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A FLIGHT STLllX OF COMPRESSIBILITY EFFECTS ON THE 

GUST LOADS O F  A 35' S\WTB.ACK-WING A I X P W i  

Ey Harry C. Mickleboro  and  Jack Punk 

A jet-propelled swept-wing airplane w e s  flown a t  different   speeds  in  
rough air i n  orcler t o  fnvestigate  the  effects of coapressibil i ty o r  Ef2ch 
number  on gust loads. Data were obtained a t  a constant  altitude  over e. 
Mach nurber  range from 0.4 t o  0.85 corresponding t o  f l i g h t  speeds from 
300 t o  645 miles per hour. The r e s u l t s   h d i c a t e  thzt, f o r  the t e s t   a i r -  
p b e ,  the measured gust loeds increased more rzpidly khan a d i rec t  (one 
to ooe) veriation w i t h  f o m r d  speed.  For  the test airplane flyrag z t  a 
Kach  number of 0.85  without  external tanks, the increment of load Bsso- 
cizted  with  cmpressibility  mounted t o  about 7 percent. The experimental ' 

resul ts   for   the  var ia t ion of loads with Mach nunber for   the  a i rplane with- 
out  external  tanks were i n  agreement with calculated  results  based on 
lift-curve  slopes  corrected f o r  coapressibil i ty an& the two-dinensional 
Imsteady-lift  functions  for  compressible  flow. The addition of e x t e r n d  
tanks caused a greater  increase  in gust loads  with Mach number than f o r  
the test  airplane  without  tanks, an& the increrrellt of load  associated 
with  ccmpressibility wzs zbout 16 percent a t  a bkch  nunber of 0.8. 

INTRODUCTION 

The ef fec ts  of compressibility o r  bkch awnher on gust loads have not 
beeo resolved a t  present. It has generally  beea assurmd that the l i f t -  
curve  slope w a s  the  parameter most susceptible  to  compressibility  effects, 
and k h a t  the  gust loads would vary  accordir!3ly.  Reference 1 suggested 
thzt the lift-curve  slope  under  msteady  flow  conditions of gusts might, 
as in  the  steady  cese,   fonow  the  Glauert-Pradtl   fector up to the   c r i t -  
i c a l  Mzch nm-ber. It was also indicated  thst   the  effect  of compressi- 
b i l i t y  on unsteady-ltft  functions may be of importance t o  the  gust-load 
problem, but l i t t l e  o r  no information on that subject w a s  availzble a t  

cated thzt the  ra te  of t r m s i e o t   l i f t  development becmes  appreciably 
m tht t h e .  Subsequent theoretical  analyses  (refs. 2 and 3) have indi- 
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slower a t  h:Lgh subsonic Mach  nlirObers result ing i n  some possible compensa- 
t i o n   f o r  the expected  increase i n  gust  loads due to  the  higher  lift-curve 
slope.  Therefore, i n  most cases,  the  overall  effect of compressibility 
nay be sma1:L. 

Same experimental  Slight-test dzta concerning the  overall   effects of 
compressibility on gust  loads are available from a systematic fjeries of 
f l i g h t s  w i % h  a jet-propelled  f ighter  airplme at Mach numbers  of 0.28 
and 0.68 (ref. 4 ) .  Although there  appear t o  be sone inconsistencies i n  
the test  results for  the  various  flight  conditions,  the  gust  loads were 
almost direct ly   proport ional   to   fomrd  veloci ty ,   indicat ing  l i t t le   or  no 
overal l   effects  due to  compressibility. This apparent  lack of an  overall  
compressibility  effect on the gust   loads  lor   this   a i rplme i s  not what 
would have  been expected f ro3   the  zbove-noted considerations of the influ- 
ence of compressibility on the  lift-curve  slope and the unsteady-lift 
functions, as has also been  noted by Zbrozek i n  reference 5. The reason 
f o r  this  difference is  not  apparent at the present time. 

In   order   to  provide  additional  flight  data  in  continuous rough a i r  
on the  effects  of compressibility on gust  loads  for  another  airphne, a 
cooperative  flight  investigz-cion was undertaken by the NACA and the 
Directorzte of Flight and All-Weather  Testing,  Xright A i r  Development 
Center, A i r  Research and Development Co.mmnd, U. S. A i r  Force. The t e s t  
airplane was a present-day, swegt-wing, jet  fighter  supplied by the A i r  
Force.   Flights  in  the  vicinity of Dayton, Ohio,  were &=de in   c lear -a i r  
turbulence  both  with and witho;zt exte-rnaal tanks. The t e s t s  covered a 
Mach nmber rmge from 0.4 t o  0.85 corresponding t o  speeds  fro3 300 t o  
645 n i l e s  per hoar. This report  presents  the  results  obtained  fron  the 
f l i g h t  tests and s c m  comparisons  with  calculzted  results. 

