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SUMMARY

A number of single engine conventlonal asircraft are
studied to investigate the possibility of applying statistlcal
methods to the problem of alrcraft weight estimation, It 1s
shown that the statistical treatment 1s definitely useful.

It 1s also shown that, without proper care and Jjudgment, such

a statistical treatment leads to somewhat misleading results,
The need for structural and aerodynamiec training and experience
together with essential welght estimating experience 1is evident,
Such experience 1s requlsite to arriving at proper weight
estima tes when basing these estimates upon the weights of air-
craft which have previously been designed and built.

It was hoped that the effects of all of the important
aerodynamic and geometric parameters upon aircraft weight
would be found from thls study of successful single engins
aircraft. It was further hoped that the results of this
study would be applicable to the difficult problem of es-
timating the weight of new alircraft., The number of aircraft
in the sample for which pertinent Information was availlable
was not large enough to permit the evaluation of the effects
of all of the parameters although most of the important
parameters and their essential effects have been Indicated.
Lack of complete information due to the restricted or con-
fidential nature of the data was one of the most troublesome
handicaps. The latter problem of obtaining weight estimating

procedures has, however, been solved since satisfactory welght



SUMMARY (Continued)

estimating formulas have been developed for use in basic
design weight estimates.

It is this latter result for which the entire study was
made, That is, the study was initlated to offer assistance to
practicing preliminary design engineers by providing usable
information concerning the effects of such factors as gross
welght, load factor, and wing span upon aireraft weight, Such
informa tion should be invaluable to assist In arriving at the
optimum airersft design with respect to performance, maneuvera-
bility, and utility,

A1l the useful estimating formulas are summarized on
page 43, Also included are the calculated probable errors of

estimate,



INTRODUCTION

The idea of having availsble accurste informstion
concerhing the relative effects of the various aerodynamic
and geometric parameters upon alrcraft weight has probably
occurred to many engineers who have been assigned the task
of the basic design of aircraft to dc a specific job, to
have certain performance, and to meet specified maneuver-
ability requlrements, The need for such Informaticn first
became apparent to the writer several years ago, At thsat
time the effects of airfoil shape were being considered
with respect toc the performance of a proposed aircraft,

The far-reaching effects of changing airfoll shape were
intriguing. For more camber the return was better stalling
characteristics, lower drag for cruising, and lower landing
speed, Thils was clear to the aerodynamicist, The stfuc-
tures englneer saw an lncrease in the design wing torque,

the design balancling tall load, and the increased possibilities
of torsional divergence., The price of these lncreases would
be paid in structural weight, Exactly how much weight such

a change would cost was not accurately known. Perhaps the
increase in structural weight might over-shadow the beneficisl
effects of the lower drag by reducing the allowed fuel for a
given gross welght, The lack of accurate knowledge of the
interactions of these parameters led to the further realiza-
tion that, as a result of this lack of lmowledge, most of the

compromises in aircraft basic design are made only after many



~ INTRODUCTION (Continued)

cuts and tries, Such a lack of knowledge was the impetus
which lead to the initiation of this study.

The first study was made upon sixteen aircraft of
successful production types. All of the aircraft were single
engine land type, land or carrier based, In this originsasl
study there 1s no breakdown of welight into separste parts of
the various components, only the ﬁotal weights of the several
components are given., The components considered are:

1, Wing (without flaps or ailerons)
Useful load

Flxed equipment

Combined fixed equipment and useful lozd
Main and auxiliary landing gear
Engine and nacelle groups
Fuselage

Horlzontal tail surface
Vertical tall surface

Landing flaps

Allerons

. L * * [ ] LJ -
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Since this part of the study is primarily for finding
the relative effects of gross weight upon component weight,
1t was felt tﬁat the component weight Information was sufficient
to arrive at the desired results, Here again 1t should be enm-
phasized that this first part of the study 1s useful to the
preliminary design engineer and in many cases its results will
serve as an excellent starting point for original weight esti-
mates, The results in some instances are much better then had
been anticipated at the start of the study.

It should be realized that the best and most useful
welight eStimating curves for use at the start of a design are

those which are based upon parameters that are tentatively



INTRODUCTION (Continued)

with probable errors of less than 10% can be made of all
component weights with the use of very simple pasrameters,

It 1s suggested that further work be done by considering the
breakdown of the weight of the components into bending,
shear, and torque material. Then a detailled study §f the
effects of many more important parameters can be made to
.yield an excellent set of procedures for estimating air-

craft component weight.



PART T
GENERAL DISCUSSION




OUTLINE OF THE PROBLEM

Since weight 1s one of the most iImportant factors
affecting aircraft utility end success, design for minimum
welght 1s essentlal to the aircraft engineer, Whille the
detailed design can successfully be controlled with trained
engineers under proper supervision, very often uneconomic
compromises must be made in the basic deslign whille 1t is in
1ts early stages, Illany such uneconomic compromises could
be eliminated if sufficlent knowledge were available to the
preliminary design engineer. In other words, if the engineer
knew beforehand what the cost of adding somé certain feature
meant in actual final weight he might be able to suggest less
costly alternatives, or 1f he could properly show that such
cost was excessive, he might prove that this particular
feature should be ellminated entirely,

The problem then, 1s to determine what parameters
affect aircraft weight and in what manner they affect 1t.
This complex problem cannot be set into a system of exact
relations. At best, any relations derived would be approx-
imate., It is clear that judgment must play an Important
part in the solution of the problem., Judgment alone 1s not
ehough, however, and it is £he purpose of this paper to
supply a portion of the solution in the form of weight
estimating formulas for single engine alrcraft, as well as
calculated probable errors which might be made in applying

“such formulas. These formulas may be considered to be



OUTLINE OF THE PROBLEM (Continued)

correct within approximately 10% for the particular types of
aireraft studied. Thus, judgment is eliminated from 90% of
the problem and need only be applied to the remaining 10% of
the estimate,

It should be emphasized that whille an estimate can be
made in seconds and may be considered correct, the exercise of
proper dilscretion based upon experience may indicate_whether
the estimate is slightly lower or higher than 1t should be,
Thus it is important that the procedures be applied intelli-
gently.

