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AN EXPERTMENTAL AND THEORETICAL STUDY OF THE EFFECT
OF FUEL ON PITCHING-TRANSLATION FLUTTER

By John L. Sewall
SUMMARY

Apalytical flutter studies were made for 2 two-dimensional fuel-
loaded wing models, and the results are compared with experimental results
for bending-to-torsion frequency ratios near 1. One of the models was
made so that weter, simulating fuel, could be carried internally in three
compertments separeated from each other by seeled spanwlse partitions.

The flutter speeds of thls model for ell fuel loads were highest for the
compartmentel-emptying sequence proceeding from front to rear. In the
other model, fluid was cerrled externally in a geometrically scaled
standerd alrplene fuel tank that was pylon mounted a distance of about

232- times the tank redius beneath the wing. BExperimentel results for this
model have been reported in NACA Research Memorandum I5S5F10.

The results of flutter-speed calculsitions agreed well with experi-
mentel flutter speeds and flutter-speed trends when the enslysis employed
effective values for the masse and the mess moment of inertia together
~with theoretical slender-body air forces on the external tank and when
the combined structural and fluld demping wes considered to be zero.

With the introductlion of damping this agreement was improved for the
internal-tenk configurstion and mede worse for the externsl-tank
configuration.

INTRODUCTION

The flutter of eirplane wings with heavy fuel loads 1nherently
involves the superposition and interaction of two highly complex dynamic
phenomens., one assoclated with wing flutter and the other with fuel
motion. This dual nature of the problem has motivated two main avenues
of inquiry, one of which hes been concerned with the fuel motion itself
end the other with the effect of fuel motion on flutter. Fuel dynemic
studies, such as references 1 to 6 s have been chiefly concerned with
finding ways to represent or approximate the complicated motion of the
fuel in osclllating tanks.
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Investigations of the effect of fuel motion on flutter have dealt
with either reellstic configurations, as, for exemple, 1n reference T,
or with simple models, as is the case in reference 8 and in the present
paper. The purpose of using simple models for an investigation of this
kind 1s to 1solate as nearly as possible the effects of fuel motion in
order to obtain results appliceble to realistic configurations but not
appreclebly influenced by certain structural and aerodynamic effects
pecullar to those configuretions. With this purpose in mind, a two-
dimensional wing apparatus was used in reference 8 to obtain flutter
date for an external wing-tenk configuration in which the tank was pylon
mounted beneath a semirigid untapered wing mounted on bending and tor-
sional springs located outside the airstream.

This same obJective applies to the present paper which is primerily
concerned with the correlation of flutter theory with experiment not
only for some of the data presented in reference 8 but also for data
obtained by using a two-dimensional internel wing-tank configuration.
The two-dimensional features of the apparatus and models were particu-
larly well suited to the simplest application of flutter theory because
the assumptlion of two-dimensional eir flow over the wing was more fully
satisfied and because the structural behavior of the system could be
adequetely represented by Jjust two vibration modes, namely, vertical
translation (simulating first bending) and pitch (simulating first
torsion). The mass and mess moment of inertia of the fuel were approxi-
mated by means of effective values which were determined during simple
harmonic oscillations of the wing-tank system in vertical transletion
and pltch, respectively. As shown in references 4 to 6, these values
are usuelly less than the mass and mess moment of inertia of the same
volume of fuel at rest (or considered frozen). The results of refer-
ence 8 demonstrated the usefulness of references 4 to 6 by showing that,
when the fluld in the tank was replaced by 80lid bodies having masses
end mess moments of inertia equal to the corresponding effective values
for the fluild, the model fluttered at the seame speeds as it did with
fluid. The present paper seeks to determine how well flutter speeds can
be predicted by classical flexure-torsion theory based both on effective
inertisl properties of the fluid and on damping of the fluild according
to a commonly used approximation.

The flutter anslysis used is the same eas that given in reference 9
except that the mass in translation is different from the mass in pitch.
In addition, the aerodynamic forces on the externel tank are included.

The effect of these additional forces on flutter and divergence is
explored for the external-tank model as a sécondary objective of this
paper. An appendix contains the flutter and divergence equations together
with expressions for the tank eerodynamic coefficients derived by appli-
cation of slender-body theory.