A 

an 

C 

SBJBOLS 

aspect  ratio 

nomEl  acceleration, g uni ts  

load  ratic 

mean aerodynamic chord, f t  

acceleration due to  gravity,   f t /sec2 

gust factor  (see  ref.  6 )  
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M Mach  number 

3 

- 
MO reference Mach  number (0.4) 
m slope of l i f t  curve  per  radian 

"0 . incompressible  lift-curve  slope  per rad%= 

S w i s  area, sq f t 

U gust  velocity,  Pt/sec 

v forward  velocity,  ft/sec 

w zirplane w e i g h t ,  i b  

x/s  wing loading, lb/sq f t 

A sweep angle of quarter chord,  deg 

P air density,  slugs/cu f t  

APPARArnS 

A two-view drzwiag of the  test   airplane  with the external t W s  - indiceAe6  by deshed lines is  shown in   f i gu re  1. The character is t ics  of 
the a i r p l a e  as flown ere  given  in  table I. The external tanks used i n  
the   t e s t  were of a fanteil type   h~ving  e capacity of 120 gsllons each 
and  mounted on pylors  underneath  the wing at approximately 45 percent 
semi s p a .  

The following inst-nments were ins ta l led  i n  the ai-rplane to   obtain 
information  pertinent t o  the glzst loads: 

(a) NACA recording  accelerometer  (na@etically  dmped) 

(b) NACA airspeed-altit-dde  recorder 

(c  ) NACA synchronous t i n e r  (1-sec  interval) 

The recording  accelerometer was dmped t o  0.7 of c r i t i c a l  end had a 
?lat:.ral vme  frequency of about 19 cycles  per second. Its range Tor  a 
full-scele film deflectio-n- of 2 inches w e s  from 3g t o  -1g. Because of 
space limftatiom,  the  acceleroneter wss located  cpprox3hately 2 f e e t  
f o r w ~ r d  of the normal center of gravity 02 the  airplane. The e f fec t  03 
this  locEtion is  discussed in the  "Precision"  section of the  paper. The 
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instruments were 
operating at 1/4 
alt i tude  records 

supplied with film drums hzving a 50-foot  cEpacity and 
inch per seccnd. The pressures  for  both  airspeed znd 
were obtained from the  service system of the airplane. 

The .general  procedure  consisted of successive fl ight runs through 
clear-air  turbulence a t  var ious  tes t  speeds  over a fixed course i n  a 
manner similar to  reference 4. The t e s t  procedures used attempted to 
eliminate all test  variables f r a m  the data with the  exception of those 
associated w i t h  airspeed. All runs were made at esl a l t i tude  of 1,500 f ee t  
above terrain. Since it was desirable   to  minimize any variat ions  in  tur- 
bulence between the runs i n  any one f l ight ,   the  runs of each fli&ht were 
made i n  rEpid  succession  over  an apDroximate 43-n?.inute period during 
midday. Also, the flights were not made whenever changing. weather con- 
di t ions were expected. 

In all ,  the tests consistea cf 33 flights over a fixed  course of 
about 22 lzlfles in  length. The flights were subdivided into two t e s t  con- 
figurations: external f u e l  tanks on and exterm1 f u e l  tanks off .  The 
differences  in  perfomance  capzbilities and reage of the  airplane  in  the 
t w o  confignations limited the test  speeds and  number of runs that could 
be macle on any one flight. A s  a result ,   the data were obtained in   four  
groxqs as indicated by the following  table: 

Number oI" runs per   f l ight  at - Flight miles 
I Group No. of' IExternalt 

f l i gh t s  t m k s  I 300 mph, 
IK = 0.4 

I 

I1 

111 

IV 

14 

12 

0 

1 

On 

O f  I" 

off 

O f  r" 

