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SUMMARY 

A revised gust-load formula with a new gust fac tor  i s  derived t o  
replace the gust-load formula and a l lev ia t ion  fac tor  widely used i n  gust 
studies.  The revised formula u t i l i z e s  the sane principles and r e t a ins  
the same simple form of the or ig ina l  formula, but provides a more appro- 
p r i a t e  and acceptable basis  f o r  gust-load calculations.  The gust fac tor  
i s  calculated on the basis  of a one-minus-cosine gust shape and i s  pre- 
sented as a function of a mass-ratio parameter i n  contrast  t o  the  ramp 
gust shape and wing-loading, respectively, used f o r  the a l lev ia t ion  fac- 
t o r .  The National Advisory Cornittee f o r  Aeronautics w i l l  make use of 
the revised formula i n  the evaluation of relevant gust data.  

INTRODUCTION 

A gust-load formula, embodying a number of simplifying assumptions, 
has long been used i n  t h i s  country f o r  the calculation of design gust 
loads on ordinary airplanes by mi l i ta ry  and c iv i l i an  regulating agencies 
(see, for  example, r e f .  1) . This formula w a s  developed and has been 
u t i l i zed  by the NACA i n  the evaluation and interpretat ion of gust and 
gust-loads data  obtained from measurements of accelerations experienced 
during routine and some special  f l i g h t s  through turbulent a i r  (see,  f o r  
example, r e f s .  2 t o  4). The formula may be wri t ten as 

where the quant i t ies  and customarily used un i t s  a re  as  follows: 

airplane maximum nondimensional normal-acceleration increment 

m wing l i f t -curve slope per radian 

Po air density a t  sea level ,  slugs/cu f t  
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S wing area, sq f t  

Ve equivalent airspeed, f t / s ec  

ue "effective" gust velocity, f t / sec  

W airplane weight , l b  

K dimensionless "al leviat ion factor" 

The formula serves t o  r e l a t e  the peak accelerations due t o  gusts t o  
be expected on a given airplane t o  the peak accelerations measured on 
another airplane for  f l i g h t  through the same rough a i r ,  The underlying 
concept i s  t ha t  a measured acceleration increment may be used t o  derive 
an "effective" gust veloci ty  which i n  turn is  used t o  calculate the 
acceleration on another airplane by reversing the process. The effect ive 
gust veloci ty  Ue i s  not, therefore, a d i rec t  physical quantity but i s  

ra ther  a gust-load t ransfer  factor  definable i n  terms of the formula. 

The nondimensional parameter K depends on such factors  as gust 
shape and resul t ing airplane motions. I n  order t o  allow for  some of 
these factors  and for  simplicity i n  prac t ica l  application, K has been 
calculated on the basis  t h a t  the gust shape i s  of a ramp type (gust 
veloci ty  increasing l inea r ly  with distance up t o  a l i m i t  of 10 chords) 

R 

and by taking into account e f fec ts  of gust penetration and of the 
resu l t ing  ve r t i ca l  motion of the airplane. A small adjustment was then 
made t o  the K curve on the basis of model t e s t s  and analyses t o  allow 
f o r  over-all  e f f ec t s  of pitching motion on the normal-acceleration incre- 
ment. The correction made implied tha t  on a l l  a i r c r a f t  the acceleration 
i s  affected t o  about the same degree by the pitching motion, t h i s  asswnp- 
t i o n  being reasonable only fo r  conventional a i r c ra f t  having sat isfactory 
f lying qua l i t i e s ,  On t h i s  basis,  K i s  dependent only on a nondimensional 
mass-ratio parameter which i s  defined by the mass of the airplane divided 
by tha t  of a cylinder of a i r  about the wing. For design purposes, how- 
ever, K was expressed i n  terms of wing loading and was normalized by 
dividing by i t s  value for  W/S = 16 lb/sq f t  . This procedure had two 
e f fec t s  which now can be considered undesirable. The use of wing loading 
rather  than mass r a t i o  ignored cer ta in  e f fec ts  of a l t i tude  and airplane 
s ize,  and the normalization produced effect ive gust veloci t ies  tha t  are  
not referred d i r ec t ly  t o  the maximum velocity of the ramp prof i le  but 
rather  t o  a constant times t h i s  value. 