NACA TN L4166 3

SYMBOLS

dimensionless distance of elastlc axis relstive to midchord,
poeltlve rearward

rearward fuel campertment of model A
semichord of wing, ft
center fuel compartment of model A

distance from wing quarter-chord to elastic axis, positive
rearward, £t

distance from wing quarter-chord to volumetric centrold of
externsl tank, positive resrward, ft

forvard fuel compartment of model A unless otherwlse noted
frequency, cps

uncoupled translaetion frequency, cps
uncoupled pltching frequency, cps

value of damping coefficlent which satisfies flutter deter-
minent ?s e function of V/tw, Iin flutter analysis (see
fig. 12

experimentally determined demping coefficlents in translation
end pitch, respectively ’

vertical translstion of elastic axis of wing section, or
bending, positive down

mess moment of inertia of model in torsion about elastic
axls, ft-1b-sec?

effective mass moment of inertia of fluld about elastlic axis,
ft-lb-gec?

mass moment of inertis of £fluld conslidered as a solid aboub
elastlc axis, ft-1b-sec?
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volume moment of inertia of exbernal tank of model B sbout
elastic axis, :IE"l;5

reduced frequency, bu)/V

spring constant of model in tranmslation, 1b/ft
spring constant of model in pitch, f£t-1b/radian

outside radius of external tank of model B, ft

. dimensionless radius of gyration of model about elestlic axis,

\lf 2
wing semlspan, ft

airstream velocity, fps

experimental f'lu:bter speed of model in empty condition, used
as a reference speed in figs. 6(b), T(b), 8(v), 9, and 11,
fps -

volume of externmal tank of model B, £t
mass of model in torsion, lb-sec2/ft
mass of model in bending, lb-secz_/ft

effective mass of fluid, lb-secZ/ft

actual mass of fluid (considered as a solid) ’ 1'b-sec2/ft

. location of elastic axlis of model from leading edge, percent

chord (see table I)

location of model center of gravity from leading edge, per-
cent chord (see table I)

location of model center of grevity relative to semichord,
measured from elastic axis, positlve rearward

angle of pitch of wing section about elastlc axis, positive
leading edge up '



NACA TN L4166 5

K ratio of mass of cylinder of air of radiue b +to mass of -
model, 2upb2s/E

» angular frequency, radians/sec

o air density, lb-secafftl"

Subscripts:

d torsional divergence

f flutter

h translational degree of freedom

0 tank-empty condition

T external tank of model B

pltching degree of freedom

Q

When used together the letters R, C, and F denote a partlicular
fuel-emptylng sequence for model A; for example, RCF 1dentifies the
sequence in which the rearward compertment is assumed to be emptied f£irst,
then the center compartment, and finelly the forward compartment.

EXPERTIMENTATL INVESTIGATION

Models and Apparatus

The experimentel data presented in this paper were obtained by the
use of two simplified wing models, cross-sectlonal views of whlch are
shown in figure 1. One of these models, deslgnated model A in figure i(e),
vas made so that fluid could be carried internally In three compartments
which were separated from each other by sealed spanwise partitions. In
the other model, deslgnated model B, the fluld was carried externally in
8 geometrically scaled standard airplane fuel tank that was pylon mounted

a distance of ébout 2%- times the tank redius beneath the wing as shown in

figure 1(b). Both wings were of aluminum-slloy construction except for a
wooden trailing edge on model A end an internal hardwood core formed to .
the alrfoil contour of model B. The skin thickness for each model was
0.032 inch, end the thickness noted for model A in figure 1(a) includes
a layer of fiber gless and Paraplex which was wrapped eround the outside
of the wing. The center of the tank pylon of model B wes located above
the center of the tank midsection and was fastened to the wing through a
bracket which permitted chordwise veriation of the center-of-gravity
position of the pylon-tank assembly. Tebles I and II list same
additionsl data for the models.
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Both models were fluttered in the same two-dimensional epparatus
described in reference 8. A schematlic view of this apparatus is shown
in figure 2. Arrows indicate the translational and pitching degrees of
freedam restrained by bending (translationsl) and torsional (pitching)
springs which were mounted outside the test section of the Langley 2-
by 4-foot flutter research tumnel.

The spring constants of one set of bending end torsionsl springs
were selected so that the uncoupled-wing bending-to-torsion frequency
ratlios for both fuel-loaded models approached and exceeded 1 with increasing
tank fullness. Values for the spring constants are given in table I. A
second set of spring constants listed in the table for model B yielded fre-
quency ratios greater than 1 for flutter conditions of this model without
fuel over a range of forward and rearward center-of-gravity positions of
the pylon-tank assembly from 30 to 60 percent wing chord.

Both models were fluttered in elr at atmospheric pressure with fuel
loads simulated by water and by solid weights. In model A the solid
welghts were mounted on the pitch axis outside the test sectlion and in
model B they were mounted inside the tank.