2 

2 

2 

- 2  

430  mph, 
M = 0.6 

2 

2 

0 

0 

2 0 589 

0 0 520 

2 1  ' 0  258 

0 1 2  42 

1 

A single  pilot  w a s  used f o r  a l l  flights i n  each t e s t  group,  and the 
sequence of runs was varied so that no consistent combination of condi- 
t ions m i g h t  a f fect  the resul ts .  On a l l  runs the   p i lo t  used 2. minimum 02 
control  with a l l  corrective measures  Seing made very slowly. A f l i g h t  
consisted of runs at 300 dies per h o n  (K = 0.4), desiguated 8 s  tine 
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reference  speed, and a t  one or more of the  other  test  speeds. For  each 
test condition, two r a s  E t  each  speed were mace, o m  i n  each flight 
directioc  in  order  to  neu%relize any possible  efrects of wind direction 
on the  gust  loads. It w i l l  be  Eoted thet w i t h  the external tanks OE 
each  flFght  covered  three  airspeebs,  but  without  the tanks each flight 
covered  only two airspeeds,  thus  necessitating two groups i n  the la t ter  
condi-tion t o  cover  the three airspeeds. One special  flight w a s  made 
without exte-rPel tardks in which a r e h t i v e l y  high tes t  sgeed of 643 miles 
per  hour, M = 0.85, WES used. In addition t o  the  regular test  flcghts, 
several  other flights were made to  calibrate  the  airspeed-alt i tude system 
of the  tes t   a i rplane.  

EVALUATION AJXD RBSULTS 

The acceleration  records  for data groups I, T I ,  and 111 were evalu- 
ated to   ob ta i c  counts of peak vclues of acceleration between any two 
comecutive  i-n-tersections of the  record lice w i t h  t'ne lgreference.  me 
evaluation w a s  codined  to  thresholds of acceleratioll  greater thao 0.28, 
0.3g, ad 0.4g for   the low, medium, snd high-speed runs, respective-. 
These thresholds of acceleration  correspond roughly to E, constant 
"derivedll gust  velocity (ref. 6)  of &out 6 Teet  per  second l o r  e.=& 
speed. 

For the test   condition of group IV which covered the extrene Mach 
number range of the tests, data were avzilable from only one f l i gh t .  

di f ferent  and  more detailed nethod of data  evaluation wes enzployed. The 
acceleratioc  records were evaluated  aloog the tize history at 0.2-second 
intervzls fo r  the runs at 300 niles  per hour (M = 0.4) and at O.l-secol?d 
intervals   for  the runs a t  645 miles  per hour (M = 0.85), thus  providing 
apyroxiEately the same number of reedings  per  flight  distance. Although 
t h i s  procedure  involved a more time-consuming evduat ion t h m  was used 
fo r  groups I, 11, end 111, it had the  advantage of yielding better sta- 
t i s t i c a l   r e l i a b i l i t y   f o r  such a limited number of flight miles of data. 

- Secmse of l i d t ed  f l i g h t  miles i n  this high Mech number co,?dition, a 

!The airspeed-altitude  records of all flights were evalwted  to  obtain 
the zverage airspeed and eltitucie, znd the t o t e l  Elight distance in air 
niles f o r  each run. Corrections were made to  the  airspeed-alt i tuse data 
accordhg  to  the calibration m s .  Xithin  each date group, the accelera- 
t ions were adjusted  to  a stm-dard condition (wing loeding of 50 pounds 
per   sqmre  foot   for   the data w i t h  external tanks, 43 pounds Der square 
foot   for   the data without  tznks, a-n-d a forward  velocity of 300, 450, 
600, o r  643 miles  per hour) on the basis of the assumptron tht the 
acceleration vari-es direct ly  as the for iard speed and inversely as the 
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wing loading. These smll corrections  vere mafie t o  eliminate aay ef fec ts  
resulting r'rorn ninor  variations  in these q w t i t i e s  which occurred from . 
ruzl t o  run. 

The adjusted acceleration h t a  were sorted  into  frequency  distribu- 
t ions with class  intervals of O.O5g and. are  tabulated by forward  speed 
an6 external ta& configuration in  tables I1 and 111. Also included i n  
tables I1 m-d I11 are the   to ta l   nmber  or" f l igh t  miles fo r  each test 
condition. A cumulative frecgiency distribution was then  obtained  for 
the  acceleration d&ta of each test condition by successive  addition of 
the freqcencies of tables I1 and 111. The cutnlxlative frequency distri- 
butions of t,he data of groups I, 11, and I11 were divided  into  the  total  
flight miles  to  obtain the average  nmber of miles  flown t o  equal  or 
exceed a given  acceleration. These resul ts   are  shown plot ted  in   f ig-  
ures 2, 3, and 4. Because of the method  of evaluation  discussed  earlier, 
the  data of group I V  could  not be presented on a miles-to-exceed basis. 
The emulative Trequency distributions of this flight of data were, there- 
fore,  divided by the   t o t a l  number of acceleration  occurrences  for  each 
qeed  condition  to  obtain  the  probability of eqmling  or exceeding a 
given  ecceleration during the  f l ight .  The probabi l i ty   dis t r ibut ions  for  
the data of group I V  are shown in  f igure 5. 