Over the years, the a l lev ia t ion  factor  K has been modified by the 
various regulating agencies i n  t h e i r  design requirements. As a r e su l t ,  
there now ex i s t  several d i f fe rent  a l lev ia t ion  factors  and correspondingly 
d i f fe rent  design gust veloci t ies .  This s i tua t ion  has resul ted i n  some 
confusion when the design gust veloci t ies  used by the vwious agencies 
a re  compared with each other or  with NACA gust data. 
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I n  order t o  provide for  uniformity of gust-load calculations, the 
interested regulating agencies and the NACA, at a meeting of the 
ANC-1 Panel on Flight Loading Conditions, agreed t o  the des i r ab i l i t y  
of adopting a new standard a l lev ia t ion  fac tor .  This new a l lev ia t ion  
factor  t o  be referred t o  as  "gust factor" was t o  be based on the more 
fundamental parameter, mass ra t io ,  instead of wing loading and a lso  
on a new gust prof i le  represented by a one-minus-cosine curve. 

The NACA agreed t o  calculate the new gust fac tor  and t o  use it i n  
a revised gust-load formula fo r  the reduction of relevant gust data .  
A point of in t e re s t  i s  t h a t  the new gust fac tor  as calculated i s  not 
normalized t o  any given value and hence the gust veloci ty  can be con- 
veniently referred d i r ec t ly  t o  the maximum of the gust p ro f i l e .  It i s  
the purpose of t h i s  paper t o  present the revised gust-load formula with 
the new gust fac tor .  

SYMBOLS 

t ransient  l i f t  response t o  penetration of sharp-edge gust 

t ransient  l i f t  response t o  unit-jump change i n  angle of a t tack  

Wing area mean geometric wing chord, 
Wing span , f t  

acceleration due t o  gravity, f t / s ec  2 

gust-gradient distance (horizontal  distance from zero t o  
maximum gust velocity) , chords 

a l lev ia t ion  factor ,  defined i n  reference 2 

gust factor  (revised a l lev ia t ion  fac tor )  

slope of l i f t  curve per radian 

airplane mass, slugs 

nondimensional ver t ica l -  o r  normal-acceleration increment, 

reference nondimensional ver t ica l -  or  normal-acceleration 

increment, 
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wing area, sq f t  

distance of penetration into a gust, chords 

dummy variable i n  superposition integral ,  chords 

time, sec 

dummy variable i n  superposition integral ,  sec 

gust velocity (maximum value), fps 

"derived" gust velocity, fps 

effect ive gust velocity defined i n  reference 2, fps 

gust veloci ty  a t  any penetration distance, fps 

airspeed, fps 

equivalent airspeed, VG'/~, fps  (see r e f .  5 )  

airplane weight, l b  

airplane ve r t i ca l  displacement ( ~ o s i t i v e  upward) , f t  

airplane mass r a t i o  (sometimes referred t o  as "mass 
2w parameter'' i n  the pas t ) ,  - 

mpcgs 

a i r  density, slugs/cu f t  

Po air density a t  sea level ,  siugs/cu f t  

u air-density r a t io ,  p/po 

Subscript : 

max maximum value 



REYISED GUST-ILIAD FORMULA 

The revised gust-load formula t o  be derived herein, l i k e  the 
or ig ina l  formula, w a s  obtained from solutions of an equation of air- 
plane ve r t i ca l  motion i n  an isolated gust.  The use of the formula t o  
t ransfer  accelerations from one airplane t o  another for  continuous 
rough a i r  implies, therefore, the assumption tha t  the re la t ive  loads 
f o r  single isolated gusts are a measure of the re la t ive  loads i n  a 
sequence of gusts.  In regard t o  t h i s  assumption, it i s  recognized tha t  
some of the more recent methods fo r  analysis of airplane loads i n  con- 
tinuous rough a i r  with proper allowance for  various degrees of freedom 
of airplane motion may i n  due course be adopted; however, for  the pres- 
ent,  it remains desirable t o  r e t a in  the simplicity of the or ig ina l  
method. As i n  the case of the or ig ina l  formula, the present method 
w i l l  not be sui table  fo r  a l l  airplane configurations. Unusual airplanes 
w i l l  require special  analysis.  After the presentation of the revised 
gust-load formula, a br ief  comparison of features of the or ig ina l  and 
revised formulas is  given. 