Effective Inertial Properties of Fuel-Loaded Wings

The epparatus was equipped with restraints so that the model could
be exclted in one degree of freedom independent of the other. This wes
an lmportant feature because 1t permitted the measurement of uncoupled
frequencies in either pure translation or pure pitch. These frequencies
were used to determine the emount of fluid effective as mass and mass
moment of inertis during flutter by epplication of essentially the same
technique as that used in references 4 to 6. In order to determine the
best epproximetions to effective velues of these inertial properties at
flutter, the frequencies read on the vibratlion records covered the same
range of amplitudes encountered during flutter.

It is Intended by repeated references to-effective values to empha-
size the fact that the effective mass and mass moment of inertia of an
oscillating tank conteining fluid are dlfferent from the mess and mass
moment of inertia of the tank contelning the same volume of fluid at rest,
or in a solid condition. This behavior, of course, occurs because the
fluld, during the oscillation, does not follow the motion of the tank
perfectly. Indeed, as previously noted, references 4 to 6 have shown
effective values of these properties to be generally less than the cor-
responding solid values, as might be intultlvely expected.

The center-of-gravity variations with tenk fullness are shown in
figure 3. These varlations are based on experimental values obtained
with fluid in the tanks for the various fullnesses and fluid distributions

1o
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represented by the synmbols. The streight lines connecting these symbols
indicate that linesr interpolation wes employed to obtain centers of
gravity for intermediate fullnesses and fluld distributlions. For model A
. the symbol explanation in figure 3(a) applies throughout the paper end
represents the fuel dlstribution in increments of full compartments for
the silx fuel-emptylng sequences simulated in the experimental flutter
progrem. In subsequent flgures pertaining to model A the symbol explans-
tion 1s modified to represent intermediate half-full compsxrtments for
which flutter tests were also conducted in the experimental program.

Each sequence 1s represented by the order of the letters F, C, and R
to indicate the order in which the compartments would be emptied during
flight. For exemple, FCR appllies to the sequence in which the forward
compertment would be emptled first, then the center compertment, and
finelly the rearward compertment.

Figure 4 shows the varlation of effective mass with tank fullness
and figure 5, the varlation of effective mass moment of inertlia with tank
fullness. The data In both figures have been referred to the mass and
mass moment of inertia of the tank-empty condition for both models.
Numerical values beside the polnts on the dotted curves and lines glve
the amount of fluld effective a8 mass and mass moment of lnertias durilng
translatory and pltching oscillations, respectively. In obtainlng the
date in figure %4, the variation of the measured translational frequency
with mess wes first established for several different solid welghts
mounted on each model in the empty condition. The effective mass of the
model containing a glven amount of £luld is, then, the empty mass plus
the equivaelent solld mass corresponding to the translational frequency
measured for that fluld load. For model A the effectlve mass and actual
mess were identical in 211 except the two fuel loadings indicated in
figure 4(a).

The effective mass moments of inertie presented in figure 5(a) and
table IIT were determined from the relation

i-_ft;_

@ ('am:'m)2

Values of im I greater than 1 cannot be readlly explained but may
sFf 7,8

be due to the swirling actlion of the fluld iIn a partly fllled compartment.

Moreaver, where effective mass moments of lnertla are only slightly greater

than the mass moment of inertias of the empty model (tha.t 18, IafIz o= 1) ,
2

determination of the fluld-linertia ratio im,F/ia,S 1s subject to small-
difference errors.
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The method of determining the effective mass moments of inertis pre-
sented in figure 5(b) is similar to that used for the date in Ffigure 4.
Solid weights, mounted inside the empty externmal tank, were designed to
the so0lid mass moments of inertia of the fuel for tank fullnesses up to
100 percent, and the variation of measured pltching frequency with these
solld inertias wae established. The effective mass moment of inertie of
the model containing a given emount of fluid wes then found by adding the
model-empty mess moment of lnertias to the equivalent solid mass moment of
inertis corresponding to the measured pitching frequency for that fluid
load. )

Experimental Results

Model A.- As previously mentioned, the internal-tank configuration
was tested with the wing filled with weter in increments of half-full
compertmente for all six of the fuel-emptying sequences. Vibration and
flutter date obteined in this progrem are glven in table IV(a). The
damping coefficients are based on logarithmic decrements of the amplitude
decays for the naturel frequencles listed in the table.