The deta  points shown in   f igures  2, 3, and 4 are  very  nearly  linear, 
especis l ly   a t   the  lower end of the curves.  Therefore, in  order t b  
describe  the test resdts sinrply, an exponential  curve  (straight  line on s 
a semilogarithmic  plot) was f i t t ed  t o  each  frequency distribution by 
means of least-squares  solution,  with  the  data  points weighted in accord- 
ance  with  the number  of accelerations  in  the  class  intervals.  This proc- 
ess tended to   minhize  the effects  of the larger  acceleration  vzlues which 
represented  only a mall number  of occurrences. It should be noted that 
the h t a  points  representing  the  lowest  class  interval  in  figures 2 and 3 
were not used i n  determining the least-square  solutions'since  the  accel- 
eration ccu?,ts were inccmplete i n  these intervals owing to  the  thresholds 
not  having been set   qJ i te  low enough. For the  probability  plot of fig" 
ure 5,  a curve was simply faired through  the  date  points. 

in  order to   indicate   the  var ia t ion of gust  loads  with  Mch number, 
the data f o r  a l l  runs at 300 miles  per  hour (M = 0.4) were ut i l ized as 
a reference  condition, and the  accelerations at the  other test speeds 
were normalized t o  the va lws  obtained a t  this detw. speed f o r  an equal 
nuxber of f l ight  miles. The ratios  thus  obtained are sinply  called  load 
rat ios .  Ths average  load  ratios  for the &ata i n  groups I, 11, and I11 
(figs.  2, 3, snd 4)  were determined in  the  region of greatest  confidence 
(fron  about 1 t o  10 miles per  acceleration  count). 'The apparent change 
in  the  acceleration  variation w i t h  flight n i l e s  at high  acceleration 
vaPaes is not  considered cf significance  since  these  vdues are based on 
r e k t i v e l y  few acceleration  occurrences. The loed ra t ios  Tor the d&ta 
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in group I V  ( f ig .  5 )  were determilled from the upper portion of the prob- 
Ebility  curves. (This result w e s  almost  icZeEtical w i t h  the   r&tio of the 
standard  deviEtions of the data.) The average  loed  ratios  obtained f o r  
each of the  four data grocps  are s m r i z e d  Ln f igure   6 (a)   for  the tanks- 
off  condition and in figure 6(b)  fo r   t he  tanks-on  coodition. For con- 
veniecce i n  discussing  the results, a scale 03 Mach nmber   r&tio H/ko 
is also  included i n  figure 6. If the gust  loads  varied directly with 
speed,  they would also, f o r   t h i s  test  a t  constant  altitude, vzry direct ly  
with Ekch omber. ThpI direct   var ia t ioc of load r&Lo with speed is  
shown i n   t h e  figures 2s 2 sol id   l ine.  

PRECISION 

In  regard t o  the srec is ior  of the  presect test results given i n  f ig -  
ure 6 ,  three  sources of error  were considered - errors  in  eveluation 
technique,  errcrs  icherent t o  the t e s t  procedure,  and errors  due t o  
sample s i z e .  The first two sources which could bias t he   t e s t  results 
included  errors  arising from record reediw and possible  effects of hori- 
zontal turbulence OE the loed  ratios as detemdned from the t e s t  data. 
The effect  of these errors  was always in  a positi-ve  direction  (tending 
t o  increese the load   re t ic )  and i n  all cases e s t h t e d   t o  5e less than 

=-Led by considering  the  variztions i n  load  ratios  obtained  betweer  the 
individual flights. The 95-percent  confidence l h f t s  f o r  the load  ratios 

f o r  e Msch nunber Df 0.6 md +4 percent af the values shorn for e. M.xh 

4 Fercent of the load  rEtios  given. Tre szmsling fluctuations were esti- 

- of figure 5 were determired t c  be roughly +2 percent of the values shown 

. number 03 0.8. 

It should be noted that, since tk accelerometer w a s  loceted epprox- 
Lmtely 2 f e e t   f o m r d  of the center or" gravity ol" the airplane, the 
recorded  acceleratioas are approximately 5 percent  higher than those 
occurrip4 rt the center of gr&.vity f o r  all test speeds. Hoxever, since 
the final resul t s  ere presented i n  a r a t i o  form, the load  rztios  should 
not  vary  aspreciably  with  fore-and-zft  measuring  position,  provided the 
s tzb i l i t y  of the  airplane does not c-e dras t icd ly   wi th  speed. 

