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SUMMARY 

A study has been made relating  local-pressure  fluctuations t o  static- 
pressme distributions on six two-dimensional airfoils. Total-pressure 
fluctuations and the  total-pressure 106s in  the W e  of NACA 65~008 
a i r fo i l  have also been  compared.  Data  were obtained for b k c h  numbers 
between about. 0.59 and 0 .go, with corresponding Reynolds numbers varying 
f rom about 6.3 m;-Ulion t o  8.0 million. 

The results of  the  study ahowed that certain relationships  existed 
between the  local-pressure  fluctuations and the  static-pressure d i s t r i b u -  
tions on two-dlmensionaJ. a i r foi ls  and also between the  total-pressure 
fluctuations and the  total-pressure Lose in the wake. 

In general, it appears that the -@;est fluctuations of pressure 
coefficient on an a i r fo i l  occurred a t   t h e  lower Mach numbers due t o  an 
intermittent bUding  up and dropping of .the  pressure peak near the leading 

when the peak s t a t i c  pressure stopped decreasing  with  increasing  angle of 
attack. SFnce a t   the  lowest t e s t  Mach m b e r  the pulsations over the 
entire chord approached the  s ta t ic  pressures on the upper surface a t   the  
highest t e s t  angles of attack, it is suggested that  the upper-surface 
s t a t i c  pressure could possibly serve as 8 rough estimate of the maximum 
fluctuations  at high angles of attack. 

ea@;e Fluctuations of this type began  and increased rapidly in magnitude 

The results show that when a strong normal shock wave ww present, 
the maximum fluctuations occurred at the location of the..shock wave due 
t o  i t s  fore-and-aft motfon, while fluctuations of pressure w e l l  ahead of  
and behind the shock wave  were considerably less  intense. The . m a x h m n  

the  static-pressure  rise at  the shock wave. 
. fluctuations w e r e  generally approximately equal t o  but could be less  than 
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The maximum total-pressure  fluctuations in the wake occurred  where 
the pressme gradients w e r e  largest  due,  apparently, "to the  vertical move- 
ment of the  wake. The results  indicate that the m a x i m u m  intensities of 
the  pulsations slay be  approximately  equal  to the maximum  time-average 
total-pressure loss. 

4 
.T " - 

INTRODUCTION 

A study of low~.-pressure fluctuations on a-fous is of importance 
in  determinhg  or  understanding  the  nature  of  the  lift  fluctuations w h i c h  
buffet  airplanes. In previous  investigations,  studies  have  been  made OR 
two-dimensional- a i r f o l l s  of  the  effects  of  airfoLL  geometry on local- 
pressure  fluctuations  (refs. I. and 2) and on fluctuations of section normal 
force  and  pitching,  moment  (refs. 3, 4, and 5 ) .  Work has also been done - 
to study  total-pressure  fluctuations in the  wakes  of a i r f o i l s  (ref. 6). 

. .  

~n reference 3, it w i ~ s  noted that two p r b d p a l  types of pressure b 

pulsations Were apparent  which can be  associated  xlth  buffeting:  pulsa- 
tions  which arise f r o m  intermittent bUdAng up and dropping  of the 
leading-edge  pressure  peak, and pdsatiolls  which  are  attributable to shock- 
wave  motian and unsteady a i r  flow following  the shock wave. The  present 
investigation, wUch wa,s conducted. in canJunction w3th the  work  reported. 
in  reference 3, is concerned primarily with a-detailed st& of t h e  posef- 
ble  relationship  between  local-pressure  fluctuations  and  static-pres~ure 
distributions and, secondarily,  with afl analysis of total-pressure  fluctu- 
ations in the  wake of EUI airfoil relative  to  the  total-preseure Loss. 
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SYMBOLS 

timeeverage  static-pressure  coefficient, - ?-Po 
s, 

critical  pressure  coefficient 

differential-pressure  coefficimt  between  upper and lower surface 
. . . . . . . - . . . " . - 

at  the  same  chordwlse  station 

coefficient of the  fluctuation of differential pressure determined 
from an average of the  largeat  three  peak-to-peak measurements 