The dsmping coefficients and flutter speeds listed in table IV(a)
are shown for the complete range of tank fullness in flgures 6 to 8,
in which the flutter speed 1is referred to the tenk-empty flutter
speed Vg g Figures.6(b), T(b), and 8(b), together with figure 3(a),

show that, except for the emptying of the center compertment in the RFC
end FRC sequences (fig. 8(b)), the flutter speed consistently increased
as the center of gravity was shifted resrward. If no attention is given
to translation-to-pltch frequency ratios (equivalent to bending-to-
torsion ratios), this trend appears at first glance to conflict with the
established trend toward reduced flutter speed due to rearwerd center-of-
grevity shifts for low frequency ratios. However, it has been shown in
reference 10 that, when the frequency ratio lies within the range of 0.8

to sbout 1.3 for a = =0.k, ra'2 = 0.25, and” l/n. = 20, the flutter speed

experiences & marked increase as the center of gravity is moved back.
This effect is similer to that found for the present configuration in
which a = -O.k, 1,2 ranged from 0.17 to 0.365, 1/x ranged from 31
to 87, and for which the range of frequency ratio wes from 0.76 to 1.06.

Further exsmination of the experimental flutter deta in figures 6(b),
T7(v), and 8(B) reveals the existence of an optimum fuel-emptylng seqguence,
that is, the compartmental sequence resulting in the consistently highest
flutter speeds for all fuel loads. This is. the sequence which gives the
most rearward center-of-gravity shift for any tenk fullness and is des-
ignated .FCR 1in figure 6(b), which also shows that the flutter speed for

this sequence wes as much as 22 percent higher then it was for the opposite

sequence (RCF).

i
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Model B.~ The experimental results reported in the present paper
supplement those reported in reference 8 for the unbaffled external-tank
configurstion. These results are listed in table IV(b). The damping
coefficlents for all partially full conditions were determined from
frequency-response curves obtalned at zero airspeed and correspond to
the translational and pltching flutter amplitudes also listed in the
table. The damping coefflclents for the tenk-empty and tank-full con-
ditions were determined ln the same manmer as were those for model A.

The flutter speeds listed in table IV(b) are shown, referred to the
tank-empty flutter speed, in figure 9 vhere they are given as functions of
the tank fullness. Values of the frequency ratio cnh/cba' are shown beslde

each of the date points. The slgnificence of these values with regard to
fluid demping is discussed in reference 8 and in a subsequent section of
the present paper. This strong frequency-ratio effect on flutter speed 1s
not only of practical importance 1n realistic configurations but hes also
been encountered in such configurations as, for example, in the case of
the dynamicslly scaled wing-tip tank model of reference T.

The limitlng effect of fluld turbulence on flutter amplitudes has
also been discussed in reference 8 and is examined further in the present
paper. As table IV(b) shows, the model fluttered over a wide speed range -
and & correspondingly limited emplitude range for all partially full con-
ditions. Notlce, however, that the flutter amplitudes consistently
increased with further increase of speed for tank fullnesses ranging from
25 to TO percent; whereas, for greater fullnesses the amplitudes tended
to reach a peak and thereafter tonslstently decreased with increasing
speed. This behavior may be seen more cleerly in figure 10 in which the
translaetional and pitching camponents of the flutter emplitudes ere shown
as functions of airstream velocity for the 85-, 90-, and 95-percent full
conditions. Values of the damping coefficlents g, &and g, corre-

sponding to the flutter amplitudes are shown beside each point. As noted
in teble IV(b) with the tank 95-percent full, the model essentially
stopped fluttering when the pltching emplitude became 0° end the trans-
lational amplitude was barely visible. Thus, there appears to be a closed
or bounded flutter-speed region for this case. On the basis of this
experience and of the pitching-amplitude trends for the other two fuel
loads, it wae possible by extrapolation (indicated by the dashed curve)
to establish closed flutter reglons for these cases also. The upper
flutter-speed boundary determined in thls manner is shown in flgure 9

in terms of the tank-empty flutter speed and can be seen to be anywhere
from 62 to 97 percent higher than the lower flutter-speed boundary.

In addition to the fuel-load studies, flutter tests were also con-
ducted for the empty extermnal tank located at & few other chordwise center-
of-gravity positions. A different set of bending and torsional springs
was used, and the frequency ratios obtailnedl were greater than 1. The
results of these tests are given in teble IV(c) and are shown as a function
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- of Xy in figure 11 in which the flutter speeds are referred to the

same tank-empty flutter speed used for figure 9. The range of x, values
corresponds to a range of ‘tank center-of-gravity positions from 30 percent
wing chord to 60 percent wing chord. The demping coefficients are based
on logarithmic decrements of the amplitude decays corresponding to the
natural frequencies listed in the table. As was expected, the range of
forward center-of-gravity positions at which flutter could be obtained
wes limited by the dlvergence-speed bhoundary.

