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Abstract 

Purpose –The purpose of this work is to further develop the methodology for calculating the aircraft take-off-mass and its 

main functional components for the conceptual analysis and synthesis of new projects. 

Design/methodology/approach –The method is based on the assessment of changes in the take-off gross mass 

(TOGM) of the already developed project or already existing a basic version of the aircraft when making local mass 

changes for its modification or for the numerical researches to create a more advanced project. The method is based on 

the "Sensitivity factors of mass" (SFM) of aircraft, which represents the ratio of TOGM to initial (local) mass changes of its 

main functional components. The method of analytical refined calculation of SFM for the initial mass change and the main 

aerodynamic characteristics is given.  

Findings– In comparison with the long-known method based on weight (mass) growth factors, which were considered 

constant, this method takes into account the dependence from the value of the initial local mass change and its functional 

purpose. 

Practical implications – This method allows the designer to calculate more strictly the final changes in the TOGM on the 

initial stages of conceptual design when finding new project solutions. Numerical calculations are given on the example of 

passenger aircraft. The dependence of SFM, and TOGM and its functional masses on the value of the initial change of the 

structure mass is shown. 

Originality/value– The considered method based on SFM is simple and convenient, and more accurate for conducting 

project research on many project parameters when analyzing and synthesizing a new project. 
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Introduction 

One of the most important parameters of any aircraft is its maximum take-off gross mass (TOGM). How important has 

been "weight (mass)" in aviation at all times speaks that in 1939, the Society of Aviation Weight Engineers was organized 

in Los Angeles, California, which continues to exist today (since 1973, the Society of Allied Weight Engineers, Inc.). In 

October 1954, at the meeting of this Society, a report “Clear design thinking using the aircraft grow factor” (Ballhays, 



1954)was made which opened the bright direction in conceptual design that will be also considered in this work. The 

discussion of this topic continues to this day (Scholz, 2020). 

A passenger plane contains millions of parts (for example, a Boeing 747 has about 6 million ones) ranging from light 

rivets to heavy load-bearing elements, and each contributes its part to TOGM. And any change in the mass of each of 

these parts will affect the weight of the aircraft and all its main components and this effect will be like a snowball if a 

designer wants to keep the flight characteristics unchanged, for example. For conceptual design on the initial design 

steps, semi-empirical weight formulas are usually used in the evaluation of the mass of the aircraft and its components: 

(Torenbeek, 2013), (Raymer, 2018),(Poghosyan,2018). However, these formulas work in fairly narrow weight corridors for 

a certain class of aircraft and can not always successfully assess possible changes. 

As a rule, the main criterion for evaluating the aircraft project, if all the requirements are met, is first considered also its 

TOGM – mTO. Mathematically TOGMis a continuous function of n variable parameters qj that are of direct interest to the 

designer. The total mass differential for an infinitesimal change its parameters can be written in the following form 
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For finite but small values of the parameters qj, the increment of the function can be approximately replaced by its 

main (linear) part, then 
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The transition to a new design solution will be reduced to the formation of initial (partial) changes in the mass of the 

functional parts of the aircraft of the basic project separately for each new technical solution. Any new technical solution 

for any part of the aircraft begins to be worked out with the "frozen" values of the remaining parts, including the entire 

mass of the aircraft. Changes in the properties of the aircraft and its functions at first with the initial mass of the aircraft will 

require partial changes in the masses of the functional elements of the system, which will then develop into a General 

(final) change in the mass of the aircraft, as a system formed of the interconnected elements.  

So, any changes to the project will be implemented through initial changes to the corresponding functional mass 

mi0(the indexes "i" is the ith mass component; "0" indicates the initial mass changes). Just this problem, i.e. qj=mi0, will 

be discussed in more detail in this paper, i.e.  
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w h er e  m  i i s t h e se n siti vit y f a ct or s of m a s s ( S F M) of air cr aft, w hi c h r e pr e s e nt s t h e r ati o of T O G M t o a n i niti al (l o c al) m a s s 

c h a n g e  of t h e Ith  el e m e nt . T h e ter m S F M  m or e a c c ur at el y r efl e ct s t h e p h y si c al m e a ni n g of t hi s v al u e t h a n t h e "W ei g ht 

( m a s s) gr o w f a ct or" w hi c h w a s u s u all y u s e d i n t h e lit er at e (R o s k a m, 1 9 8 5),  H a y s A. P. ( 1 9 9 3), (Gr e b e n k o v,  1 9 9 9) , et c . 