coefficient of the avexage  differential-pressure m e m u r e -  
" . . - ". . .. ". - 

mats taken  between  the limits of  time w h i c h  bracket Acn and 
APa measurements 

section  nommJ.-force  coefficient 
. ." " . 
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one-half the average of the  largest  three peak-to-peak fluctua- 
t i o n s  of  section nmmal-force coefficient 

time-average total-pressure  coefficient 

average of  the  largest  three peak-to-peak fluctuations of total- 
pressure  coefficient 

average.of the differences of total-pressure  coefficient measured 
between limits of time which bradket maxFmum Ah/% measure- 
ments 

free-stream Mach number 

a i r f o F l  chord 

tatal-pressure l o s ~  in the Wasre 

local static  pressme 

free-stream s t a t i c  preesure 

free-stream dynamic pressure 

angle of attack 

The tes t s  were  conducted in a t w o - d i m e n s i o n a l  channel in the Ames 
16-foot high-speed wind tunnel. A dscript lon of the channel, which was 
formed by two walls 18.5 inches  apart; m y  be found . i n  reference 6 .  Fig- 
ure 1 shows the channel, a model,  and the  rake  installation. 

Models 

Sketches of  the  section  proflles  Investigated  are shown in figure 2. 
The airfoi ls  used w e r e  the same as those of reference 3, and  had 2-foot 
chords and approximately 18-1/4-inch spans. Spaces  between the models 
and the mounting walls were sealed with felt  on one side and with a spring- 
loaded s e a l  OR the  other. The  .models  were  of rigid  construction. Those 
havlng thiclmess ratios of 12 percent and 8 percent were wood with steel 
reinforcing, w h i l e  the thinner models were duninurn. 

0 
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The installation of  flush-dFaphragp-tye electrical  pressure  cells - 

In the models was the same as described in  reference 3. The pressure 
cells and related  electrical equipment are  described i n  reference 7. A 
sketch of  a typical model  showing the arrangement of  pressure c e l l s  and 
orifices from w h i c h  time-average s ta t ic  pressures were  measured is  given 
in figure 3. Thirty cel ls  and static-pressure  orifices w e r e  distributed 
over both the upper and lower surfaces a t  15 chordwise stations. The 
upper-  and lower-surface presmre  cella were  snounted In matched pairs and 
were connected electrically EO that o n l y  the fluctuations of differential. 
pressure were recorded a t  each station. The reference  pressure a t  the 
back of  each pressure ce l l  In  the models WRE the  s ta t ic  preasure a t  the 
adjacent  orifice. 

. ". - 

. .. 

b 

To measure fluctuations of  t o t a l  pressure in the wake of  the NACA 
69008 airfoi l ,  a rake of 1/4-inch-diameter  pxessure c e l l s  W&E conetructed. 
The cells were installed i n  5/16-inch-djamet~~  tubing  xlth  the dfaphragme 
recessed  approximtely 1/16 Lnch back *am the opening. Photographs show- 
ing details of the  rake are presented in f i v e  4. Near the  center of 
the  rake %he tubes  containlng  pressure c e l l s  w e e  epaced at Fntervals 
equal t o  2-1/2 percent of the airfoil chord. Tzl addition  to  the  pressure 
cells, open-ended tubes were also Znstalled xith a spacing of 0.02% fo r  
measuring the time-average total-pressure loes  i n  the wake. The rake WELB 
.mounted 0 .75~  behind the trailing edge of the a i r f o i l  on a sting support 
which could be adjwted vertically so that the  center of the  rake could 
be  positioned near the  center of the wake.  The reference  preseure for  
the  cells Fn the  rake WE free-stream t o w  pressure. 

Tlme-average presmres, that is,  the  indicated static pressures on 
the airfoils and the t o t a l  pressures in the wake, were recorded photo- 
gaphically f rom mercury-in-@;lass manmeters. 