3ISCUSSION 

From inspection of the plotted  points i n  figm 6(a), it can be seen 
tht, a t  the   t es t  bkch number r e t io s  M/Mc of 1.5, 2.0, and  2.13,. the 
corresponding  experimental  losd ra t ios   a re  1-51, 2.11, and  2.28 f o r  the 
datz. without  external tanks. For the date w i t h  ex te rm1 t d s  (fig.   6(b) ), 
the  experinental  vzlues or" loEd ra t ios  3iere  somewhat higher,  being 1.56 
end 2.32 f o r  M / M ~  v a ~ u e s  of 1.5 m-d 2.0. ~n a ~ .  cases excluciing the- 



reference  condition,  the  expreimental  results were significantly  higher 
than a l inear  variation with forward  velocity,  or Mach number, since  the 
t e s t s  were at a constant  altitude. 

The foregoing  deviation of the  gust-load  ratios from 8 l inear  varia- 
tion  with  forward  velocity coil16 presumbly be the result of a number  of 
factors.  The primary factors which deserve  consideration  are  the  varia- 
t i on  with Khch  number  of the  slope of the l i f t  curve, rate of t r m s i e n t  
l i f t  development, a i rplane  f lexibi l i ty   effects ,  and airplane  s tzbi l i ty .  
The e f fec ts  of f l ex ib i l i t y  .sad stabi l i ty   are   diff icul t   to   assess   precisely 
for  the  gust  case. The availzble  informition, however, suggests that 
these effect;s  xight w e l l  be negligible  for the present tests. In regard 
t o  flexibil i ty,   the  records showed  no evidence of an  appreciable  bending 
mode which is as might be expected  since the test   a i rplane was of a short 
spm and relet ively stirf. In assessment of dynanic-stability  effects, 
two stabil i ty  paraneters considered  importarb to   a i rplane  loads  in   gusts  
are the wme lengths of the  short-period  oscillation and the damping. 
The resul ts  of a f l i g h t   t e s t  of the same model of airplane as used i n  
the present t e s t   ( r e f .  7) indicate that, up to   the  limit Kach nmber of 
the  test ,   there was no significant change in   e i ther   the  wave length  in  
f ee t   o r  chords of the  short-period  oscillation  or the Dumber of cycles 
t o  damp t o  ]./lo auplitude. 

If the  effects of wing bending f l ex ib i l i t y  and ai-rplane s t ab i l i t y  
can be neglected,  the two remaining  factors, namely lift-curve  slope and 
unsteady l i f t ,  can be examined i n  terms of the  revised sharp-edge gust 
epa t ion   ( r e f .  6 )  given by 

where 

an 

m 

P 

v 
U 

W/S 

K, 
0 

acceleration, g units (kx used as this symbol i n  
re f .  5) 

slope of l i f t  c - m e  Der rsdian 

air  density,  slugs/cu f t  

forward  velccity,  ft/sec 

gust velocity,  ft/sec 

wing loading, lb/sq It 

gust factor  - 
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Tbe gust  Tactor Kg is dependent upon  two factors  which c m  vary with 
Mach  number: the unsteady-lift  functions and the l i f t - c m  portion of 
the mss ra t io .  

From eqmt ion   ( I ) ,  it is  readily  seen that the   ra t io  of' loads a t  a 
constaat   z l t i tude  for   dif ferent   f l ight  M&ch numbers is 

where the subscript M desigmtes any M&ch  number and the  subscript 14, 
designates  the  reference MEch number  of the t e s t  (0.4). The load ratios 
for the two ex%ernal tank configuretions  are  calculated i n  the following 
sections an& the resul ts  are conpzred w i t h  the  experimental  load  ratios 
of figure 6. I 

Tanks-off condition.- The load ra t ios  e were calculated f o r  
*O 

the  appropriate  airspeed  cm-binztions 02 the test. The variation of 
lift-cu-rve  slope  with Mach nmber w a s  &etemined by equation (1) of the' 
eppendix of reTerence 8 as follows: 

A + 2 COS A 
%I 

where A i s  the aspect  retio, A i s  the sweep angle of the  quarter 
chord, and m is the  inconpressible  lift-curve  slope. W s  formula 
is a combinztlon of strip  theory,   thin-airfoil   theory,  and %he Prmdtl-  
Gkuert  rille. The variztion of l if t-curve  slope  uith Mach number as 
obtained from the f o m u k  agreed  very w e l l  w i t h  the .mailable  wind-tunnel 
lift-curve  data for the  test  airplane  without exi;emm,l tanks. It should 
be  noted that in  the  present  amlysis,  it was not necessa-ry t o  deternine 
the  incoEpressible  lift-curve  slope  since  in  erfect thls qusstity  cancels 
out when the  results  are  ?resented i~?. the form of load ratios. 