B y t hi s , w e c a n o nl y c o n si d er mi n or i niti al c h a n g e s i n m a s s ( n o m or e t h a n 1 0 % -1 5 %). Ot h er wi s e, a si g nifi c a nt err or 

m a y b e m a d e w h e n c al c ul ati n g t h e fi n al m a s s  –  Fi g ur e  1.  

Fi g u r e 1     D e p e n d e n c e of t h e t a k e -off m a s s o n t h e i niti al c h a n g e s  m i 0 . 

F oll o wi n g  t hi s i d e a, it i s b ett er t o pr e s e nt t h e t a k e-off m a s s a s f oll o w s  

T OI n d e pT OD e pT O mmm += (4 ) 

w h er e m D e p T O  a n d m I n d e pT O  ar e m a s s c o m p o n e nt s  a c c or di n gl y d e p e n d e nt a n d i n d e p e n d e nt fr o m t h e t a k e -off m a s s.  

T o c al c ul at e  m  Iw e a d d  m i0  t o E q n( 4  ) a n d diff er e nti at e it c o n c er ni n g  t h e  m T O  

T OiT OT OD e p d mmdd md m //1 0+= (5 ) 

A n d if w e t a k e t h e li n e ar d e p e n d e n c e of m D e p  o n m T O , w e’ll g et  

)1/(1)/1/(1μ T OD e pT OT OD e pim md md m −−= (6 ) 

H er e a n d f urt h er, t h e r el ati v e m a s s e s  m i of t h e m a s s c o m p o n e nt s ar e u s e d, c al c ul at e d r el ati v e t o t h e t a k e -off m a s s 

 m i= m i/ mT O . 

T h er e ar e t w o a p pr o a c h e s t o u si n g S F M: 1 –  d e s pit e c h a n g e s i n t h e i niti al m a s s of t h e b a s e pr oj e ct, t h e p a yl o a d a n d 

fli g ht c h ar a ct eri sti c s m u st r e m ai n u n c h a n g e d; 2 –  t h e t a s k i s t o c h a n g e t h e c o n s u m er pr o p erti e s of t h e b a s e pr oj e ct 

air cr aft ( p a yl o a d, fli g ht -t a k e-off , a n d l a n di n g c h ar a ct eri sti c s, i n di c at or s of t e c h ni c al e x c ell e n c e, c o m p o n e nt s ol uti o n s), 

w hi c h will r e q uir e i niti al c h a n g e s i n f u n cti o n al p art s. S F M  c a n b e t h e  m ai n t o ol t o s ol v e b ot h of t h e s e pr o bl e m s. I n t h e 

s y nt h e si s of a n e w pr oj e ct, a n y c h a n g e s will b e c o n si d er e d a s e q ui v al e nt t o a c h a n g e i n m a s s. B ut i n t hi s w or k , t h e m ai n 

f o c u s i s o n t h e c o n si d er ati o n of t h e fir st dir e cti o n of a p pli c ati o n –  t h at i s, a n y ch a n g e s i n t h e b a si c pr oj e ct ar e p erf or m e d 

wit hi n t h e fr a m e w or k of t h e c o n st a nt p a yl o a d m a s s a n d t h e pr e s er v ati o n of t h e air cr aft' s fli g ht c h ar a ct eri sti c s.  



C al c ul ati o n of t h e S e n siti vit y F a ct or s 

I niti al m a s s c h a n g e n e ar t h e air cr aft m a s s  c e nt e r  

I niti all y, a n air pl a n e i s c o n si d er e d a s a m at eri al p oi nt t h at c oi n ci d e s wit h it s c e nt er of gr a vit y ( C G). F or  t h e m a s s  a n al y si s, 

w e will t a k e t h e f oll o wi n g r e pr e s e nt ati o n of t h e d e p e n d e nt a n d i n d e p e n d e nt p art s of t h e t a k e-off m a s s b y t h e f u n cti o n al 

c o m p o n e n t s 

t ar g et.. , mmmmmm T OI n d e psf u else n gst rT OD e p =++= (7 ) 

w h er e m str  i s t h e m a s s of str u ct ur e s ( m a s s s u b s y st e m i m pl e m e nt s t h e a er o d y n a mi c pri n ci pl e of fli g ht: wi n g, f u s el a g e, t ail, 