Electrical responses f r o m  each pai r  of pressure cel ls  i n  the models 
and ftrm each ce l l  in the  rake were recorded on oscillographs. For the 
pressure cells in the models the amplitude  response of the  galvanmeter 
elements used was flat t o  about 60 cycles  per .second, then dropped t o  
about 50 percent of  that amplitude a t  170 cps. The response of the 
elements used for  the wake survey was flat t o  approximately CPS. 
Although the frequency response of the elements used for the models W&E 
rather  limited, it is believed that it was adequate. Good agreement was 
obtained for the chordwise distribution of preSsWe fluctuations  for a 
few duplicate  tests using the 9 cps elements Pram the wake survey. 
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Range of Test  Variables 

For th i s  investigation, w h i c h  was conducted in  conjunction with the 
work reported in  reference 3, data w e r e  analyzed over a Mach number range 
from about 0.59 t o  0 -90. The Reynolds number based on the  a i r foi l  chord 
varied K-lth increasing Mach number from about 6 .3  million to 8 .O million. 
The angle-of-attack  range was f r o m  neaz Oo to the . m x i m m  that was within 
the  strength limits of each model, 

Reduction of  Data 
. 

Static  calibrations of each pair of  pressure cells on the models and 
- of each ce l l  on the  rake were  ,-de before and af te r  each run. 

The Fntensity of the nraxfmum fluctuations of pressure on the  a i r foi ls  
and of the total pressures Fn the wake was cmputed from a  record of  
approximately 1-second duration by averaging tlie  three  largest ,measurements 
of peak-to-peak heights on the corresponding oscillograph  trace  (see 
f ig .  5 ) .  In addition, to check f o r  possible phase relationships, the 
pressure change was determfned f o r  each trace from the average of the 
displacements between the same limits of time which bracketed each of the 
three peak-to-peak  .measurements of the  trace f o r  Acn, o r  the  three peak- 
to-peak measurements of  a trace  for m d -  For the wake, measurements of  
the  pressure change  were made between the limits of time which bracketed 
each of the  three measurements on a trace for  Ah/qo. 

Mach numbers  were corrected for constriction  effects by the .methods 
of reference 8. Since the  airfoils w e r e  symmetrical, a .correction was 
applied t o  the  angles of a t tack  a t  each Mach mer so that the faired 
normal-force  curve  passea through C n  = 0 a t  a = 0. No other corrections 
were applied t o  the data. 

RESULTS AND DISCUSSION 

Local-Pressure Fluctuations on the Models 

. F i m e g . 6  through ll show the local fluctuations of pressure and the 
tim&.v&age static-pressure  distributions  at variona Mach  numbers and 

associated..wit,hbUffeting forces  are evident as indicated in  reference 3. 
These.  We pulsatJons .mch S i s e  f r a m  intermittent building up and d r o p p a  
of the.. presmu?e"pe&k ne% the  leading edge,  and pulsations which are 

. of 'attack. TKO p r i n c i m  types of pressure  pulsations are 



attributable t o  shock-wave motFan.and.to unsteady air flow following the 
shock  wave.  The net  effect of the local pulaaticms is  the  fluctuations 
of normal-force coefficient shown la figure 12, which is reproduced, i n  
part, from reference -3. 

b. 

" 

Pulsations of  the pressure peak near the leading edge .- Examination 
of the  local-pressure  fluctuations (figs. 6 t o  11) shows that the largest 
pulsations occurred near the leading edge a t  the loxer t e s t  Mach numbera. 
The angles of attack a t  which these  large  pulsations  occurred varied with 
the  profile.. G e n e 2 a l l y  the  pulsations  occurred a t  lower angles as the 
leading-edge radius was reduced. It may also be noted a t  the lower Msch 
numbers that as the  highest  test-angles of &t%a-&were reached the pulis- 
t ion  intensit ies increased t o  about 50 or 100 percent of the upper-surface 
time-average pressure over moat of the   a i r fo i l  chord. (See figs. 6(a), 
7(a),  8(a), 8(b), g(a), and lO(a) .) The fact that the variation of the 4 

intensities along the chord appears-to have became simflar t o  the  varla- 
t ion of the  static  preseure-suggests that the upper-surface static preasure 
could possibly  serve as a rough estimate of  .the.mad>um fluctuations neaz 
maximum lift. 

.. . " 

.. . 