ANALYTICAL INVESTIGATION

Method and Application of Anaslysis

The two-dimensional cheracteristies of the modéls and apparstus, as
11lustrated in figure 2, made the simplest form of flexure-torsion flutter
theory, as given by the equations in the appendix, particularly eppliceble
in the present paper. For one thing, the flutter mode could be adequately
represented by Just two degrees of freedom, namely, rigld vertical trans-
lation (equivalent to bending) and rigid pitch (equivalent to torsion).
Moreover, the oscillatory aerodynamlc forces end moments acting on the
wing could be more truly reproduced by use of the classic incompressible-
flow coefficients of reference 9. :

The dynamic behavlior of the fuel was represented in the flutter
analysis by means of the effectlve values of mass and maess moment of
inertia given in figures 4 and 5 and the medasured damping coefficients
glven in table IV. The validity of using effective values for the lnertial
properties has been esteblished experimentally in reference 8 wherein the
flutter speeds of model B conteining fluld were generally duplicated when
the fluid wes replaced by sollid welghts equivalent in effective mass and
mass moment of lnertis to the fluid. The measured demping coefflcilents
were used to approximate the effect of damping at flutter by application
of the well-known assumption given in reference 11, by which the demping
coefficlent g, or g, 1s considered to be lndicative of the abllity of a

glven configuration to change the flutter speed from that corresponding

to g = 0, as may be seen, for example, in figure 12 which will be dis~

cussed later. The merits of this assumption are examined separately for
each model.

Oscillating aerodynemic forces and moments acting on the externsl
tank of model B were taken into account by application of the slender~
body theory to obtain expressions from which aerodynsmlc coefflcients for
the tank were derlved. As shown 1n the appendix, these coefficients were
then slimply added to the two-dimenslional aerodynamic coefficients in the
flutter analysis. -
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Anelytical Results

The results of the analytical program are given in table V in the
same order as the experlimentel results which are given in table IV. For
model A, damping wes Introduced into the celculations according to the
essumption specified In the preceding sectlon, and the a.mount of damplng
assumed to be present was erbitrarily based on the larger value of dsmping
coefficlent listed for each fuel loesd in table IV(a). This predominent
demping coefficient, either gy or g,, is repested for each case in

teble V(a) and is plotted as a function of tank fullness and fuel distri-
bution in figures 6(a), T Ea), and 8$a). The lower boundary of the shaded
reglon in figures 6(b), T(b), and 8(b) represents the calculated flutter

speed with damping neglected, and the upper houndary represents the cal-

culated flutter speed with damping included. As can be seen, the intro-

duction of damping resulted in flutter-speed :anreases of from 1

to 1k percent.

The analytical results for model B are listed in tables V(b)
and V(c). Since the tank was externally mounted, particular attention
was directed to the effect of including osciJ_'La.ting aerodynamic forces
and moments acting on the tank. The effect of damping 1s consldered in
the correlstion of theory and experiment. For the fuel-loaded tank
fixed at 40 percent wing chord, the linear superposition of two-dimensional
wing forces and slender-body tank forces, according to the preceding sec-
tion, reduced the flutter speed by T to 11 percent. For the tank-empty
configuration, this reductlion was Increased from T percent for a frequency
ratio of 0.67 to 10 percent for a frequency ratio of 1.13. When the empty
tank was moved rearward to 60 percent of the wing chord, the inclusion of
tank forces resulted in a reversed effect; that 1s, the flutter speed was
increased by 10 percent for very nesrly the same frequency ratio. (See
also fig. 11.)

As a matter of interest, stimulated by the fact that model B without
fuel encountered divergence rather than flutter wlth the tank center of
gravity at 30 percent wing chord, the effect of tenk aerodynemic forces
on the divergence speed was examined by using the divergence-speed equa-
tion given in the appendix. The results are presented in table V(c) and
are also shown in figure 1l. As cen be seen, the calculeted divergence
speeds obtalned by lncluding tank forces are approximately 10 percent
lower than those obtained by neglectlng tank forces.

CORRELATION OF THECRY AND EXPERIMENT
Generel Discussion

The experimental and analyticel results of this lnvestlgation are
compered in figures 6 to 8 for model A and in figures 9, 11, and 12 for
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model B. As can be seen, the use of effective values of mass and mass
moment of inertis In flutter calculetions gave answers which agreed satis-
factorily with experiment for nearly all fuel conditions. Thils result hes
also been obtained experimentally for model B in reference 8 which shows
excellent agreement between the flutter speeds of the model with fluld and
the flutter speeds of the model with solld weights equlvelent 1in effective
ness and effectlve mass moment of lnertie to the fluid. For model A the
calculated flutter speeds adequately follow the experimental trends for
all fuel-emptying sequences and are consiptently comservative, or less than
the experimental flutter speeds, by margins renging from 2 to 20 percent.
When fluild damping was taken into account in the manner previously
described, these margins nerrowed to less than 10 percent, and the calcu-
leted flutter speeds were still conservative.