l a n di n g g e ar, c o ntr ol s y st e m); m e n g . s –  t h e m a s s of t h e e n gi n e s u b s y st e m, w hi c h pr o vi d e s t h e cr e ati o n of t hr u st  ( e n gi n e s, 

p y l o n s, n a c ell e s ); m f u el. s i s t h e m a s s  of t h e  f u el s u b s y st e m w hi c h pr o vi d e s f u el f or t h e e n gi n e s (f u el a n d f u el st or a g e a n d 

s u b mit  s y st e m ); m t ar g et –  t h e m a s s of t h e t ar g et l o a d t h at i s a s s o ci at e d wit h t h e a p p oi nt m e nt of air cr a ft: c o m m er ci al l o a d 

( p a yl o a d) a n d s er vi c e l o a d, i n cl u d e d t h e e q ui p m e nt p a yl o a d, t h e e q ui p m e nt pr o vi di n g r eli a bl e o p er ati o n of t h e air cr aft, 

cr e w, t h u s m t ar g et = m p a yl o a d + m s er vi c . T h e c o effi ci e nt s  m str , m e n g , s, m f u el. s ar e d et er mi n e d b y t h e r e q uir e m e nt s of t h e t e c h ni c al 

s p e cifi c ati o n f or fli g ht pr o p erti e s, a s w ell a s t h e l e v el of t e c h n ol o g y d e v el o p m e nt. T h u s, c h a n g e s i n t h e t e c h ni c al p erf e cti o n 

i n di c at or s of t h e air cr aft of t h e b a si c d e si g n or t h e s el e ct e d pr ot ot y p e t hro u g h c h a n g e s i n  m str , m e n g .s , m f u el. s will l e a d t o a 

c h a n g e i n t h e m a s s of t h e air cr aft.  

T h u s S F M c a n b e e x pr e s s e d i n t er m s of f u n cti o n al m a s s c o m p o n e nt s i n t h e f oll o wi n g r e pr e s e nt ati o n  

t ar g et.. /1)1/(1μ mmmm sf u else n gst rim =−−−= (8 ) 

H o w e v er, w h e n c al c ul ati n g t h e r el ati v e m a s s of a c o m p o n e nt i n w hi c h t h e m a s s w a s c h a n g e d 
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T h e n , 0t ar g et..1 isf u else n gst r mmmmm −+++= a n d  

)/(1)1/(1μ 0t ar g et.. isf u else n gst rim mmmmm −=−−−= (1 0 ) 

A s w e c a n s e e, i n c o ntr a st t o t h e tr a diti o n al f or m of r e pr e s e nt ati o n   m  i, w h e n it w a s c o n st a nt, i n t hi s c a s e , t h er e i s 

a n ot h er t er m t h at d e p e n d s o n t h e v al u e of t h e i niti al m a s s c h a n g e  m i 0 . F or t h e fir st ti m e , t hi s p e c uli arit y w a s di s c o v er e d 

b y ( G o g oli n, 1 9 73 ). A n ot h er f e at ur e i s r el at e d t o t h e f a ct t h at, a c c or di n g t o E q n  (1 0 ), w e m u st e xcl u d e fr o m t h e 

d e n o mi n at or all r el ati v e m a s s e s t h at d o n ot d e p e n d o n t h e t a k e -off m a s s  c h a n g e . If t h e pr oj e ct i s c arri e d o ut a c c or di n g t o 

t h e fir st s c e n ari o (t h e p a yl o a d t h at i s i n t h e f u s el a g e d o e s n ot c h a n g e), t h e n t h e c o st of f u el a n d t hr u st t o o v er c o m e  t h e 



a er o d y n a mi c dr a g  of t h e f u s el a g e will al s o n ot c h a n g e, si n c e it s di m e n si o n s will r e m ai n t h e s a m e. T o d o t hi s, t h e r el ati v e 

m a s s e s c a n b e writt e n a s f oll o w s  

)/1)((/)( ...... Df u sDsf u else n gDf u sDsf u else n gsf u else n g CCmmCCmmmm −+++=+ ( 11 ) 

w h er e C D  f u s a n d C D  ar e dr a g c o effi ci e nt s of t h e f u s el a g e a n d t h e e ntir e air cr aft. L et  t h e t hr u st of t h e p o w er pl a nt i s 