"" . - .. - 
. -  

Figure 13  was prepared t o  determine whether relationships  eldst 
between the  pressure  pulsations and the  variations o f  the time-average 
pressures  with  angle  of  attack. This f i~~e -~pTisBmta   t he  differential- 
pressure  fluctuations and the upper-surmce-static-pressure coefficient 
a t  each station as a f'unctian of angle of attack f o r  one Mach number near 
0.6 for each a i r fo i l .  Since the variation with angle of attack of s t a t i c  
pressure on the lower surface was smal l  (see figs-. 6 t o  11) ,  the  fluctus- 
tions of  pressure would also have a similar relationshsp t o  the  variations 
of the local  load with positive  angle of attack. 

Examination  of figure 13 discloses that the  pulsations  near  the lead- 
ing edge genqally.began and increased rapidly w%-&"the time-average pres- 
sure stopped decreasing  with  increasing angle of'attack. The maximum - 

local  intensities on the NACA 63(06 A004 and 877AOa8 a t r fo i l s  reached 
magnitudes  which w e r e  higher than t h e measured  time-aTerage pressures a t  
the same stations. It i s  interesting  to  note fn figures l3(a),  (b ) ,  (c), 
and (e) that after the maximum intensity w a s  reached the  intensities of 
the  fluctuations decreased with further increase in angle of attack. Also, 
as  previously  pointed out . in   cmect ion  with  .figures 6 t o  U, the  intensf- 
t i e s  of the pulsations  aver  the entire a i r fo i l  chord generally approached 
the time-.average pressures on the upper surface a t  the  highest test  angles 
of attack. 

,. . .. L 

.. 

Ffgure 1.3 a l s o  ahows that the large pulsation8 near the leading -e 
may have caused disturbances that passed other  stations downatream and 
which bore no apparent relationship  to  the upper-surface the-average 
s t a t i c  pressures a t  these  other  stations. For  emmple, for  the 65(06)A004 
airfoi l   ( f ig .   l3(c)  ) , a r i s e  i n  intensity took place a t  a = 5.F at  - 



stations dowmbeam f r o m  1.25-percent chord where  the  time-average  pres- 
sure was s t i l l  decreasing uith incr+sing angle of attack. 

Pressure  pulsations  at  the  shock mve.- Ih figures 6 through II it 
caz~ be  seen that at  the high- speeds,  relationships a lso  existed  between 
the  pressure  pulsations  and  the  time-average  pressures.  The m o s t  signifi- 
cant pulsations at the  higher  speeds  occurred  at  the  locations  of  the  shock 
waves,  while  the pulsations ahead of and  behind  the shock waves  were  con- 
siderably  less  intense. Typical examples  are shown in figures 6(d), 7(e), 
8( f) , 9( e), 10( e), and ll( e) . For  some  conditions  where  the  shock  waves 
occurred at different  stations on both  upper  and lower surfaces,  large 
fluctuations usually occurred at both  stations (~ee f fgs  . 6( e),  g(e), 
and 10(f)). 

' Since  it  is  considered that the primary pulsations  at a shock mve 
were  due to its  fore-and-aft  motion  and  the  cansequent  shifting  of  the. 
pressure  rise, it can be noted, as in figues 6(d), 7(e), 8(g), g(e), 

.. 10(f), and U(e) ,  that when the lfmits of  the  pressure  rise  were w e l l  
defined and the shock wave crossed a pressure  cell,  the maxim pressure 
fluctuations  were  approx€mately  equal to the  time-average  static-pressure 
rise. When the  shock  wave was between  pressure  cells and did not cross  
one (such as in f igs .  6(b), g(d), and' lO(e) 1, the . m F t x i m u m  fluctuation 
intensity on the  afrfoil  may not have been measured.= It a lso  appears 
from  the  results that, for the  type of pressure  distribution  shown Fn 
figures 7( c) and 8(d), the  maximum  fluctuations may have  actually  been 
smaller  than  the  static-pressure  rise  through  the shock wave,  although 
the  pressure-cell spacing may account for part  of  the  lower  measured maxi- 
mum  fluctuatlons.  Where  these  lower maximum fluctuations  occurred  the 
pressure  distributions a r e  generally  characterized by a large  expansion 
at  the leading edge  followed  by a compression  regfon  ahead of the  primary 
shock wave. 

