supersonic flow expansion  over the a i r f o i l .  

Mach numbers 0.79 t o  0.89.- A t  Mach numbere from 0.79 to  0.89, for 
the  given  section  narmal-force  coefficient, the shock  remains a t  about 
50 t o  60 percent  chord. The pressures  forward of the shock remain approxi- 
mately  constant. The preasm'es  behind the shock, however,. change con- 
siderably. The gradual pressure recovery  behind the shock a t  a Mach num- 
ber of  0.79 indicates that- the f low has not aeparated from the surface. 
Aa the Mach  number increases t o  0.89 the pressures behind the shock 
increase,  negatively, t o  a nearly  constant value and indicate that the 
flow has separated from the surface of the a i r f o i l .  

" 

Mach numbers 0.89 to  0.95.- IncYeasing  the Mach number from 0.89 
to 0.97 causes the shock t o  move t o  a location near the t r a i l i ng  edge 
with a corresponding  increase in  trail ing-edge  loads.   Lit t le change 
occurs in  the shape  of the pressure  distribution  forward of t h  35-percent- 
chord  pofnt,  but a progressive reduction i n  load occurs. 

" 

Mach numbers 0.95 -to 1.00.- AB the Mach  number i s  increased fram 
0.97 t o  1.03, the shape of the  distribution over the upper surface  remains 
appro"te1y  the same, but  the magnitudes of the loads over the upper 
surface are reduced s l ight ly .  

An increase i n  the normal-face  coefficient a t  a Mach number of 0.96 
( f ig .  5) cauaes  the  pressure  distribution  to change from one with maximum 
negative  preaaure  coefficient  near the t r a i l i ng  edge t o  a distribution 
w l t h  approximately  constant  pressure  co.efffcient over the  chord. 
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Lower-Surface Pressure-  Distribution 

Aa shorn i n   f i gu re  4 a s W l a r  change i n  Load distribution, due t o  
changes in Mach nmber,  occurs over the Lower Burface a s  occur8 over the 
upper surface. With the formation of shock and increase i n  Mach nmiber, 
the load center shifts toward the rear. For the  given  normal-force  coef- 
f i c i en t  the shock on the lower surface forme rearward of  the upper surface 
shock, at  a higher Mach number and moves to the rear  more rapidly. 

Mach nrmibere 0.79 to 0.89.- At Mach numbers below  0.84  there is no 
indication of a shock on the lower rsurface at the gtven normal-force 
coeffFcient, and the shape of the ais-tribution mer th lower surface 
remains essent ia l ly  unchanged. A t  a Mach number close to 0.84 a shock 
forms on the lower surface a t  about 60 percent of the  chord. As the Mach 
number increkaes, the shock movea steadily  rearward and a t  a Mach nuuber 
of 0.89 occurs a t  80 t o  85 pereent of the  chord. 

Mach numbers 0.89 t o  0.95.- A t  the given  normal-force  coefficient, 
as the Mach  number increases f r o m  0.89 to 0.95 the shock on the lower 
surface mavea t o  a position near the   t ra i l ing  edge. The distribution 
over  the forward 55 percent of the chord remains essent ia l ly  unchanged. 

Mach numbers 0.95 t o  1.00.- An increase  in Mach  number from 0.95 t o  
1.00 causes very little cbmge in the shape of  the pressure distribution 
over  the lower surface. 

As the normal-force  coefficient is fncreased a t  a Mach number of 0.96 
the  pressure  coefficients Over the Lower surface tend t o  become more posi- 
t ive  so that a rearward shift of the lower-surface  center  of pressure 
OCCUTE ( f ig .  5 ) .  

Section Loads 

A t  a Mach rider of 0.79, for  the given  normal-force  coefficient, 
most of the had is carried by the forward 55 percent of the chord. At 
Mach numbers above 0.95 the laad ais t r ibut ion is  approxlnately rectangular 
with the load distributed over  the  entire chord (f ig .  6 ) .  Between these 
limits the variation of the shock position on one surface  with  respect 
t o  the other and the a f f e r e n t  rates of ahock movement on each  surface 
cauaes a region of down b a d  to form aft of the  55-percent-chord  point 
a t  a Mach number of 0.84. Further increase i n  the Mach nrmiber causes 
the region of  dam load to increase i n  magnitude up t o  a Mach number of 
0.89 and then t o  decrease i n  magnitude  and dia&ppear at  Mach ntmibers 
above 0.93. 

The changes i n  load  distribution due t o  Mach  number r e su l t  Fn con- 
siderable changes id section  center of pressure and aection  pitching-mnent 
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coefficient. The section  center of pressure -at a Mach  number of 0.79 
ia  located at approximately 32 percent of the chord ( f ig .  8) and moves 
rearward t o  about 49 percent  chard as the Mach rider increases  to 0.84 
due t o  the changes i n  load  over  the aft portion of the upper surface. 
A s  - the Mach  number increases to 0.89  the  center  of  presaure moves forward 
to 18 percent  chord,  primarily  because of the f k t i o n  and rearward 
movenent of the  lower-sukfacc  shock. A t  Mach  numbera between 0.89.and 
0.95, the  center.of  pressure moves rearward t o  about 45 percent of the 
chord because of  the rapid rearward movement of the upper-surface  shock. 
In the Mach nuuiber range from 0.95 to 1.00;wkre the shock mveB on 
both the upper  and  lower surfaces have reached the vicini ty  of  the trailing 
edge, the  center of pressure  remains  stationary a t  45 percent of the chord. 