d et er mi n e d b y t h e cr ui si n g m o d e . T h e n t h e  fir st c o m p o n e nt of t h e ri g ht p art E q n (1 1 ) d et er mi n e s t h e m a s s c o st f or t h e 

t hr u st a n d f u el d uri n g tr a n s p orti n g of t h e f u s el a g e of t h e ori gi n al ( u n c h a n g e d) di m e n si o n s i n cr ui si n g fli g ht, s o it d o e s n ot 

c h a n g e w h e n i m pl e m e nti n g  m i 0  a n d, a c c or di n gl y, d ((m e n g + m f u el)C D  f u s/ CD )/d (m T O  ) = 0,  i n c o ntr a st t o t h e s e c o n d m e m b er. 

A n d t h e n  E q n  (1 0 ) will t a k e t h e f or m 

]/)(/[1μ ..0t ar g et Df u sDsf u else n giim CCmmmm ++−= ( 12 ) 

T h e G e n er al f or m ul a f or d et er mi ni n g t h e S F M of a n air cr aft a s a r e s ult of i niti al c h a n gi n g t h e m a s s e s of all f o ur 

p o s si bl e f u n cti o n al c o m p o n e nt s i s a s f oll o w s  
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T h e fi n al c h a n g e s of t h e air cr aft m a s s a n d it s f u n cti o n al c o m p o n e nt s will b e  
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T Ost rst rst rst r mmmmm ++= )( 00 ( 16 ) 

T ODf u sDse n sse n sse n gse n g mCCmmmm −++= )/1)(( 0..0.. ( 17 ) 

T ODf u sDsf u elsf u elsf u elsf u el mCCmmmm −++= )/1)(( 0..0.. ( 18 ) 

U si n g E q n s ( 1 5 -1 8) w e c a n writ e t h e S F M f or e a c h f u n cti o n al m a s s  
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w h er e  i ar e t h e S F M of t h e air cr aft  f u n cti o n al m a s se s.  

T h r e e s p e ci al c a s e s  si m plif y t hi s e x pr e s si o n  

1. If t h e s u m of p arti al c h a n g e s i s r el ati v el y s m all

]/)()/1)(( ..t ar g et0.0.0 Df u sDsf u else n gDf u sDsf u else n gst r CCmmmCCmmm ++ −++ (2 3 ) 

T h e n  

]/)(/[1μμ ..t ar g et Df u sDsf u else n gmm CCmmm ++== (2 4 ) 

a n d  

st rsf u else n g mmmmm μμμμμ
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2. If t h e t hr u st of t h e p o w er pl a nt i s d et er mi n e d b y t a k e -off m o d e, a n d n ot b y cr ui si n g m o d e

)]/1(//[1/μ 0.0..t ar g et
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i
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3. If t h e air cr aft i s b ei n g d e si g n e d f or a gi v e n e n gi n e

)]/1(//[1/μ 0.0..t ar g et
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1
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i
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A c c o u nti n g f or di st a n c e f r o m t h e c e nt e r of gr a vit y  

S F M w a s  o bt ai n e d f or t h e air cr aft, w hi c h w a s c o n si d er e d a s a m at eri al p oi nt. B ut t h e i niti al c h a n g e i n m a s s at a 

si g nifi c a nt di st a n c e fr o m t h e c e nt er of m a s s of t h e air cr aft will c a u s e t h e a p p e ar a n c e of c o n c o mit a nt c h a n g e s i n t h e m a s s 

of p art s of t h e air cr aft, w h i c h will al s o h a v e a n i niti al pri v at e c h ar a ct er. T h e s e c h a n g e s c a n b e c a u s e d b y c h a n g e s i n t h e 

l o a d, a er o d y n a mi c s, di s pl a c e m e nt of t h e C G, a n d a s a r e s ult, c h a n g e s i n t h e p ar a m et er s of t h e t ail. T hi s t a s k will b e 

r el e v a nt, f or e x a m pl e, w h e n a s s e s si n g t h e im p a ct of c ar g o r e arr a n g e m e nt o n t h e w ei g ht of t h e air cr aft. I n t hi s c a s e, it i s 

n e c e s s ar y t o g o t o t h e di m e n si o n al m o d el of t h e air cr aft, i n p arti c ul ar, t h e si m pl e st air cr aft t o c o n si d er a s a s y st e m of 

i nt er s e cti n g b e a m s i n t h e c e nt er of m a s s of t h e air cr aft: t h e f u s el a g e a n d t w o wi n g b e a m s. 