0 

The gust factors  Kg f o r  the  cornpressible  case were calculated  for 
the swept wing  by nethods  described i n  reference 6 f o r  a 1-minus-cosine 
gust  shape - i t h  E gradient  distance or' 12.5 chords. The twoldinensfonal 
uusteariy-lift  functions  for  compressible r'low (ref .  2) were u t i l i zed  znd 
the k t a  were interpoletea f o r  M = 0.4 m-d extmpolated  for  M = 0.8. 
The unsteczdy-lift  funceions f o r  the swept wing were deternined ?ram the 
straight-wing  fmc-lions by strip theory.  Veriations in mass re-ti0 due 
t o  increased  lift-curve  slose  with Mach nmber were taken  into  account 
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in  the  cdclaations.   Calculated  load  ratios were not  determined f o r  a 
I&ch n-mber of 0.85 since it w a s  f e l t  tbt the  unsteaiiy-lift  curves of 
reTerence 2 cmld  not be extrapolated t o  tha t  Yach  nuinber with ar?y degree 
of certcinty. The load  retios were calculated  for Hach nunbers or" 0.4, 
0.6, and 0.8, an15 the results are shown in   f igure 6(a) as the dashed 
l ine .  It c ~ r   t e  seen  that  the  load  rstios based on a lift-curve  slope 
ard g G s t  factor  both  corrected  for  compressibility  are  in good zgreemnt 
with the tes t  r e su l t s   fo r  the airplane  without  external tanks up t o  a 
Mcch number of 0.8. 

In  order t= show the respective  contributions of lift-curve  slope 
and unsteady-lift funct ions  to   the lozd ra t ios ,   the   ra t ios  were calcu- 
la ted as before  except that it was assuned the  unsteedy-lift  functions 
did not  vary w i t h  Mach nunber. The saxe vsriation of lift-curve  slope 
w i t h  Mach  number and the same mass-ratio  values were used. as before  while 
the ursteady-lift  functions  for  incompressible  flow  replaced  those used 
peviously.  The loed  rctios  thus  obtained  are shown in  f igure  6(a)  as a 
dot-dashed l ine .  It is obvious  from these  results  that   the  neglect of 
the variation of the unsteady-lift  functions  with Mach  number leads t o  
an  overestimation of the  loads. 

Effect of externa1tanks.- As previousiy mentioned, the  load  ratios 
for   the  tanks-on  condition were somewhat higher than f o r  the t U S - o f f  
condition.  Ullcrtmtely,  information on the  varietion of the slope of 
the l i f t  curve w i t h  Ihch number for   the   g resent   tds -on   conf igura t ion  
was not  avaflable. The results of reference 9, however, indicate that, 
for  similar  types of tanks, the slope of the l i f t  curve  increased more 
rapidly  with Xach  number for   the  tanks-on  case th.m for  the  tanks-off 
case. Although the  lack of infomation  does  not  permit a detailed 
sssesszent similar t c  the oDe given for  the  tanks-off  condition,  the 
resl;lts for  the  tmks-on  condition  (fig. 6(b))  a?pear quali tatively con- 
sistent  with  indications from the tanks-off h t a ,  w i t h  an additionel 
increase  in  the  gust  loads due t o  the  external  tanks. 

. 

General  observctions.- In  a l l  cases  investigated,  the  increase in  
gust loads with Mach  number was greater  than a direct  (one t o  one) vari- 
a t ion with f o m r d  speed, reflecting the influence of compressibility 
effects .  For the  tes t   a i rplane  f lying a t  a Mach  number or" 0.85 without 
external tanks, the  increrrent of load  associated  with  coxpressibility 
effects amounted t o  7 percect. The experimeni;al  load ra t ios  were i n  
agreement w i t h  the  results  calculated as a fmc t ion  of forward speed, a 
lift-curve  slcpe  variable w i t h  Mach  number, and the gust fac tor  which 
included  the  unsteady-lift  functions  for  cozpressible  flow. 

It i s  also  indicated from the   t e s t   r e su l t s  that large  external  stores 
such as f u e l  tanks can have considerable  effect on the gust  loads  partic- - 
ular ly  a t  high  subsonic Mach nlmbers.  For the test airplane with external 

. 
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tanks a d  flying at s Ikch number of 0.8, the  increment of load  associ- 
ated  with  co?llpressibility  effects w z s  aboct 16 gercent, as contrasted t o  
about 6 percent  without  external tanks. However, lift-curve-slope 
information m s  not  available  to  pernit   celculatiom f o r  this 
conr'iguration. 