Effect of peak pressure  fluctuations on fluctuations  of  normal-force 
coefficient.- Shce the  largest  fluctuatione  of-pressure  generally  occurred 
in peakx near the  leading  edge  or  at  the shock wave,  the  oscillograph 
records  were  examined  to  determine  whether  there  was a consistent  Lnfluence 
of the intemity at  the  peaks on the  summed  fluctuations of normal-force 
caeff  icient . Figilre 14 shows how  the  average change fn dffferential- 
pressure  coefficient,  6Pd, varied d o n g  the  chord for a few selected cases 
which are  repreeentative  of  the  variety and extremes of the influences 
that  were  observed.  Where large pressure  fluctuations  occurred  at  two 
different  stations  due t o  shock  waves on both  upper and lower surfaces, 
curves  are shown for both peaks. Examination  of  figure 14 shows  that  the 
influence  of  the peak local.  fluctuation on the smmed result was incon- 
sistent. For example, on the NACA 65A012 airfoil  (fig.  l4(a))  at M = 0.79 

of  instrumentation.  Scatter in the  measurements  of ACn could  result  if 

unsteady  force. 

-8 indicates  the  importance  of  pressure-cell spcing for  this  type 

.. unmeasured  fluctuations  happened  to  represent a significant portion of the 
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the  m a x i m u m  normal-farce fluctuations were due almost en t i r e ly   t o   t he  
pressure changes which were apparently i n  phase with  the shock-wsve motion. 
On the  other hand., f o r  the RACA 65~008 a i r f o l l ,   t h e  maximum normal-force 
fluctuations  resulted  primarily from s m a l l  pressure changes along the chord 
which were not in phase with  the shock-wave motion.(fig. 14(b)). Where 
a shock wave occurred on both  the upper and lower surfaces  (figs.  14(a), 
(d) , and (e) ) it appears that the  pressure change due t o  the  ehock-wave 
motion o ~ . t h e  upper surface (peak closest t o  the  leading edge) had the  
larger  influence on Acn. 

Total-Pressure  Fluctuations i n  the Wake 
of  an NACA 65~008 Airfo i l  

Fluctuatio.ns  of  the t o W  pressure and the average tow-pres su re  
loss i n  the wake of  the NACA 69008. a i r f o i l  a r e  shown in figure 15. 
Examination of f igure 17 shows that there was a tendency ta rard   the  occur- 
rence  of  double peeLks In the  var ia t ion of &/no above and below the  
extended wing-chord plane similar to   the   resu l t s  shown i n  reference 6.  
Where the two peaks were clear ly  measured, they  appeared on each side of  
the  maximum total-pressure l o s a  2n the   reg ime where the  to-tal-preseure 
gradients were large.  It i s  also  interest ing to note in figure 15 t ha t  
eignificant  fluctuations of  "the"tot& pre6s-G-c-occGi-ked ev-Gn at  the low= 
angles of  a t t a c k  where the  mrmd-force  f luctuations were negliglble as 
shown by figure 12.  

Since it i s  believed that the  maximum intensities of  ah/% were 
not always measured and that peaks may have occurred between c e l l  stat ions,  
the need for  c lose r  pressure-cell  spacing in the re.glun of  the maximum 
total-pressure gradients i s  indicated. For example, i n  figures l5(8) and 
l5(d)  possible  variations from the  original fairing have  been sketched 
with dashed l ines .  

Comparison of  the   in tens i t ies  of  .the double peaks t ba t  were measured 
and the  maximum total-pressure  losses in the wakes euggeste  that, i n  addi- 
t ion  to showlng the   re la t ive  locat ions _of the  peaks, the  maximum t o t a l  
pressure may possibly serve aa  8c reasonable  approximation of the  maximian 
fluctuatim- intensities. If the wake is fluctuating  vertically,  reasoning 
similar t o  that involving the  pressure changes due t o  shock-wave motion 
may be used. Thus, the , m x i m u m  pressure fluctuation8 would o c w  where 
the  pressure gradients are   largest .and,  i f  the  motion wa6 sufficient,  the  
fluctuations  could be  approximately equal t o  the m a x i m u t i  time-average 
total-pressure 106s. 