I n t hi s c a s e, t h e i niti al c h a n g e i n m a s s  m i0  at a di st a n c e fr o m t h e C G will c a u s e t h e a p p e ar a n c e of c o n c o mit a nt i niti al 

c h a n g e s i n t h e m a s s of p art s of t h e air cr aft   m i0 c o m  fr o m t h e c o n diti o n of m ai nt ai ni n g t h e fli g ht c h ar a ct eri sti c s of t h e 

air cr aft a n d p a yl o a d at t h e s a m e l e v el (t h e 1 st  s c e n ari o). B e c a u s e of t hi s, t h e t ot al i niti al m a s s c h a n g e will alr e a d y b e  

c o mimmm 000 0  += (2 8 ) 

If w e a g ai n u s e t h e pr e vi o u sl y o bt ai n e d p ar a m et er S F M t h e n t h e fi n al c h a n g e i n t h e air cr aft m a s s c a n b e writt e n a s 

f oll o w s 

0
*

000 0 μ)(μμ imc o miimimT O mmmmm = +== ( 29 ) 

w h er e  * m  i i s c orr e ct e d S F M t a ki n g i nt o a c c o u nt t h e l o c ati o n of t h e pl a c e w h er e t h e i niti al m a s s c h a n g e o c c urr e d 

mimic o mimiT Om kmmmm μ000
* μ)/1(μ/μ = +== (3 0 )  

Of c o ur s e, w e c a n o nl y e sti m at e v er y r o u g hl y t h e v al u e of t h e c orr e cti o n c o effi ci e nt k   mi  d e p e n di n g o n t h e c o or di n at e s of 

t h e l o c ati o n of t h e i niti al m a s s c h a n g e  m i0 . B ut t hi s a s s e s s m e nt will g e n er all y a n s w er a f u n d a m e nt al q u e sti o n a b o ut s u c h 

a n i m p a ct. W e will c o n si d er t h e f u s el a g e a s a b e a m dir e ct e d al o n g t h e x f a xi s, w hil e t h e b e gi n ni n g of t hi s a xi s i s m or e 

c o n v e ni e nt t o pl a c e o n t h e n o s e of t h e f u s el a g e. A n d e a c h wi n g c a ntil e v er i s c o n si d er e d a s a b e a m dir e ct e d al o n g t h e x w  

a xi s –  Fi g ur e 2. At t h e s a m e ti m e, w e a s s u m e t h at t h e s e b e a m s i nt er s e ct at a p oi nt cl o s e t o C G.  

Fi g u r e 2     Air cr aft –  a s a s y st e m of i nt er s e cti n g b e a m s i n t h e c e nt er gr a vit y . 

W h e n  m i0  i s o n or i n t h e wi n g d u e t o t h e s y m m etr y of t h e air cr aft, w e c o n si d er t h e m a s s l o c ati o n o n e a c h c o n s ol e 

 m i0 / 2 at a di st a n c e of x w  i 0  fr o m t h e pl a n e of s y m m etr y (t hi s m a y b e a n a d diti o n al f u el t a n k or si m pl y p u m pi n g f u el t o 

u nl o a d t h e wi n g, a n e w e n gi n e wit h a  diff er e nt m a s s, t h e a p pli c ati o n or Vi c e v er s a r e m o v al of t h e cr o s s j oi nt i n t h e wi n g, 

et c.). F ir st of all, t hi s will l e a d t o a c h a n g e i n t h e b e n di n g m o m e nt fr o m t h e f or c e  m i0 g n / 2, w h er e n  i s t h e l o a d f a ct or. F or a 

m or e ri g or o u s e sti m ati o n of t h e c orr e cti o n c o effi ci e nt, t h e t hir d z  c o or di n at e p er p e n di c ul ar t o t h e x fx w  pl a n e m u st al s o b e 

t a k e n i nt o a c c o u nt. I n p arti c ul ar, if t h e m a s s a d diti o n i s o n t h e wi n g, it c a n m a k e a diff er e n c e a s t o w h et h er t h e m a s s 

a d diti o n i s i n b o ar d or o ut b o ar d.  