To 1llustrate the necessity for developling better
estimating procedures, several estimates have been made based
upon some existing formulas, Actual data are plotted. on
cartesian and logarlthmic coordinates and the currentiy sug-
gested estimating lines are Included In pages 45 to 53, Tt
is seen from the plots that the obvious deviations from the
estimating curves Indlcate that present prodedureé are not
applicable to modern single engine aircraft., It should be
remembered that these exlisting procedures were probabiy very
good with respect to the aircraft which were included in the
study at the time it was made, however, changes in design
practices, speciflcations, and materials have made such curves
obsolete. Another reason for such largé deviations is that
the procedures procbably were not developed for single engine

alreraft in particular, but rather for aircraft of other types.



OUTLINE OF THE PROBLEM (Continued)

This suggests that for arriving at valild estimating procedures
the aircraft should first be classified with respect to type,
then weight estimates for a new craft can be matched against
the corresponding weigﬁts of other craft of its type. This

is an obvious although often overlooked procedure, Its im-
portance is even more evldent when reference is made to the
useful load versus actual gross weight study of all the air-
craft In the sample, compared with the estimate for fighter
alrcraft taken separately, The probable error of estimate is
reduced from 10,3% to 7,9% even though the number of aircraft
in the sample 1is reduced from sixteen to eleven. The probable
error apparently 1s a gage against which all the estimating
formulas should be checked., In this entire study all the
formulas developed from the data are checked with respect to

probable error by the same general procedure,
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GENERAL PROCEDURE FOR ANALYZING THE DATA

Weight Information for sixteen different single
engine land type alrcraft was obtained in the form of group
weight statements from several aircraft manufscturers. The
arrangements under which the data were made available prohibit
reference to particular models, thus limiting the abllity
freely to discuss some of the interesting tendencies which
were exhlibited. Only general statements are made and even
those are without reference, so that some of the value of
the work done 1s lost to the reader since the judicidusness
of the detalled steps cannot be explained, supported, of
discussed in full measure.

The general treatment of the date consists of fitting
the dats with two well kmown systems; first, the data are
treated as 1if plotted In a cartesian coordinate system and a
best straight line 1s passed through the dats poiﬁts. This
yields an equation y = a + bx; second, the data are treated
as if plotted on logarithmic coordinates, and again a best
straight line is passed through the points. This yields an
equation y = a(x)b. These two systems are used for all the
primary study. Some of the more detailed work, which is done
to obtain effects of particular parameters, is treated only
logarithmically. Such treatment of the data 1s relatively

simple and has been used effectively in the past,
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GENERAL PROCEDURE FOR ANALYZING THE DATA (Cont.)

An 1nnovation which is not new to statisticilans and
mathematicians familisr with probability theory 1s introduced.
That 1is, probability theory 1s used to indicate the probable
error of estimate which can be expected based upon the study
of existing data. This probable error, it is belieﬁed, will
serve to assist engineers who may use the suggested estimating
procedures by pointing out the relative accuracy of any esti-
mate attempted. To make an estimate 1s simple, To know where
this estimate places one with respect to other existing air-
craft is.indispensable to the proper exercilse of judgmeﬁt in
evaluating the valldity of the estimate. Thus, 1t is felt
that one of the most valuable contributions made here 1s the
introduction of the use of probable error informafion'with

each estimating formula,
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DISCUSSION OF SIMPLE PROBABILITY THEORY

The entire study of the probable errors of estimate
from the avallable data is conducteé using the existing
theory of probability and the Gaussian error function or
law of error., Here it is advisable to review the theory of
probability and the 1ldeas upon which Gauss! error funétion
is based.

If a number of measurements of a certaln physical
quantity are taken and the mean value is computed it 1is
possible to determipe the difference between each measured
value and the mean., These differences are referred to as
the deviations from the mean, or the errors in the individual
measurements, It is apparent that errors of one magnitude
have a certain probability of occurrence, while these of
another have a distinctly difference probability of occur-
rence, 1t is clear that in measuring the weights of ball
bearings of a certain slze weighling one pound the probability
of finding errors of plus or minus one ounce is much greater
then the probability of finding errors of plus or minus one
pound, A rough idea of the shape of the probabllity versus
érror curve is .given under just such simple observations and
1t 1s apparent that it wlll look something like the curve in

Figure A,
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P(x)

0 | | b 4
Flgure A

Consider n measurements of some physical property.
Designate the measurements by my, ms, mz. . . . Mp. The
mean of these measurements is

2 i

n

The errors, or deviations from the mean are

Ep =m) -m, Bg "=mg =m, , « « « By Ty = m

If the probability of occurrence of the error of a certain
magnitude ls some function of the error as previous discussion
has indicated, 1t should be possible to express this function
mathematically,