Neglect of aserodynamic forces and moments on the external tenk of
model B led to calculated flutter speeds that were as much as 11 percent
unconservetive, or greater than the experimental flutter speeds, for the
fuel-loaded configuration. (See fig. 9 for the 25-percent-full condition.)
With tank forces included, the calculations became generally conservative.
As cen be seen, theory appears to follow closely the experimental trend up
to the %PH=-percent-full condition for which the calculated flutter speed was -
infinite, whereas the experimentel flutter speed was not.

Calculated flutter speeds were also conservative for model B in the
empty condition with the tank center of gravity located at various chord-
wilse positions renging from 30 percent wing chord to 60 percent wing chord.
As 1s shown in figure 11, the difference between calculated and experimen-~
tal flutter speed amounts to as much as 21 percent. Furthermore, theory
including tank serodynemic forces exhibits a somewhat more conslstent
tendency to parellel experiment than does theory neglecting tank forces.
It can also be noted that incluslion of tank forces resulted in a calcu-
leted dlvergence speed which agreed well with the experimental divergence
speed for the tank at 30 percent wing chord but was 6 percent less than
the experimental flutter speed when the tank was at 40 percent wing chord.

Some Further Remarks on Damping.

The improved agreement between theory and experiment due to comsid-
ering g equal to the experimental value of g, or g,, whichever i1s

larger, has elready been discussed for model A. For model B, however, .
the situation 1s different. Filgure 12 shows g &as & function of flutter-
speed coefflecient V/bu)q_ for all the tank fullnesses tested with model B.

The solld curves define theoreticel borderline conditions between stable
and unsteble motion over a limited range of g. In order to be consistent
with the assumption regarding demping, the experimental flutter results
from teable IV(b) are positioned in figure 12 according to experimental
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velues of g, &and g,. The points ldentified by the open circles repre-

sent speeds at which the borderline condltions between stable and unstable
motlon were first encountered experimentally. The solld clrcles represent
experimental flutter speeds within the unstable region for all partially
full conditions in which the flutter amplitudes were limited by fluld tur-
bulence. The theoretical solutlions at g = O correspond to the calcu-
lsted flutter-speed retlos presented in figure 9 wlth tenk aerodynamic
forces and moments included. The relatlon between theory and experiment
for the teank-empty configuration (fig. 12(a)) is similar to that found
for all cases for model A. )

It 1s important to note that the effect of damping eppears to be
more pronounced at the higher fuel loads as is Indicated by the consistent
decrease in the slope of the theoretlcal curve. Thls behavior 1s attrib-
uted primerily to the fact that the frequency ratio aepproached and
exceeded I es the tank fullness approached 100 percent. The dashed line
shown in figure 12(g) represents the steble condition (1.e., no flutter)
shown in figure 10 for & torslional component of the flutter amplitude
equal to zero.

Thls sensltivity of theory to small amounts of demping was also
typlcal of the cases of the empty-tenk configuration tested with the tank
in different chordwlse posltions. Inclusion of demping according to the
assumption g = gp, vwhere gy 1is less than g , resulted in flutter

speeds that were unconservetive by as much as T8 percent with the tenk
center of gravity at 40 percent wing chord.

CONCLUSIONS

This paper reports experimental and asnalytlcal 1nvestigations of
flutter of two simplified fuel-loaded wing conflgurations, the two-
dimensional characterlstics of which are particularly sulted to the
simplest applicatlion of classlical flexure-torsion flutter theory. The
wings of both models were semirigid, untapered, and mounted on bending
and torsional springs located outslde the airstream. Water was used to
simulate fuel carried internally in one configuration in three compart-
ments separated from esch other by sealed spanwlse partitlons and car-
ried externally In the other configuration 1ln a gecmetrically scaled,
pylon-mounted, standerd aeirplane fuel tank. The results of the investl-
gatlons appear to justify the following conclusions for these
conflgurations:

1. For the wing with fuel stored in cdnpa.rtmezrbs within the wing
structure and with bending-to-torsion frequency ratlos ranging from 0.76
to 1.06, optimum (i.e., consistently highest) flutter speeds were found
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for the compartmental-emptying sequence proceeding from front to rear and
corresponding to the most rearward shift in the center of gravity. It
should be noted that this trend is in contrast to the established trend
toward reduced flutter speeds due to rearward center-of-gravity shifts
for low frequency ratios.