T h e c orr e cti o n c o effi ci e nt i s k  mi < 1 f or a p o siti v e a d diti o n al m a s s, s o t h e c al c ul ati o n c a s e wit h a p o siti v e o v erl o a d will 

b e d e ci si v e. A n a p pr o xi m at e e sti m at e, t a ki n g i nt o a c c o u nt t h e c h a n g e i n t h e b e n di n g m o m e nt a n d t h e c orr e s p o n di n g 

c o n c o mit a nt c h a n g e i n t h e m a s s of t h e f or c e el e m e nt s t h at p er c ei v e t hi s b e n d ( Gr e b e n k o v, 1 9 9 9). 

W h e n c o n si d eri n g t h e c o effi ci e nt k   i n t h e c a s e of t h e l o c ati o n of t h e i niti al m a s s  m i0 o n t h e f u s el a g e wit h t h e x f i 0  

c o or di n at e (f or e x a m pl e, t h e i n st all ati o n of a f u el t a n k i n t h e k e el, a d diti o n al e q ui p m e nt, e t c.), i n a d diti o n t o c h a n gi n g t h e 

b e n di n g m o m e nt, t h e p o siti o n of t h e C G a n d t h e t ail ar m of t h e x f C G Ol d will c h a n g e. At x f C G Ol d  <  x 0  (i n t h e r e ar f u s el a g e), 

a n d if  m i0 > 0 t h e n C G will m o v e b a c k w ar d a n d t h er e will b e a s s o ci at e d c o st s m a s s a s a r e s ult of i n cr e a si n g t h e ar e a of 

t h e v erti c al t ail, a n d t hi s, i n t ur n, will l e a d t o i n cr e a s e d a er o d y n a mi c dr a g, a n d t h er ef or e n e e d t o i n cr e a s e t hr u st a n d f u el 

c o st s. It i s o b vi o u s t h at i n t hi s c a s e k   mi > 1.  

I n t h e c a s e of a n i niti al m a s s c h a n g e i n t h e n o s e of t h e f u s el a g e ( x f C G Ol d > x f i 0 ), t h e c o n c o mit a nt c h a n g e i n t h e m a s s of 

t h e f u s el a g e c oi n ci d e s, b ut t h e c h a n g e i n t h e c o n c o mit a nt m a s s of t h e t ail, p o w er pl a nt , a n d f u el s y st e m will b e t h e 

o p p o sit e si g n.  

T h e s ol uti o n of t h e pr o bl e m r el at e d t o t h e st u d y o f t h e i nfl u e n c e of t h e l o c ati o n of t h e a d diti o n al m a s s   m i0 o n t h e fi n al 

m a s s of t h e air cr aft, all o w s u s t o c o n si d er a n ot h er r el e v a nt pr o bl e m of e sti m ati n g t h e m a s s of t h e air cr aft w h e n t h e 

p o siti o n of t h e c ar g o c h a n g e s fr o m o n e p oi nt t o a n ot h er al o n g t h e x w  a n d x f a x e s. T hi s i s t h e c a s e w h e n c h o o si n g a l a y o ut 

s ol u ti o n. A cl a s si c e x a m pl e of t hi s pr o bl e m i s a c o m p ar ati v e a s s e s s m e nt of t h e p o siti o n of e n gi n e s o n t h e t ail of t h e 

f u s el a g e wit h e n gi n e s o n t h e wi n g. 

S e n siti vit y F a ct or s of M a s s b y A e r o d y n a mi c P ar a m et er s  

T h e i ntr o d u c e d d e si g n s ol uti o n s, al o n g wit h c h a n g e s i n m a s s, c a n b e a s s o ci at e d wit h c h a n g e s i n a er o d y n a mi c s a n d h a v e 

a si g nifi c a nt i m p a ct o n t h e a er o d y n a mi c c h ar a ct eri sti c s, i n p arti c ul ar o n dr a g. A n d, a s a r ul e, t h e s e eff e ct s o n m a s s a n d 

a er o d y n a mi c s ar e o p p o sit e i n t h eir eff e ct (f or e x a m pl e, t h e d e s c e n di n g  n o s e of a s u p er s o ni c air cr aft). T h e c o n c e pt b a s e d 

o n S F M i s c o n v e ni e nt i n s u c h a pr o bl e m of r e s ol vi n g c o ntr a di cti o n s b et w e e n t h e m a s s a n d a er o d y n a mi c dr a g of air cr aft 

p art s.  