Consider F(E) to be such a function. It is apparent
that if E 1s calculated with respect to the meén‘there is

just as much chance of obtaining a positlve error as a negatlve
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one, Thus, one property of the function is that 1t is even or

F(E) = F(-E)

It is evident that as I becomes large the chance of obtaining
errors decreases so that

F(oo) —= 0

All the errors which it is possible to find are included as
E passes from ~oo to +o00 ., The probabllity of obtaining all
the errors is unity. Hence, another condition is imposed

upon the function, namely
+o
F(E)AE = 1

-~00

It may be implied that thé probability of occurrence of
errors of a definite range may be obtained by integrating
between the specifled limits, thus the probability of occur-
rence of +10% to +20% 1s expressed as |

+,20m

P1o-20 = | F(E)AE

+,10m
If the n measurements have been made completely independently
each error has the probability of occurrence P where

P = P1P2P5P4P5. . . . . . Pn

and Py 1s the probability of occurrence of the individual
errors Ei. But Pj is defined to be F(Ej), thus
P =FEFE2)., . . . . F(Ep)



Remembering that Ef = mgy - m

P=Fm -m) Flmg -m), .. Flm - m)

It is obvious that P is some function of m, Gauss Introduced
a procédure for determining F under the assumption that. the
mean value 1s the most probable value, If m is such a value

then P will be a maximum and loge P willl be a maximum, But

logg P = loge F(mp-m) + loge F(mp-m) + ., . . loge F(mp-m)

Differentiating with respect to m gives

E=WMPM+WMWM+ F'(mp-m) _
P F(my-m) Flng-m) =~ ° " "F(m,-m
or
F'(Ey) F'(Eg) | F'(Ep)

e ¢ HES) T THE,y - ©

Remembering that m is the mean value 1t 1s evident that the
summation of positlive errors is exactly equal to the summa-
tion of negative errors so that

iE5_=O

This equation and the preceding one must hold simultaneously.
Consider n = 2: then from these equations

F'(E1) _ F'(Eg)

- By = E
WEy). - F(E5) 1R
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it is evident that

F'(E1) _ F'(-E1)
F(Ey) F(-E1)

Consider n = 3, now

F'{El) F'(Ez) F'(Es)
: = H B ] . =
FET) + (5] + F(E3Y 0 1 + Eg2 + Ej 9]

But F is such that

F'(By) _ F'(-Ep)
F(En) F( "En)

so 1t 1is possible to write

F'(Eq) . F'(Eg) _ F'(E] + Ep)
F(Ey) F(Eo) F(E, + Eg)

Let
_ P (E]) _ F1(E2) - F1(E=z) F!'(Ey + Eo)
Q1 = Qo = Qr, = * 3 = 1 2
YUEmT P FE T P W) T WEL Y ER)
then
Ql + Q2 = Q3

Now differentiste thils equation partlally by E1 and then by
Eo to obtain

291 23 . Q2 = 93
ok, 9k o IE»s
But since Q3 = Q(E1 + E2) , 3z - Q3
Eyoh) FIop)
2y - 9Q2

?E1 F)o)



Such a partial differentlal equation is satisfied only if

each side of the equation is equal to the same constant,

thus
201 - 292 =
3ny - © -5
the solutions are
Q1 = kBl Qe = kE2
But
_ F'(E1) _ _ F'(Eg2)
T ey @ = “FE)
So
FY(E1) _ F'{BE2) _ :
MELY - AEL gy T 2
Or simply
FUE) -y
FlE)

The solution of this equation is

k g2
2
F(E) =C1 e

One of the original conditions on F was

+o0
u/fF(E)dE =1

-0
Now it may be used to find C3 since

+00
I.S.EE
c1/e® dE =1

~ 00

17



If k is replaced by -2 a2

o0
P> c%-azEsz =1
(o]

[ -]
2 1/
C1 = ===  since e-8fE2 gy o 4T
yw B A

- 2 ' .

Thus, #(E) = (a/T e aZE is the Gaussian Law of Error. The
constant a is still to be determined. It is usually termed
the precision constant and is a function of the quality of

observation. The expressions derived for a are

o
1]

1/(§4ﬁ7) or, & = %/6£§.¢E?
where

ZZE? §2 = 22%3
n n

B
|

Where there 1s an equal chance that a certain circum-
stance may occur or not, the probability of occurrence is
one~-half, Thus, in a similar manner the probable error is
the error which is just as likely to be exceeded as not. The
error Ep, positive or negative, which is just as likely to be

excesded or not is such that

Ep
FE)E = &
...Ep

The probable error is

18
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If this integral 1s expanded by Maclaurin's Theorem and

integrated term by term

_ 0,4769 _
Bp = 22107 =

(E)°
a n

6745
It should be remembered that each of the errors, Eji,

has been obtained usinz the mean value of the messurements m,

Since the study is restricted to n measurements the true

mean value may not be equal to the mean value calculated by

2, mi

M = et

n

Conslder the true mean value to be m, Then if Di 1s considered
to be the deviation of mi from the true nmean

Di =mj - ®|
If we add n deviatlions

ZDi = Z(mi - W) = Zmi - nn
or

zlmi = nim + E:Di

from the definition of the mean above

m =58+ (1/n)2Dy

Thus it is seen that as the number of measurements increases
the mean value of the measurements approaches the true mean
value; this should, of course, be obvious, In order to

account for the fact that only a finite number of measure-



ments is taken the precision constant a is modified to

A= aJn / (n-1)

And the probable error becomes
Ep = .6745 4 2(E1)2/(n-1)

In this study there are no measurements of a pafticu-

lar physical quantity as such, Actually, the weights given
are measured but they are for similar components of different
aircraft, Obviously, the mean value of a certain component
will not be the most probable. The mean value of a corrected
weight will be the most probable if these corrected ﬁeights
are established by the proper cholce of parameters which
affect weight. Thus, if a reasonable set of parameters which
affect a certaln component weight is taken as the independent
variable, and the component weights are plotted as dependent
variable, a mean line through the plotted points will repre-
sent the most probsble value of the component weight for any
given value of the set of paramesters. Thus, the mean line
can be associated with the mean wvalue, and deviations from
the mean line can be associated with errors or deviations
from the mean value.