Basic Assumptions and Equation of Motion 

The equation of motion is based on the following assumptions com- 
monly used i n  gust-load problems: 

(1) The airplane i s  a r i g i d  body. 

(2) The airplane forward speed i s  constant. 

( 3 )  The airplane i s  i n  steady l eve l  f l i g h t  pr ior  t o  entry in to  
the gust . 

(4) The airplane can r i s e  but cannot pi tch.  

(5) The l i f t  increments of the fuselage and horizontal  t a i l  q e  
negligible i n  comparison with the wing l i f t  increment, 

(6) The gust veloci ty  i s  uniform across the wing span and is 
pa ra l l e l  t o  the ve r t i ca l  axis of the airplane a t  any ins tan t ,  

Disregarding the forces associated with steady leve l  f l i gh t ,  a 
summation of ve r t i ca l  or  normal forces on the airplane i n  a gust yields 
the following equation of motion: 
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I n  equation (l), the f i r s t  term on the left-hand side i s  the i n e r t i a  
reaction and the second term i s  the damping force due t o  airplane ve r t i ca l  
velocity.  On the right-hand side, both terms are  forces due t o  the gust; 
the f i r s t  term i s  the force due t o  a gust having zero velocity a t  the 
beginning of penetration by the airplane and the second term i s  the force 
due t o  a gust having an i n i t i a l  velocity other than zero a t  the beginning 
of penetration. 

By using the relationships fi = An g and t = s, equation (1) 
dt2 V 

can be written i n  nondimensional form as 

where 
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a n d t h e  functions C and CL,. a r e t h e t r a n s i e n t  l i f t r e s p o n s e s  o f a  
Lg 

wing t o  a penetration of a sharp-edge gust and t o  a unit-jump change 
i n  angle of attack, respectively.  I n  equation ( 2 ) ,  & i s  the ver t ica l -  
acceleration increment t h a t  r e su l t s  from the gust and Ans i s  a con- 
venient reference acceleration increment which m y  be interpreted as the 
acceleration increment tha t  would r e su l t  solely from a l i f t  force equal 
t o  the steady-state l i f t  associated with the maximum velocity of the 
gust.  The second term i s  associated with the damping due t o  the airplane 
ve r t i ca l  velocity and the remaining terms are associated d i r ec t ly  with 
the gust.  It can be remarked t h a t  the mass r a t i o  pg i s  a basic param- 

e t e r  i n  equation ( 2 ) .  

Solution of the Equation of Motion 

Equation (2)  was solved f o r  h is tor ies  of the acceleration r a t i o  
m( s )  /An, on the basis  of the following t ransient  l i f t  functions and 
gust shape . 

The t ransient  l i f t  functions used were 

These are the t ransient  l i f t  functions for  in f in i t e  aspect r a t i o  given 
in  reference 6, normalized t o  asymptotic values of unity. These expres- 
sions, ra ther  than finite-aspect-ratio functions (such as those given i n  
r e f .  6 ) ,  were used for  simplicity i n  order t o  provide solutions of the 
equation of motion independent of aspect r a t i o  except of course as aspect 
r a t i o  a f fec ts  the slope of the l i f t  curve. Thus i n  e f fec t  only the shapes 
of the infinite-aspect-ratio functions are  used, the appropriate f i n i t e -  
aspect-ratio l i f t -curve slope being used i n  evaluating the mass r a t i o  

pg. - 
The re su l t s  obtained through the use of equations (5) and (6) ,  however, 
are  probably l e s s  than 5 percent d i f fe rent  from the r e su l t s  t ha t  would 
be obtained through the use of the finite-aspect-ratio functions, as , 

indicated by some limited information i n  reference 7. This reference 
also indicates tha t  the differences might be s l igh t ly  larger  when the 
t ransient  l i f t  functions for  a Mach number of 0.7 are  used. 



The gust shape used was tha t  designated by the ANC-1 Panel, t ha t  i s ,  

where H was designated equal t o  12.5 chords. (~nasmuch as the i n i t i a l  
portion of the revised gust prof i le  i s  re la t ive ly  ineffective,  the gra- 
dient distance of 12.5 chords corresponds roughly t o  the 10-chord gra- 
dient distance for  the or iginal  ramp prof i le  .) 