. . - .. 

In an e f for t   to .de temine  whether the wake m e  fluctuating vertically, 
figure 16 was prepared ta show how the  total   preesure wae varying a t  each 
s t a t ion  between the l imi t s  of time f o r  the readigga of the fluctuations 
a t  each of the two peaks. The meamrements indicate on ly  the difference 

" 

. .  

" - 

. .  
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i n  t o t a l  pressure at two instants of time, w i t h  the  positive or  negative 
signs correspondfng t o  an increase or- decrease in pressure. The fact 
that the values of Sh/% pass  through  zero does not indicate that the 
mesure was- steady, but that a t  the two instants of time selected  the 
 tot^?, pressure  returned t o  the same value.  Results  are  presented for  

*e Mach numbers and angles of  attack at  w h i c h  the most outstanding 
ciouble peaks  were  measured. The subscripts i n  the symbol legend for  the 
two curves showing 8h/% indicate the Ah/% measurements  f'rom  which 
the time limits were established. 

Figure 16 shows that the  pressure changes  measured  between the  limits 
of  time established by the two peaks  were not in phase with one another. 
Generally, when the  pressure was increasing t o  i ts  maximum p tensity a t  
the  location of one peak, it was decreasa   a t   the   loca t ion  of the  other 
peaks, a  fact which suggests that the Fnstantaneous wake was fluctuating 

.L vertically. - 

A study has been nvzde relating  local-pressure  fluctuations and time- 
average pressure  distributions on two-dimensional a i r f o i l s   a t  high subsonic 
speeds.  TotU-pressure  fluctuations and total-pressure loss in  the wake 

.of an NACA 65Aoo8 s i r f o L l  have also been  campared.  The results of the 
study have indicated that the following relationships  exieted  for  the  test 
Mach number range of abou% 0.59 t o  0 -90. \ .&r= h 

1. In general,  the  largest  fluctuations of pressure  coefficient 
occurred a t   t he  lower Mach numbers due. t o  an intermittent  building. up 
and dropping of the  pressure peak near the leading edge. They bemn and 
increased  rapidly i n  magnitude when the .static pressure on t&upper sur- 
face stopped  decreasing  with increasing angle of attack. ,- / 

Y LC) 

" 

2. Since a t   the  lowest t e s t  Mach number the  pulsations over the "7 
entire chord approached the  s ta t ic  pressures. on the upper swYace at the . 1 

highest t e s t  angles of attack, it is  suggested that the upper-surface : ' 3  
s ta t ic  pressure could possibly  serve as a r o w  estimate of  the maximum ,/ 
fluctuations at  high angles of attack. 

3. when a  strong normal.shock wave was present  the maximum fluctua- 
t ions occurred at the  location of the shock wave due t o  i ts  
motion, while the  fluctuations ahead o f  and behind the shock wave  were 
comiderably  less  intense. 

4. The maximum h tens i ty  of the  fluctuationa a t  the shock wave was, 
i n  general, approximately equal to the  static-pressure  rise. The intensity 
of the  fluctuatFons could be lower than the  static-pressure  rise, however, 

n 
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w h e n  the  static-pressure  distribution  showed a negative-pressure  peak neB; 
the  leading  edge  with a compression  region ahead qf_the s h o e  wave.. 

#." J - ;. .'(- - The  maxim^ tutal-presmre  fluctuations in the  wake  occurrec7 5 .  " - . . 
. - : - -  where thefpre~e~-alentB w&e largest,  due  to  apparent  vkrtical move- i 

ment  of  k,lze"wake.  The resuts Indicate  that  the maximum intenelties of 
the  pulsations may be  approximately  equal to the maximum time-average 
total-pressure loss. .~ 

6 , / > ,-k=*v r-{- 
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Ames  Aeronautical  Laboratory 
National Advisory Committee  for  Aeronautics 

Moffett  Field, Ca;lif., Oct. ll, 1955 
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