To find the probable error, which here will be the
probable error of estimate, it 1s necessary to choose a set
§f pertinent parameters for any particular component, deter-
mine the mean line through the plotted points of the compo-
nent weight versus parameter data, calculate for each of the

values of the independent variable a corresponding value of



the dependent variable by means of the mean line or estimating
formula, fihd the deviations or differences between actual and
estima ted weights, square these deviations, sum the squares,
and multiply by '

26745

fo -1

to obtain the probable error of estimate, This is done in
tables especidlly arranged to facilitate the entire computa-~
tion., The results of éuch calculations are: first, an es-
timating formula which is the mean line, and second, the
probable error of an estimate based on the derived formula.
It is a necessary condition that the probable error
be small if the cholce of parameters is to be considered
reasonable, It is not a sufficient condition,howevef, since
it can be shown that parameters can be chosen such that ﬁhe
probable error is zero yet the practical validitylof the
choice of such parameters can immediately be questioned.
There are several factors which affect the probable
error, One 1s the number of observatlions taken for any

given study. This 1s apparent from the equétion for probable

S . 0745 / z e V2
Bp 4,;_=1 (B1)

Obviously, as n increases the factor 1/4(n-1) decreases.

error,

21
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The rate of decrease 1s largest for small values of n, and
for large values of n, increasing n is less effective., The
curve of 1/fn-1 as a function of n is sketched in figure B

to indiecate its general appearance, It 1s thus seen that it

1
n -1

Figure B
is important to obtain as much information as possible for a
study such as this,

Another factor which 1s important to the probable
errbriis, of course, the choice of parameters, It is obvious
that a proper cholce of parameters will tend to lower the
probable error, however, 1t is not necessary to réduce the
error to zero by the choice of parameters. It will be shown
that such a cholce leaves no flexibility in the formula to
account for design deviations, Such flexibility is necessary
since it is apparent that no two wings will be bullt for the
same weight by two different manufacturers, even if the wings
are geometrically similar and are for similar aircraft., A
certaln amount of scatter 1s inherent in such designing and
manufacturing processes, and such scattér 1s best accepted as

design deviations,



It 1s evident thet there are poor designs and good
designs, Wherever poor designs are indicated, such informa-
tion should be eliminated from the mean line and prcobable
error calculations, One reason for this study is to aséist in
a fundamental manner the constant striving for better design,
It is best, therefore, to know what weight a component should
cost for good design, and then to insure that no more weight
" is built into that component by close contrpl of the design
from a welght standpoint, Thus, if certain componenfs of a
particular alrcraft are known to be overwelght or overstrength,
such component weights should be eliminated from the trends.
The estimating curves then will represent estimates of the
weights to be expected for well designed components, It is
evident that with the development of new high strength alloys
lighter structures should result, so that the estimates should
favor the negative probable error whenever 7587 of any other

high strength duralumin alloys are used in the structure,

23
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PRIMARY WEIGHT VARTATION
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the behavior
design gross
gross welght

a noticeable
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PRIMARY WEIGHT VARIATION

portion of the study is conducted to investigate
of component or group welghts with varying basic
weight, For some components the dependence. upon
alone 1s remarkably strong., For others there is

but insignificant relation between component

weight and gross weight., A best straight line 1s passed

through the data points in both cartesian and logarithmic

coordinate plots, as discussed in Section I, and equations

of these lines are derived. Devliatlions from these mean lines

are calculated in each instance and the probable errors of

estimate, based on the Integral of Gauss' distribution curve,

are computed

for both the cartesian and logarithmic variations,

The logarithmic plots are presented in pages 54 to 65, The

probable errors of estimates based upon this primary study are

listed below.

PROBABLE ERRORS %

(Cart.) (Log.
1, Wing - 9,0 8.4
2., Useful load 12.9 10.3
3., Fixed equipment 11,0 2.9
4. Combined fixed equipment and 10,6 8.8
useful leoad
5. Landing gear 9,0 11.2
6. Engine and nacelle groups 11,6 12.4
7. Puselage 16.2 15.5
8, Horizontal tail 17.8 20.2
9. Vertical tail 26.8 22.0
10, Flaps 27.3 29.4
11, Ailerons 28.24 28.0

Obviously, the flaps, ailerons, vertical and horlzontal

tall surfaces are not accurately estimated by the lone parameter

gross welght.