With these l i f t  functions and gust shape, equation (2) i s  noted 
t o  depend on only one parameter, the mass r a t i o  pg. Solutions of the 

equation were obtained for  a range of yg, by the numerical recurrence 

method presented i n  reference 8 fo r  the case of a r i g i d  airplane. 
Although solutions of the equation also can be obtained i n  closed form 
when equations ( 5 )  and (6) are used, the numerical method was chosen 
because it i s  much more ra?id, i s  easy t o  apply, and gives good accuracy 
(er ror  i n  An/&, l e s s  than f0.005) Sample h is tor ies  of the calculated 

acceleration r a t i o  for  three d i f fe rent  values of y a re  presented i n  g 
figure 1. 

Revised Gust Factor and Gust-Load Formula 

Since the maximum value of An/Ans with respect t o  gust penetration 
distance (see f i g .  1)  defines the maximum acceleration experienced by the 
airplane, it i s  of p r i m a r ~  concern i n  design. This maximum value i s  
herein designated as the gust factor" and i s  labeled Kg, t ha t  i s ,  

The variation of t h i s  "gust factor" with mass r a t i o  i s  shown i n  figure 2. 
No closed-form analyt ical  expression for  the curve of Kg can be written, 
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since it was obtained by a numerical procedure. A convenient expression 
which closely approximates the curve was found, however, namely 

This simple expression gives Kg with an error less  than f0.01. 

The revised gust-load formula follows direct ly from equation (8), 
that  i s ,  

I n  terms of equivalent speeds t h i s  equation becomes 

where the subscript e i s  used t o  denote that  both the airspeed and 
gust velocity are equivalent speeds. The subscript d has been added 
also to  the gust velocity t o  denote that ,  when the formula is  used t o  
evaluate gust velocities from measured accelerations, the gust velocities 
obtained, l ike  U, i n  the original  formula, ase "derived" not measured 

values. For application i n  design, however, Ude may of course be a 

stipulated value. 

The revised gust-load formula, equation (11)) may be noted t o  be 
of the same form as the original '  formula, the gust factor Kg being 
in  effect  a revision of the alleviation factor K. A further comparison 
of the original and new formulas i s  given in the subsequent section. 
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COMPARISON OF ORIGINAL AND REVISED GUST-LOAD FORMULAS 

The sa l i en t  features  of the revised gust-load formula as compared 
with those of the or ig ina l  formula a re  i l l u s t r a t e d  i n  the following 
table:  c he description of the or ig ina l  curve t o  follow i s  schematic 
i n  nature and i s  not intended t o  be suf f ic ien t ly  detai led t o  permit 
reproduction of the curve .) 

t i o n  r a t i o  i n  

(d)  Maximum accelera- 
t i on  r a t i o  
p lo t ted  against - - - -  - 
wing loading 
(corrected f o r  
pi tch ef fec ts )  

gust fac tors  



NACA TN 2964 11 

As item (a )  shows, the forms of the or ig ina l  and the revised formulas 
are the same. The respective gust shapes are  shown as  item (b) . The 
or ig ina l  gust shape was of a ramp type but w a s  effect ively undefined 
beyond a gradient distance of 10 chords as a consequence of an approxi- 
mation made i n  solving the equation of motion. This approximation made 
use of the value of the acceleration increment a t  a penetration distance 
of 10 chords as the maximum acceleration increment i f  the actual  maximum 
did not occur within t h i s  distance. The revised gust profi le ,  i n  com- 
parison, i s  symmetrical i n  shape, f i n i t e  i n  length, and has a gust gra- 
dient distance of 12 - 3  chords. 