S F M b y t h e a e r o d y n a mi c dr a g  

A s s u m e t h at t h e t hr u st of t h e p o w er pl a nt i s d et er mi n e d b y t h e cr ui si n g m o d e of fli g ht –  altit u d e , a n d s p e e d of fli g ht  

     q SCDT DVH ==, (3 1 ) 

w h er e T H, V  a n d  D  ar e  t h e t hr u st a n d dr a g, q  i s d y n a mi c pr e s s ur e, S  i s t h e ar e a of t h e wi n g pl a nf or m. If w e pr o c e e d fr o m 

t h e c o n st a n c y of t h e m ai n fli g ht pr o p erti e s of t h e air craft a n d t h e s p e cifi c c h ar a ct eri sti c s of t h e p o w er pl a nt a n d c o n si d er 



t h e d e p e n d e n ci e s pr o p orti o n al t o (m e n g .s + m f u el.s )g  fr o m T H, V  , t h e n w e c a n a c c e pt t h at t h e i niti al c h a n g e i n a er o d y n a mi c all y 

dr a g  D 0 will r e s ult i n a c h a n g e i n t hr u st  

    ))(/( 0.0...,,0 sf u else n gsf u else n gVHVH mmmmTTD ++== (3 2 ) 

Gi v e n t h at  D = T H, V  = m g/ E , w h er e E i s L/ D  r ati o, w e g et  

    ))((/ 0.0...0 sf u else n gsf u else n g mmmmEgD ++= (3 3 ) 

A c c or di n g t o d efi niti o n S F M  b y dr a g  i s 0/μ Dm T OD = a n d t a ki n g i nt o a c c o u nt )(μ .. sf u else n gmT O mmm += w e 

r e c ei v e 

  gmmEDm sf u else n gmT OD /)(μ/μ ..0 +== (3 4 ) 

S F M b y t h e a e r o d y n a mi c dr a g c o effi ci e nt  

A s i n t h e pr e vi o u s c a s e , w e a s s u m e a pr o p orti o n al r el ati o n s hi p b et w e e n t h e c h a n g e i n t h e dr a g c o effi ci e nt a n d t h e c h a n g e 

i n t h e m a s s of t h e e n gi n e a n d f u el 

)/()/( 0.0... 0 sf u else n gDsf u else n gD mmCmmC +=+ ( 35 ) 

a n d  t h e n w e will o bt ai n  

DT Osf u else n gmDT OC CmmmCm
D

/)(μ/μ ..0
+== ( 36 ) 

S F M b y t h e Lift/ Dr a g r ati o 

Si mil arl y, gi v e n a pr o p orti o n al r el ati o n s hi p ( m e n g . s+ m f u el. s) T H, V  1/ E . F or f airl y s m all c h a n g e s, w e c a n t a k e 

EEEmmEmm Ol dOl dsf u else n gsf u else n g
2

..0.. /])[(/)( +=+ ( 37 ) 

A c c or di n g t o d efi niti o n S F M  b y lift t o dr a g  r ati o  K = d m/ d E  

EmmmEm T Osf u else n gmT ODL /)(μ/μ ..0/ +−== ( 38 ) 

E v al u ati o n  of  a e r o d y n a mi c c h a n g e s   i n a pr oj e ct  

C o n si d er t h e s c h e m e f or s ol vi n g t h e pr o bl e m of w h et h er it i s a p pr o pri at e t o s wit c h t o a n e w a er o d y n a mi c v er si o n u si n g t h e 

" m a s s" crit eri o n. S u p p o s e w e c o n si d er t h e i m pl e m e nt ati o n of a n e w v al u e of t h e dr a g D +  D 0 . F or e x a m pl e, u si n g E q n  

(3 4 ), w e c a n c al c ul at e t h e e q ui v al e nt m a s s of t hi s m o d el fr o m t h e p oi nt of vi e w of a er o d y n a mi c s 

     gDmmEDm sf u else n gmD /)(μμ 0..01 +== ( 39 )



The physical implementation of this solution in the construction is expressed in terms of the initial massmstr0, which is 

eventually transformed into the mass 02 μ strstrm mm = . 