Such considerations as slze, load to be carried,
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and arrsngement are important factors for these as well as
the other component weights, Wing, landing gear, fixed
equipment, useful load, and combined useful load and fixed
equipment evidently depend to a large measure upon gross
weight, It is interesting to note that for the larger,
heavier aircraft such as torpedo bombers, the increase in
span necesslitated by the high load carrylng requirement 1is
compensated for, to a certain extent, by a reduced maximum
design load factor. This peculiarity hslps'to make the
various aircraft line up much better with respect to wing
weight than might be expected,

An interesting condition is found in considering
total wing welght as a functlon of gross weight, Better
results are obtained 1if the entire wing including landing
flaps and ailerons is considered as a function of gross
welght rather than consldering each of these components
separately, This is evident frcm the values in the table
at the beglnning of this sectlon. For an original estimate
then, 1t is better to consider the entire wing weight as a
function of design gross weight,

It is important to explain why useful load, fixed
equipment, and the combination of these items, are considered
as functions of‘actual gross welght while all other components
except landing gear weight, are considered with respect to
design gross welght, Actual gross weight 1s, of course, the

gross weight of the aircraft fully loaded ready for take off,
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Design gross weight is usually somewhat less than actual
since some'fuel or portions of the pay load are considered
expended for purposes of obtaining the value of design gross
welght, Obviously, the relative reduction in pay ioadiis
considerably greater than that in gross weight, thus any
aircraft having a lighter design gross weight than actual
would appear to be inefficient from a pay losd to gross
weight ratio consideration. For reasonable comparison then
it is best to use actual gross welght as aﬁ independent
variable for these items,

One of the most valuable results of this basic
study 1is the derivation of the equations for the mean lines
for useful load, fixed equipment, and combined useful load
and fixed equipment, If the inverse functlons are determined,
there will result six equations which may be used to estimate
the gross weight of an aircraft proposed to carry a certain
fixed equipment and useful load, Thus, if a proposed air-
craft falls within the classification of this sthdy, i.e.,
if it is a2 single engine tralner, fighter, attack, or dive,
or torpedo bomber, and if the fixed equipment and useful
load are known or estimeated, the gross weight of the air-
éraft can be estimeted once with each of the six formulas
and the results may be averaged to yield the probable gross
weight of the completed aircraft., Thls should prove to be
of considerable value in alrcraft weight estimating,

Another use is that increases in gross weight due
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to adding ltems of fixed equipment and useful load may be
estimated in the early design stages, Thié is important
when guaranteed weights are a part of the sale contract,

It is apparent that, if the fixed equipment 1s increased
100 pounds, the increascse in gross weight will be greater
than 100 pounds. Exactly what differsnce exists between
flxed equipment and gross weight increments hés not pre-
viously heen determined., These formulas presented here ars
an attempt to evaluate the difference in- increments or the
ratio of increments.

The curves and formulas for the mean lines will
gserve as an indication of what the relative magnitudes of
the weight of each of the various components should be for
any given gross weizht, The use of such curves or fqrmulas
for welght estimating is not recommended in all Instances,
but their general use as a check upon original component
weight estimates 1s suggested.

If performance data as well as dimensional and
weight data are avallable, it should be possible to determine
the effects of maximum range, and speed for maximum range,
upon the ratios of the pay load ltems to'gross welight., Again
the complexity of the problem becomes evident. In this field
of combined study the interactions of aircralft performance,
welght and strength are so complex that a large amount of
work is yet to be done before the surface of the problem 1is
- penetrated. The serious handicap is lack of sufficient

performance, dimensional, and weight data. If the éxisting



28

information of the various aircraft companies could be made
available for study by experienced, competent men thoroughly
trained in the principles of aerodynamics and structures and
having associasted experience in weight estimation, or being
assisted by experienced welght estimators, 1t is believed

that the problem could be solved to the extent that the various
interdependencies of performance, weights, and structural
integrity could be derived so that conslstently accurate

welght estimates could be made for any giveh performance and

structural loading as dictated by the design speciflication,
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DEVELOPMENT OF SATISFACTORY ESTIMATING FORMULAS

Each particular component 1is taken separstely and
the geometric and aerodynamic parameters which are consideréd
to have some bearing upon its weight are studied in various
possible combinations to observe the effects of these parame-
ters upon aircraft weight, It is evident thét if a'component
welight 1s plotted against some set of parameters, and a defi-
nite trend is indicated, the approximate effects of each of
the members of the set can be deduced from observation, Sub-
sequent treatment of the combination of parameters cén yield
reasonable estimating formulas. This procedure ylelds valu-
able positive as well as negative Information wilth which
reasonable estimating formulas can be developed., Here the

study of the important heavy components 1s rather extensive

and yields excellent results - - - probable errors of 8% to
104 - - - while that of the lighter and less impoftant com-

ponents is limited to a few attempts having reasqnably good
results -~ - - probable errors of 10% to 20%, The justifica-
tion for this is clear. Ten per cent of wing weight may
mean 200 pounds while twenty per cent of vertical tail weight

may mean 30 pounds.
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WING

Wing welght/area and welght/span are plotted versus
span, ares, gross welght, gross welight times load factor,
gross weight times load factor and span, and gross weight
times load factor and spen divided by thickness as inde;
pendent variables, The first two plots are done for in-
formation, the succeeding ones are actually useful enough
so that straight line trends and probable errors of eétimate
are calculated. The results are:

FORMULA PROBABLE ERROR

w/b = 5,60 (in x 1074)°7%% x v 11.1%
Wy/o = 12,82 (Wnb x 10-6)'589 x b 9.4%
Wg/o = 3,44 (W x 2x1078):5%% x v 14,067
wy/b = 2.235 (Wnb/t x 10-4)+811 x p 11,05%

(One overweight wing eliminated (7.1%)

from trend,)