Although no ver i f icat ion  vi th   calculat ions could  be made f o r  the 
tanks-on data,  the  foregoing results f o r  the taaks-off condition (in the 
cases where calculations  could be made) are i n  agreement with  the  conclu- 
sions of refereace 5 that the  gust load m y  be calculated by using  the 
compressible  gust  factor and the  compressible  lift-curve  slope. However, 
the good agreement  between the  calcuhted md measured loeds o b t a h e d   i n  
the  present  investigation  could not be duplicated w h e ~  similar calcula- 
t ions were made f o r  the  tes t   a i rplane of reference 4. The results from 
the test airplane of reference 4 without  external tanks showed a n  increase 
i n  g m t  load proportional t o  the  ilzcrease i n  forward  speed,  whereas  the 
calculcted results f o r  a Y!ch nmber of 0.68 were eboGt 8 .percent  higher. 
The reesons f o r  %he differecces in  the  resul ts  f o r  the two a i rp lmes   a re  
not known a t  present aad xiU require further investigation in order t o  
resolve  completely  the  question of compressibility  effects 012 gust loads. 

- 
A f l ight   invest igat ion t o  d e t e d n e   t h e   e f f e c t s  of compressibility 

- o r  Mach nmber on gust loads has been =de. A 35O swept-wing airp-e 
flying a t  a constant  Eltitude and coverirg e. Mzch  number range frm 0.4 
t o  0.83 was used,  and the  results of the investigation  indicated  that: 

1. Slith increasing Mzch nunber, the measured gust loads  incressed 
mare rapidly  then a direct  (one t c  one) variation with forward speed, 
ref lect ing  effects  of compressibility. For the test airplane  f lying a t  
a Nsch  number of 0.85 without  external t d s ,  the increment of load 
assccizted w i t h  cmpressibi l i ty   aounted t o  about 7 percent. 

2. In regard t o  the  airplvle  without  external  tazks,  the experi- 
=ental   resul ts  f o r  the  variation of gust  loads with Mach  number were i n  
agreement with  the  calculated  results based on lift-curve  slopes  cor- 
rected f o r  cmpressibi l i ty  and the  two-daensiond  unsteady-lift  func- 
t ions Tor conpressible f l o w  up t o  a Mach  number of 0.8, the limit of 
the  calculations. 

. 
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3 .  The zciiition of external fuel tanks cmsed  a  greater  increase  in 
gust loads with M&ch nunber fo r   t he   t e s t  airplane than in   the  case of 
tanks-off. A t  2 Mach nwaber of 0.8, the increment of load  associated 
with  coqpessibi l i ty   effects  was about 16 percent. 

Langley Aeronautical  Laboratory, 
National Advisory  Comzittee for Aeronautics, 

Langley Field, Va., June 24, 1954. 



1. Done-, Philip:  Smmary of Inr-ormation Xelating to Gast Loads on 
Aiclanes.  NACA Rep. 997, 1950. (Superseties N?ICA mT 1976. ) 

2. Mazelslry, Bernard, and Drfschler,  Joseph A.: Numerical  Determination 
02 Tbiicial  L i f t  ami  Msment Functions Tor a Two-Dimensional Sinking 
and Pitching  Airfoil  a t  Mach Numbers 0.5 and 0.6. NACA TN 2739, 
1952 

3.  Lozllex, Ehrverd: L i f t  Developed 011 U?lrestralr??d R e c t w u  Wirgs 
Enteriag  Gusts a t  Subsonic a d  Susersonic  Speeds. WCA TN 2925, 
1-953 - 

4. BincUey, E. T., and Funk, Jack: A Plight  InvestigatioE 02 the 
B f e c t s  of Cmpressibil i ty on Applied Gust Loads. N M A  TN 1937, 
1949. 

5.  Zbrozek, J.: CoLcpressibility Effect on Gust Loads. Tech. Note No. 
Aero. 2254, Br i t i sh  R.A.E., Aug. 1923. 

6 .  Prz t t ,  Kermit G.: A Revised Fornula f o r  the Calculatioc of Gust 
Laads. NACA TN 2964, 1953. 

7. Triplet t ,  X i l l i a r n  C., zzld  Van Dyke, Rudolph D., Jr.: Preltminary 
Flight  Investigation of the m i c  LongitudFna.1-Stability  Character- 
i s t i c s  of a 3 5 O  Swept-Xing Airplane. NACA X4 A50JOga, 1950. 

8. Fisher, k x i s  R.: ApproxLma-Le Corrections for   the  Effects  of Can- 
press ib i l i ty  on the Subsonic Stability  Derivatives of Swept V h g s .  
NACA TN 1854, 1949. 

9. Spree-, Kenneth P., and Alford, William J., Jr. : hves t iga t ion  
of the Effects of Gemetric Changes in en Underwing Pylon-Suspended 
ExLernal-Store Ins ta l la t ion  on the Aerodymmic Charzcteristics of a 
45O Sweptback Wing at High Subsonic S-peeds. NACA EM L50L12, 1951. 