The condition for whether this option is appropriate is 

021 += mmm (40) 

Issues of the aerodynamic nature of the project should also be evaluated and by the fuel efficiency criterion. As it is 

easy to see, this scheme differs from the previous one only by the transition from m to mfuel, so using the results of the 

previous problem and the mass structure after the implementation, we have 

gDEmgmEDmDDmm fuelTOfuelfuelfuel /)/(/ 0000 === (41) 

1001 )/1)(( mCCmmmm DDfuelfuelfuelfuel fus
−++=  (42) 

2202 )/1(,μ mCCmmmm DDfuelfuelstrm fusstr
−==     (43) 

Ignoring the second-order quantities of smallness (), we can find the algebraic sum 21 fuelfuelfuel mmm += , 

substituting instead of mfuel 0, m1 and m2 their expanded expressions 

}μ)/1(]μ)/1(/{[ 00 strmDDDDDfuelfuel mCCDCCgEmm
strfusfus
−+−+= (44) 

According to the mfuel  sign, we conclude according to the "fuel mass" criterion that it is advisable to switch to a new 

version of the constructive solution. 

From the condition mfuel =0, we can determine the limit value of the change m*str0 compensating for the change 

0..
*

0 )}(]μ)/1/[(1{ DEmmCCm sfuelsengmDDstr strfus
++−−=  (45) 

Numerical Research 

The important question is the analysis of the effect of the correction associated with taking into account the dependence 

of the SFM on the value of the initial mass change. As a basic project, the aircraft is considered with characteristics close 

to the Boeing 747. The initial data for the Boeing 747-200B is accepted as follows from table 1 

(http://en.wikipedia.org/wiki/Boeing_747), and also, we'll assume that CDfus/CD=0.3. 

Table 1     Components of the mass of Boeing 747-200B. 

Masses mTO 
Main functional parts Elements of structure 
mpayload+mservic=mtarget mstr meng.s mfuel.s m fus m wing mtail 



Absolute masses mi, t 377.8 68.18+44.9=113.08 97.3 28.4 139 29. 3 43.5 8.5 

Relative massesmi 1 0.18+0.12=0.3 0.26 0.07 0.37 0.08 0.11 0.02 

We can analyze the transition from the metal structure of the wing, fuselage, and tail, for which mass in the basic 

project was m fus+ m wing + mtail=81.3 t, to the composite one. According to design experience, such a transition can reduce 

the initial mass of the construction by 20-30%, i.e.mstr0= –81.3×0.3= –24.4 t. 

Figure3 shows the values of the coefficient m in the range of the initial change in the mass of the structure mstr0from 

–25 t to +25 t (solid line), which was 2.0<m< 2.7. The dotted line corresponds to the constant value m = 2.31, which is

obtained by Eqn (24) accordingly. The dashed line corresponds to the value m = 3.33, which is obtained by Eqn (8). 

Figure 3   Values of SFM for the Boeing 747. 

Figure 4 shows the final changes in take-off and functional masses with the initial change in the mass of the structure –

25 t <mstr0<+25 t. The thin lines correspond to the take-off mass change calculated by the Eqn (8) and Eqn(24), which 

are usually used in the designing. 

Figure 4     Change in take-off mass of the aircraft Boeing 747 and its components. 

And two numerical examples related to the estimation of SFM to the initial change in aerodynamic characteristics: 1 – 

to the aerodynamic drag; 2 – to L/D ratio. If we assume that for cruising mode L/D=18, then by Eqn (34) D =1.76 (kg/N), 



and by Eqn (38) L/D =–18000 (kg/per unit L/D). These numbers mean that the change of the1 (N)aerodynamic drag will 

cause a change in the total mass of 1.76 (kg), and the change of L/D factor by one unit, will lead to a change of the mass 

of the aircraft by 18 (tons)with a different sign. 

Conclusion 

The methodology presented in this paper for refined evaluating of the aircraft take-off mass and its functional parts and 

checking it on the example of calculating changes masses of passenger aircraft convincingly shows the great 

convenience of using this approach for rapid evaluation of new design solutions. Numerical studies have shown that when 

using the presented algebraic refined sensitivity analysis method with a change in the initial total mass by 6%, the 

refinement of the change in the final mass can be 20-40% compared to the previously using weight(mass) growth factors. 

Further Work 

D.Scholz and A.Kretov “Application of sensitivity factors of mass for the synthesis of a passenger aircraft project”. It is

preparing the publishing in "Aircraft Design" with a Continuous Open Access Special Issue (2020) 
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