The last equation can be considered to be very good
since 1t is kmewn that the single alrcraft which ﬁust be
eliminated to bring the probable error to 7.19 ig inefficlent
in its wing design. It is seen that if two wings are being
considered and they are to have similar external geometry
but one has fifty feet span and the other fifty-five feet
span, the ratio of the wing weights should be (55/50)1'81
if the useful load is reduced enough to maintain a constant

gross welght. If the useful load is to remain constant, the



gross weight will increase by an increment

.811
g = 551811 w. (55/50)1 %11 wy
50 W

if all other components are kept the same size, Actuaily,
the other components would tend to increase in some manner
with Wnew/Wold, and if the design 1s not fixed this should
be taken into account, If the design has progressed to an
appreciable extent, however, changes in loads of about 2% to
4% will ndt usually be reflected in increased structural
welght, The important fact to be kept in mind 1s that the
increase of the weight of one component which increases the
gross weight of the alrcraft has a tendency to cause slight
increases in the weight of all other components, Obviously,
a'change in wing weight of 100 pounds in a 15,000 pound air-
plane will have a negligible effect upon the weight of the
other components, since 100 pounds is only 0.67% of the

gross welght, -

MAIN AND AUXILTIARY LANDING GEAR

Since the maln gear weight 1s estimated within nine
or ten per cent by the single parameter landing gross weight,
fand since not enough landing gear structural and dimensional
dats are avallable, the two formulas for estimating main
gear welght and the formulas for tall wheel and nose gear
weight which were all based on landing gross weight are

presented here for actual use:



.08 Tiy,* 994 PE

Main Gear Weight 11.2%

9,03%

Il

]
i

Main Gear Weight 58,3 + .059 Wy, PE

,00234 wl.208
1.208

]

Nose Gear Weight
Tall Wheel Weight

,00091 W

ENGINE SECTION AND POWER PLANT

The engine section and power plant weight ls not
broken down into smaller components. It 1s found that, if
engine welght,as installed, is taken as independent variable,
the total engine section and power plant weight can be es-
timated by:

Wg_p, = 1.69 (wg)t+0

PE = 7.89%
The data and the mean line are plotted in page . The low
probable error 1s sufficiently c¢lose for all practical pur-
poses,

It is not advisable to use engine horsepower as a
parameter since various ways of rating the power plants
introduce considerable inconsistencies. The "as installed”
weight is a parameter which varies imperceptibly:with-
changing rpm, manifold pressure, or compression ratio while

each of these has cocnsiderable effect upon the rated horse-

power,

FUSELAGE
Fuselage wesight is extremely difficult to estimate
since there are no clear-cut parameters which affect the

welght directly., One of the most obvious parameters is



gross welght since this implles not only fuselage welzght but
fuselage slze., Obviously, fuselage structures having 1argé
cut-outs_and definite discontinuities in structural members
will have higher weight than those of smooth, continuous
‘construction., In general, flat-sided or at least sﬁraight
line element fuselages are lighter than those having curved
structural members or doubly curved surfaces, It is apparent
that length is important to welight since the bending moments
become larger, the loads have to be taken over longer dis-
tances, and the covering materisl increases if geometric
similarity 1is maintained, Width and depth are not obvious
in their relation to weight since Increasing the surface
area and thereby the covering skin, may add weight without
contributing substantially to strength; on the -other hand
the cencentrated structural members become lighter as the
width and depth are increased,

Fuselage weight/length and fuselage welght/(length/
depth) are plotted versus gross weight in pages 74 and 75,

The results of fitting straight lines through the

data are:
Wp = .127 b (w)°2%48 PE = 14.0%
(11.1%)
W
Wp = 11.86 + 9.896 75555 PE = 15,563
(12.68%)

The lower percentages are obtained by eliminating one and
two inefficient aircraft from the trends in computations for

the first and second probable errors, respectively., It is

33
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evident that the probable error is slightly less than the
figures in the parentheses since a new mean line would fit
the data slightly better than the one calculated using the

bad point,.

HORIZONTAL AND VERTICAL TAIL SURFACE

The horizontal tail surface has s number of design
conditions which make the estimate of its weiéht almost im-
possible 1f the estimates are to be based upon such variables
as elevator setting, elevator load, and other factors, The
complexity of the structureltends to Increase the difficulties.
Any estimates of tall surface weight which can be made‘a pri-
ori to within 15% must be considered good, anything in the
neighborhood of 10% excellent, Here, as with the wing, the
tail surface weight/span and weight/area are plotted versus
span, area, tail load, The resulting formulas are considered
sufficiently accurate for basic weight estimates,

The vertical tail surfaces are handled ;n riuch the
same manner as the horizontal tail surfaces, since the prob-
lem of developing estimating formulas is of almost exactly
the same nature,

Certain aircraft are excluded for obvious inef-

ficlencles and the results of the study are:



HORIZONTAL TAIL PROBABLE ERROR

Wp/bp = .1466 (bp)> 08 17.0%
(8.5%

Wn/on = ,702 (sh)'654 25.27%
(14,3%)

Wn/bnh = 0455 (TLh)~591 15,8%
(10.4%)

Wo/Sp = L0768 (TLp)* 0o 14,3%
(7.8%)

VERTICAL TATIL

Wy/Sy = .384  (by)te0%* 20.7%
Wy/Sy = 1737 (TLy)*3%® 22,5%
Wy/by = .403  (8y)++0%1 19.8%
Wy/by = .0635 (TLy)*°%% 19.9%

The values in the parentheses indlicate the errors when certain
off-trend points are eliminated, The mean lines and the data

are plotted in pages 76 to 83,

LAYDING FLAPS AND AILZRONS

The development of satisfactory estimating curves
for the landing flaps and allerons is hampered by a lack of
detailed iInformation, It is seen from pages and that
by plotting aileron and flap weight/span end weight/area
versus span and area no clear-cut trend is exhibited with
respect. to slze and geometry parameters., The procedure of

including allerons and flaps with wing weight 1n making
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original estimates appears to be advisable, Thus, 1f
gross welght i1s knmown the wing welght with and without
flaps and allerons can be estimated and the difference in
welght can be consldered to be the weight of flaps and
allerons combined.