NACA RM L5kGOga 

TABLE I 

AIRPLW CHARACTERISTICS 

Itea 

i 
I Mean eercdynazrLic  chord, c, ft . . . . . . .  
I Wing  area, S, sq  ft . . . . . . . . . . . .  
! 1 Average  test  weight, W, lb . . . . . . . .  
I I Average  wing  loading, W/S, lb/sq ft . . . .  
I W i n g  span., ft . . . . . . . . . . . . . . .  
j Aspect  ra.tic, A . . . . . . . . . . . . . .  
I Center-of-gravity  position, 1 percent t4T.A.C. . . . . . . . . . . . . . .  

I 

I 

I . . . . .  Pitching  moment  of  inertie,  slug-ft I 
2 

j Sweep  angle sf quarter  chord, A, deg . . .  
1 I Inconpressible  lift-curve  slope, rn3 . . . .  
I Averzge air density, p, slugs/cu ft . . . .  i 
I 

With 
external 
tanks 

8.08 

288 

14,100 

49.0 

37.1 

4.79 

22.4 

0.00222 

42.0 

!.lithout 
external 
tanks 

8.08 

288 

12,800 

44.5 

37 -1 

4.79 

21.9 

17,500 

3.5 

3.8 

0.00222 

40.6 

. 
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WQUENCY DISTRIBUTION OF ACCEmTIONS WITH E a  TANKS 

(Group I) 

C l a s s  interval, E=, g units 

0.20 to 0.25 
.25 to .30 
.30 to .35 

.bo to .k> 

.45 to .50 

.50 to .55 

.55 to .60 

-63 to .70 
.70 to .75 
.75 to .80 
.80 to .85 
.85 to .90 
.so to .g3 
.95 to 1.00 

1.00 to 1.05 
1.05 to 1.10 
1.10 to 1.15 
1.15 to 1.20 
1.20 to 1.25 

1,35 to 1.40 

Totzl . . . . . . . . . . . .  
Flight miles . . . . . . . .  

.35 to .40 

-60 to .65 

. . . . .  

Number of accelerations 

t 450 nph 

863 

589 



.. 
T W  111' 

F!RJ3QUENCY D I S ~ I X I T I O N  O F  A C m m T I O X F  XITHGUT EX'IXFNAL TANKS 

(Grcups If, 111, and IV)' 

I 

C l a s s  interval, 
an, g units 

0.00 t o  0.05 
.05 t o  .10 
.10 t o  .15 
.15 t o  .20 
.20 to .25 
.25 t o  .30 
.30 to .35 

.40 to .45 

.43 t o  .50 

.50 to .55 

.55 to .Go 

.60 t o  .65 

.65 t o  .70 

.70 t o  .75 

.75 to .80 

.80 t o  .85 

.85 to .go 

.90 t o  .95 

.g5 t o  1.00 
1.00 to 1.05 
1.05 to 1.10 
1.10 t o  1.13 
1.15 t o  L.20 
1.20 to 1.25 

.35 t o  .bG 

Total . . . . . 
Flight miles . 

T Nwuber of accelerations 

Group I1 

300 nph 

517 

450 mph 

"- 
" - 
"- 
"- 
"- 
369 
399 
270 
176 
118 
62 
37 
28 

" - 

12 
8 
8 
4 
0 
1 
2 
1 
2 "- 

"- 
1,497 

524 

T Group I11 I 
600 mph 

"- 
-" 
"- 
"- 
-" -" 
"- 
"- 
282 
222 
150 
117 

85 
48 
32 
28 
18 
10 
6 
3 
2 
2 
2 
2 
1 

1,020 

258 
," 

Group I V  

300 mph 

2,537 

43 
"- 

645 nph 

kg2 
498 
364 
309 
218 
147 
87 
63 
58 
38 
22 
16 
8 
8 
4 
5 
1 
1 
0 
0 
2 
0 
0 
0 
1 

2,342 

42 
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C 37.12’ _I_l__j 

Figure 1.- Test airplane. 
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Figure 2.- Average  number of miles flown t o  equal o r  exceed a given 
acceleration. Data group I; cxkrnal tanks on. 
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Figure 3.- Average number of miles flown t o  equal or exceed a given 
acceleration. Data group 11; external tanks oPf. 
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Figure 4 .- Average number of miles flown t o  cqml or  exceed a given 
acceleration. Data group 111; external tanks off. 



21 

. 

/.z 

Figure 5.- Probability or" Lqwling or exceeding a given  acceleration. 
Data group IV; externel t m k s  o f f .  
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(a) External. tanks off. 

Figure 6.- Variation of gust-load ra t io  with Mach number. 
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(b) External tanks on. 

Figure 6.- Concluded. 