2. The conclusion of NACA Research Memorandum I5SF10 1s herein
reaffirmed, nsmely, that effective or average values of mess and mass
moment of inertia should be used in flutter calculations of fuel-loa.ded
wings. - - .-

3, For the external wing-tank configuration the inclusion of slender-
body approximations to the aerodynamic forces and moments acting on the
external tank at flutter tended to improve the sgreement between flutter
theory and experiment.

k. Arbitrarily assuming the damping coefficlent at flutter to be -
either the coefficient in trenslation or pitch gaeve conservative answers
that sgreed well with experiment for the internal-tank configuration but,
for the wing with the external fuel tank, flutter speeds calculsted on
the basis of elther damping coefficlent were unconservative by wilde
margins.

Langley Aeronauticel Iaborsastory,
National Advisory Committee for Aeronsutics,

lLangley Field, Va., August 20, 1957.

i J
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APPENDIX

FLUTTER AND DIVERGENCE EQUATIONS FOR TWO-DIMENSIONAL

WING-TANK CONFIGURATION

Flutter

The calculeted flutter speeds presented in the body of this paper
were obteined by use of the equatlions given in thls appendix. As pre=
viously noted, the aerodynamic forces and moments acting on the exter-
nael wing-tank configuration of model B were approximated by s slimple
linear superposition of two-dimensional and slender-body aerodynamic
theorles. The two-dimenslonal Forces for the wing are those given in
reference 9, and the ‘slender~body forces acting on the external tank are
essentlally the same as those given 1n reference 12 for closed bodles of
revolution. The fineness ratlo of the external tank of model B, namely
7.13 (see table I), is, as shown in reference 13, within the renge of
fineness ratlio for which the basic slender~body assumption of two-
dimensional incompressible flow in planes normal to the free-stream
direction is epplicable.

Linearly superposing wing and tank aerodynemic forces and moments
by simply adding them together results in the following equations of
motion:

-&'a’h + g (1 + g, )b - fibx 0P - (B + Pp) = O (1)

.ﬁbxmmah + ko'.(l + :Lga')cx. - Z-['mmea. - (ﬂa. + MU.,T) =0 (2)

in which the mass in translation M@m' 1s greater than the mass in pitch m
because 1t includes the torsional springs (see fig. 2) and where

Pp = pvo’h - pvmea,(za - lp+ 1 %)

2

ME,T=pvm2h(7.T- 1a+1%)+pwa.¢[,1,,m+§v)
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v=f xrodx .ﬁ'=-f m'dy
Tank Span
lp = & axredx i'1=f n dy
T "fma.nk Spen
ITa.':f “(x'za)zredx im=f I, &
? Tank Span
13'=f P dy
Span

In these equations, x 1is the chordwise coordinate measured from the
wing quarter-chord, positive rearwerd; y 1s the spanwlse coordinate;
m' is the mass of the model in translstion per unit span; m 1s the mass
of the model in pitch per unit spen; I, is the mass moment of inertle of

the model in pitch about the elastic axis, per unit span; P 1s the aero-
dypamic force acting on the wing per unit span; and M, 1s the serody-

namic moment acting on the wing about the elastic axis per unit span. The
foregoing integrals for the tank were evelusted numerically over the tank
length on the basis of the tank ordinates glven in table II, and the
results are given in table II(b) for all tank positions considered in

the body of the paper.

Introduecing uncoupled frequencies by means of the expressions
a:ha = kh/ﬁ' and wa,a = ku'/f“ and performing certain algebralc manipula-
tions leads to the equlllibrium equations

%Au+cﬂBu=0_ (3)
£ D)y +aE; =0 (%)

from which is obtained the determinantal flutter equetion
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=0 (5)

vhere
Ay = [1 - (%2)2(1 + 1gh)]%,- - (Ach + Ach,T)
By = ':;c?" - (Aca. + Aca.,T)
Dyy = 3% - (Aa.h"'Aa.h,T)

Eyq = [ ) (%)2 (L + 1ga)] EEE - (Aw + Aw,T)

- 2 -
& _ 2npbZs _ 2xpbs o I4
N kK =—F Ta =23

The serodynsmic coefficients for the wing, from reference 1, are

G 2
'A'Ch::-l-r-l-i_]z

howme+ Z - (k- )%+1E§.+£ag+(%-a)g]

Aa.h"%" (32-+ B)Ach
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where F and G are the well-known aerodynamic functions derived in
reference 9, and the serodynemic coefficlents for the tank are