More detailed datas are required than were avall-
able for this study. A more detailed treatment of flaps
and ailerons should yield satisfactory estimating formulas;
for this study the actual weights Involved are so small
that they are obscured when attempting to handle the prob-
lem from a general macroscopic stand point., Since the
purpose of thls paper is to establish estimatling formulas
for use in basic design 1t was not worthwhile at this time
to enter into the detailed study that would be required to

develope estimating formulas for flaps and aillerons.



PART IV
PURELY STATISTICAL TREATMENT
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PURELY STATISTICAL TREATHMENT

A purely statistical analysis of the available Qata
could yield results such that the estimating curve would
pass through each of the data points, This treatment, in
effect, would supply an estimating curve which would pass
dirsctly through each point of available data, Thus, the
deviations from the statistlcal mean line would each be zero;
the summation of the deviations wouid be gzero; and the prob-
able error of estimate indicated by applying the Iintegral of
Gauss' distribution curve would obviously be zero. Ths‘
parameters would be exact,

| It is interesting here to point out that the scatter
of.thé data is completely eliminated, This at first appears
to be a most desirable consequence, however, the result is
that the true and accurate effects of the chosen parameters
are probably obscured by the scatter of the data; thus, the
possibllity of accurately determining the effects of the
separate parameters iIn such a general study 1s rather re-
mote, When the scatter is eliminated the effects of the
parameters that are found are distorted by the analytical
conditions which enforce the reguirement that there be no
scatter,

Such = pecullarity of the purely statistical treat-
meht is easily demonstrated by considering a simple example,

Let the original data be composed entirely of informstion



from only six aircraft. The slx chosen are D E G L M O from
the complete data of the first part of the report. The most

important parameters relative to wing weight are consildered

to be
1, Design gross weight W i
2. Maximum normal load factor n
3, Wing span b feet
4, Wing area s feet?2
5. Wing root thickness tr inches
6, Wing aspect ratio AR
?7

. Wing root chord Cr inches

The first five of these parameters are listed for the flve

aircraft to be consildered

W (#) n b!(ft) S(f£t2) t(ih)
D 3,400 12,00 27,50 100 10,725
G 5,280 8,50 42,00 254 13,500
M 7,372 13,50 41.50 325 18,600
B 12,700 12,00 40.78 300 17.900
0 24,000 6,38 70.33 609 21,400
L 14,798 6.10 54,17 490 22,000

It is posslible to pass a power curve through the poinﬁs or

it is possible to pass a straight line through the points on
log paper if the parameters are properly combined. Here it

is considered that the logarithmic procedu;e is more advisable
since there 1s no breakdown into component parts, and products
of parameters indlcating relative effects will be more useful
than sums of separate elements,

The procedure consists of setting up a sufficlent

38
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number of simultasneous equations to account for the numbsr
of data points, The number of parameters considered must be
equal to the number of data points., These simultaneous equa-
tions are in terms of the logarithms of the parameters. . The
total set is | |
A log W3 + B log by + C log Sy + D log ng + E log T3 + Fy
= log Wwi

where

i=1,2,3, .. ..M

A, B, C, D, E, F are constants to be determined

Wy = wing welght 1In pounds

The six equations are solved by the use of matrix meéthods in

Appendix I. The solution of the equaticns for A BCDE F

gives
A = 1,039015
B = -,257488
c = ,043659
D = -,168050
BE = ,152192

P = -,72748 = log k
Thus, the expresslion for wing weight is
Wy = K WA uB sC nD 2

wl.039 3.044 t.152
b0257 n.168

1873

Such an estimating formula will fit the data exactly.

In fact, the remeining aircraft wing weights are estimated by
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the formula and the probable error of estimeste is only 8,6%.
This eppears to be quite good, yet if such an equation were
submitted to a practicing design engineer to be used as an
estimating curve, he would be alarmed by the fact that as
the span of a2 wing increases while the area, gross weight,
load factor, and thiclness are held constant the wing weight
decreases. Obviously this is not true even though it is
indlicated by the estimating formula. Apparently, the formula
holds only for aspect ratios in the neighborhood of 6, This
conclusion suggests that another aircraft be added to the
study, that the parameter aspect ratio be substituted for
span, and that root chord in inches be included with the
other parameters. This i1s done in the appendix and the
solution of the new set of seven equation gilves

.27846

]

]

- 002596

A
B = -,23480
C
D

-,20395

&3
]

AZ2753
-,335928

Il

F

]

G -.16364

The resulting estimating formula 1is

W.978 £n.428

.2'-' L] 6 [ ] .
AR 35 g 02 n 204 Cp 339

Wy = ,686

The calculated probeble error to be expected when

using this formula for estimating wing weight is PE = 8,7%.



Agaln, finding thickness in the numerator and aspect ratio,
load factor and area in the denominator throws suspicion

upon the valldity of this formula. The same argument can

be stated for this equation as that stated for the previously
derived formula for five parameters.