For item (c )  , curves of maximum acceleration r a t i o  ( r a t i o  

of the maximum acceleration increment i n  the gust t o  the reference accelera- 
t ion  increment Ans) associated with the respective gust shapes are  given 
as a function of mass r a t i o .  As previously mentioned, the or ig ina l  
alleviation-factor curve described i n  reference 2 was not used i n  terms 
of mass r a t i o  but ra ther  i n  terms of the convenient design parameter, wing 
loading. This use implies a separation of the left-hand curve of item ( c )  
into a family of curves involving the parameter rnpcg/2 as indicated fo r  
item (d) . The a l lev ia t ion  factor  was obtained from t h i s  family as a 
single curve which was not, however, a par t icular  curve of the family but 
was obtained from the en t i r e  family on the basis  of various engineering 
considerations. These considerations included 

(1) An assumed variat ion of wing chord with wing loading 

(2) An allowance, based on experiment and analysis, fo r  the e f f ec t s  
of pitching motion, consisting of a constant percentage correction t o  the 
maximum acceleration r a t i o  ( t h a t  is, multiplication of (An/hs),, i n  

item (d) by a constant fac tor )  

( 3 )  Normalization of the curve t o  uni ty at W/S = 16 lb/sq f t  

The alleviation-factor curve thus obtained i s  shown as item ( e )  . 
Although the  use of the single alleviation-factor curve K based 

on wing loading does not f u l l y  account fo r  variations i n  the param- 
e t e r  mpcg/2, a t  the time of derivation It was considered representative 
of airplane design and operating practice.  A t  the present time, however, . 
the variations of mpcg/2 have increased t o  the point where a single 
curve based on wing loading cannot be considered representative.  I n  the 
l igh t  of modern airplane practice,  it i s  now desirable t o  revert  t o  a 
single curve f o r  the gust factor  which i s  based on the l e s s  r e s t r i c t i v e  
and more fundamental parameter, mass r a t i o .  The gust-factor curve Kg 
i s  shown on the right-hand side of item ( e ) ;  it i s  the same as tha t  i n  
item (c )  . 



The or ig ina l  formula, as  indicated i n  reference 2, has been subject I 

t o  scrutiny i n  the form of continuing experiments i n  regard t o  useful- 
ness f o r  conventional airplanes and i n  regard t o  the e f fec ts  of various 
other fac tors  not exp l i c i t l y  taken in to  account i n  i t s  derivation. This 
background of experience can be carr ied over i n  the use of the  revised 
formula as well. I n  the same vein, the allowance for  e f fec ts  of pitching 
motion made i n  the derivation of the a l lev ia t ion  factor  but not exp l i c i t l y  
taken in to  account i n  the derivation of the gust factor  nevertheless can 
be included i n  the use of the gust factor .  The pi tch correction was not 
d i r ec t ly  applied t o  the gust fac tor  because it would cancel out of calcu- 
la t ions  r e l a t ing  the acceleration of one airplane t o  tha t  of another 
airplane . 

A s  mentioned ea r l i e r ,  i n  the use of the formulas t o  evaluate measured 
accelerations, the derived gust veloci ty  Ude and the effect ive gust 

veloci ty  Ue a re  both derived rather  than measured quant i t ies .  They 
d i f f e r ,  however, as  indicated by item ( f ) ,  i n  tha t  Ude corresponds t o  
the maximum equivalent veloci ty  of the gust shape whereas Ue corre- 
sponds t o  only a f rac t ion  of the maximum equivalent velocity of the 
or ig ina l  gust shape. This f rac t ion  stems from the value used t o  nor- 
malize the  alleviation-factor curve a t  W/S = 16 lb/sq f t .  There i s  no 
single constant proportional re lat ionship between Ude and Ue fo r  a l l  
airplanes because of t h e i r  respective mass-ratio and wing-loading bases. 
However, it might be noted t h a t  the r a t i o  of Ude t o  Ue i s  of the 
order of 2:1, being, fo r  example, 55:W fo r  W/S = 16 lb/sq f t  and pg = 8. 

CONCLUDING RFSIARKS 

A revised gust-load formula with a new a l lev ia t ion  fac tor  termed 
"gust factor"  has been derived herein t o  replace the gust-load formula 
widely used fo r  design and gust s tudies .  The revised formula, which i s  
similar i n  form t o  the  or ig ina l  formula, w i l l  be used by the NACA i n  
the evaluation of relevant gust data .  A br ie f  comparison of the fea- 
tures  of the two formulas has also been presented. 

Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field, Va., April  20, 1953. 
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Revised gust-load formula, Anrnx ' 

2 
where Pg mpcgs 

Figure 2.- Gust factor  Kg as a function of mass r a t i o  fo r  standard gust 
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