A compazison of t he  section  characteristics  for  the  8-percent-thick 
w i n g  (reference 3)  and the LO-percent-thick wings shows 8iniila.r variations 
Over the Mach  number range investigated  (fig. 8); however, the magnitude 
of  the changes i s  s l ight ly-different .  The difference  in magnitude  of the 
changes may resu l t  from the difference  in  thickness  of  the  section or the 
difference  in spanwise loc&tion  of  the secti-ona"%ested. The section used 
in  reference 3 was at 49.1 percent of the semispan whereae the  section 
used  herein ~ 8 6  st 64.4 percent semispan. 

" 

An increase  in the normal-force  coefficient a t  a Mach  number of 
approximately  0.96 (f ig .  9) causca the section  center of pressure  to move 
forward s l igh t ly  t o  about 41 percent of the chord a t  a normal-force  coef- 
f i c i en t  of about 0.7 (fig.  9 ) .  At higher normal-force  coefficientB tk 
center of pressure moves rearward s l igh t ly  ae a re su l t  of changes i n  the 
lower-surface  loads. This change results i n  a amall increase i n  the 
s t ab i l i t y  of the section as shown by the increase i n  slope of the  curve 
of pitching-moment against  normal-force  coefficient in   f igure  9. 

Results of the chordwfse-pressure-distribution measurement8 over th? 
midspan s ta t ion  on-the l e f t  wing of the X-1 airplane ehow that:  

1. A t  a section  normal-force  coefficient of 0.32, i n  the Mach nuniber 
region between  0.79 and 1.00, large changes i n  chordwise center of pressure 
occur as a resu l t  of  the  formation and movement of  shock  over the upper 
and  lower surfaces. A 8  the Mach  number M increase8 from 0.79 to 0.84 
the center of pressure moves re-award from 32 t o  40 percent  chord, f'rom 
M =.0.84 t o  0.89 the center of pressure moves forward t o  18 percent chord, 
and from M = 0.89 to 0.95 the  center of pressure  mves  aft  to 45 percent 
chord. At Mach numbers from 0.95 t o  1.00 the  center of pressure remaine 
approximately  constant. 

1 
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2. An increase  in   the normal-force coefficient at a Mach nmiber of 
approximately 0.96 causes a slight increase in   the   sec t ian   s tab i l i ty  a t  
the higher normal-force coefficients.  
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TABU3 I .- PR0FII;E: AND ORDIWIZS OF TBE AIRFOIL SECTION 

pscissas and ordinates In percent of l o c a l  choral 

Abscissa, percent chord 

Modified NACA 65-110 a i r f o i l  section 
. .  

Abscissa 

0 
..w 
75 

1.25 
2.50 
5.00 
7-30 
10 .oo 
15.00 
20.00 
25.00 
30 .OO 
35-00 40.00 
45.00 
50.00 
55-00 60.00 
65.00 
70.00 
75.m 
80.00 
85.00 90.00 
95.00 
100.00 

T Ordinate 

0 
796 
.966 

1.222 
1.667 
2.334 
2 859 
3.298 
4.002 
4.541 
4.951 
5.246 

5 078 
4.682 
4.197 
3.642 
3 -032 
2 385 
1.721 
1.148 

* 574 
0 

* 

L O W S  
surf ace 

0 
- ,746 
- .896 
-I. 115 
-1.481 
-2 .OX8 
-2.435 
-2 781 
-3 - 329 
-3 -745 
-4.056 
-4.274 
-4.409 
-4.461 
-4.416 
-4.261 
-3 983 
-3.611 
-3.167 
-2.670 
-2-1.37 
-1 589 
-1.048 
- .6@ 
-0349 
0 

L.E . radius = 0.687 percent chord 
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Figure 2.- Three-view drawing of X-1 airplane. 
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1 

Orifice No. 9 E 7 5 1 6  3 4 1 2  
~~ 

10 

O r i f k a  Locstion I Uppar 45.15 LO.00 3L.80 30.00 10.95119.76 5.16 2.66 1.29 0 

Figure 3 . -  Location of pressure-measuring  orifices for obtaining section 
pressure distribution. 

I 



Figure 4.- Press-e d i s t r i b u t i o n  Over one chordwise w i n g  s t a t i o n  of the 
X-1 airplane for several values of Mach nuiber. = 0.644; 
c, = 0.32 5 0.08; wing thickness, 0.10 chord. 
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Figure 4.- Concluded. 
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Figure 5.- Preasure distribution over one chordwise wing s ta t ion  of the 

X-1 airplane f o r  several values of normal-force coefficLent. - 2Y = 0.644; 
M = 0.96 5 0.02; wing thickness, 0.10 chord. 

b 
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Figure 5 .  - Continued. 
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Figure 5.- Concluded. 
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Figure 6.- Chordwise loading  over one wing station of the X-1 airplane fo r  
several values of Mach number. a = 0.644; c, = 0.32 f 0.08; wing 

b 
thicknees, 0.10 chord. . .  
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Figure 6 . -  Concluded. 
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Figure 7.- Chordwise loading over one wing s ta t ion  of tfie X-1 airplane for. 
eeveral values of normal-force coefficient. = 0.644; M = 0.96 f 0.02; 
w i n g  thickness, 0.10 chord. 
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Figure 8.- Variation of section center of pressure and eection p i t c h i n g  
moment with Mach number. c, = 0.32 i 0.08. 



Figure 9.- Variation of section  center of pressure and section pitching 
moment with section  normal-force coefffcient. M = 0.96 ,+ 0.02. 