While these formulas might,at first, appear to be
useless, such a conclusion 1s not completely justifled., Each
of the separate parameters implies some quantity other than
its own particular value, Consider, for example, grdss weight
In 1ts effects upon wing welight: gross weight implies a cer-
~taln value of the span in order to meet certain range require-
ments, it also implies a certain valuve of the wing area since
the landing speed requirement must be satisfled., While span
and area do not, in general, imply thickness, present alr-
craft having 157 to 18% thickness ratio wing airfoils fairly
well establish a range of possible thiclkness associated with
span and area and, 1ln turn, gross weight, It 1s seen then
that there 1s some valldity to the two above estimating
formulas., The only stipulatlion is that the proposed wing to
be ostimated be similar to the others in the study; that 1is,
there should be average taper ratio, thickness ratio, aspect
retio rather than extreme values of these dimensionless

geometric parameters,

41
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CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicate that useful alrcraft
welght eafimating formulas can be developed using probability
theory and cafeful analyses of the component weights of éx—
isting aircraft. In general, the probable errors of the
estimating formulas proposed here are appreciably better than
any currently in general use for alrcraft of the classes
treated herein., It is felt that the primary goal established
at the start of the study - - ~ the development of eétimating
formulas for use in preliminary design - - - has been attained.
~ The secondary geal - - - the development of sceurate detailed
weight estimating formulas - - - has been attained only in
part, There is still much work to be done in thls fleld.

o Since lack of information is a limiting factor on the
breadth of these studies it is suggested that further work be
dons with more Information which can only come frém the air-
craft manufacturers or the military and naval air forces.

Only with the fullest cooperation can accuréte sélutions to
the problem be derived. |

It is not necessary to exaggerate the value cf such
solutions of the problem to practicing design engineers as
well as the organizations they serve. If the solutions Weré
put in such a form that they were readily usable, many "design
compromises" could be made in a matter of minutes with con-

sistent accuracy,‘rather then in days with doubtful validity,



SUMMARY OF

ESTIMATING FORMULAS AND PROBABLE ERRORS

COMPONENT
Wing (without

flaps or
allerons)

Wing (including
flaps and
ailerons)

Useful Load

Useful Load
(FMighters only)

Flxed Equipment

Fixed EZquipment
plus Useful Load

Fixed Equipment

plus Useful Load
(Efficient aircraft
only)

Mein Landing Gear

Nose Gear

Tall Wheel

Wy =
Wy =
Wy =
Wy =
o=

3 f}W =

U.L.
U.L.

.1472 W - 65,4

0.062 wl.052

5,60 b(iinx10~4)*'20

12.82 b(Wnbxlo-G).589

811

2,255 b(1R0x10-4)

0,0899 wWl.058

= -278 + 0,287 W
= ,0723 {l.136

U.L.p, = 9.45 + 0.231 W

U.L.p, = .036 wl-206

P.E.
F.E,
F.E.
F.E.

F.E.

g

Wi

Wy

= 37,5 + 0,100 W
= 0,455 7.842

+ UL, = =194 + 0,385 W

0.233 w047

+ UL,
0.210 wi-065

il

+ U,L.

= 58,5 + ,059 W
,068 w994

i

i

2,35 x 107 wl.208
= 9,15 x 10-% wi-208

43

9,03
8,40
11.1
9.4
11.05
8.57

12.9
10,3
7.02
7.92
11,03
9.96
10.6
8,75
6,33
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SUMMARY OF

£

STIMATING FORMULAS AND PROBABLE ERRORS (Cont.)

COMPONENT

Engine and Nacelle Wggy = 587 + 0.268 W 11,88
WgeN = 0,747 w.910 12,4
Wy = 1.69 wgl+01 | 7.89
Fuselage Wp = 186 + ,057 W ‘16,2
Wp = 0,241 W.874 | | 15.5
We = (12 + 9,90 W x 10~%4) L¢ 15,6
Horizontal Tail Wy = =69 + ,0249 W 17.8
Wp = ,00323 wWl.179 20,2
Wy = 0,147 by2+51 17.1
Wy = 0,702 8,°8%¢ by, 25,2
Wh = ,0455 TL-591 by | 15.8
Wy = 2.69(TLp bn x 1074)°4%7 4, 131
Vertical Tail Wy = 0,871 by~ 27 | 29,3
Wy = 0.403 3yL+02 py | 19.9
Wy = ,0635 TLy*%%% by 19.9
Wy = 2,38 (TLy by x 10-3)*86 16.5

NOTE: Welghts and tail loads are in pounds; spans,
lengths, and areas are in feet; thilcknesses

are 1ln inches.



Figures 1 to 9
CURRENT ESTIMATING CURVES

COMPARED WITH

ACTUAL COMPONENT WEIGHTS
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Flgures 10 to 21
PRIMARY WEIGHT VARIATION
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Figures 22 to 41

DEVELOPMENT OF SATISFACTORY ESTIMATING FORMULAS
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APPENDIX I

CALCULATIONS ASSOCIATED WITH FIGURES 1 TO 10
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APPENDIX TI

CALCULATIONS FOR PRIMARY WEIGHT VARIATION
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APPENDIX ITI

CALCULATIONS FOR

DEVELOPMENT OF SATISFACTORY ESTIMATING FORMULAS
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APPENDIX IV

CALCULATIONS FOR PURELY STATISTICAL TREATMENT
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APPENDIX V

COMPONENT WEIGHT AND DIMENSIONAL INFORMATION
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