Ach,p == L
? En:bas

-1
= - ce - T 1
Acq,T Ach,TC 5+t 1 k)
Agpnp = A T - la +1x
In o 1
S + A ——
Aa.cx.,il' —Tarb -+ fen,T 13

Divergence

B8ince torslionasl dlvergence is a statlc insteblility assoclated with
the torsional degree of freedom, the speed at which an external wing-tank
configuration will diverge can be obtained by setting h =0 (eq. (1))
and ® = O, whence F + 1G — 1. Under these condltions the dlvergence
speed Vg, which can be obtained from a reduced form of equatilon 2), is
glven by

va _ rm2 1

N YA\, ©

The divergence speeds presented in the main body of th:l.s paper were cel-
culated by means of this equation.
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TARL.E I.- PERTINENT MODEL, CHARACTERISTICS
Model A Model B
b’ ft L] L[] - L ] . [ ] [ ] L] . - - - [ ] L] L] . L] L] L ] L ] . 0.5 0.5
26, ft - . - . - . . . - . . a e - L] e - - ] - 2 : 2
BITPoll B8eCtlOn « « o« = « o o « o« o o « o o « ofNACA 65-010 |NACA 65-010
Fineness ratio of external tank . ¢« ¢ o« ¢ & ¢ of =mmm—ccen—- T.13
Meximum fuel length (chordwise), in.:
Forward- cm&r’ment . . L] - L] L] . L] L] L] L] a - 2-205 ——————————
Center compartment .« « ¢« ¢« ¢ ¢ o« ¢ ¢ o« ¢ « @ 533 |mmmm e ———
REB.I."WB.I‘G. cmmn‘t L[] . 3 L] [ ] ] L] L[] . . [ ] L[] ]'".55 -----------
Maximum fuel depth, in.:
Forward compartment . . « « ¢ « ¢ ¢« o o ¢ o o 0.2 |mmmmcnnceen
Center Cmartmen't Y - . . . [ - . - . . - - l-]—2 -----------
Remd Cm&r‘bﬂen‘b . e - . . L) L] . ] - - [ ] 1-05 -----------
Mid.SECtion ] ] [ - - e - L] . . o - ] . L[] - LT Bndadant et ek enb o d ol o d b d 1"-19
Maximm external dismeter of tank, in. . . . .| ~=ccccmanaa .25
Xea, Percent ChOI‘d . . . . L] . - . L) . L . o ‘e 30.0 ll’O-O
Xegs, Percent chord:
All tanks empby « « ¢ « ¢ o o« o ¢ ¢ o« o @ o 43.5 k3.9
Forward tank full .« « « « « « « « « « o o = &« L 10
Reerward tank full . . . . « ¢ ¢« ¢ ¢ o ¢ o & 52.0 | mmreme————
All benke full . & ¢« ¢ ¢ ¢ ¢ o o 6 o o s o @ 4o.8 39.5
L 2,01
kll, lb/ft [ ] a L] - L ] . [ ] - - - L] . . - L ] L ] - [ ] - ——---—-i§? 3:%8
km, ft-lb/r&dian . . . . [ ] . - [ ] L) [ - s [] - - { 83 .6 3’{'3.5
""""""" 204 .1
fi', 1lb-sec?/Pt:
AJ-l mks e@ty - . L ] [ ] [ 3 - - - - [ ] L] L ] - a L J 0.294 o.hm
All talnks ﬁlu L ] - L ] L ] * [ ] - L ] - a - L] - L] L] o-ll'g? o.m
fi, lb-sec2/ft:
All tarlks el@ty L] L] - L] . - a - - L] a L ] * L ] - 0.m3 0.2285
All 'ba.'ﬂkﬁ fu.]l . . L] L) L) L] . . . L) L] [ ] . - . 0-523 0-556
I,, ft-lb-sec?:
A1l tanks empty « « « ¢ o ¢ o ¢ o o @ & o o o 0.00862 0.0309
A1l tanks full (Bolid) . . « ¢ « ¢« & o « « & 0.0209 0.1805
£y, cps:
All tenks empty « ¢« ¢« o« o « ¢« « o « « © o o o 15.0 11.2
All tanks PUll . ¢ ¢ ¢ « o « o « o o & o 4o 9.97 8.36
£y, cps:
Al) tenks emMPLY « « ¢ « ¢ ¢ o ¢ o o o o o o d 15.8 16.7
All tanks full . ¢ ¢« ¢ ¢« o« « ¢ o« o ¢ o o o 4 10.35 T.22
gh,o - L ] - - L ] a L] - . - - - - - - L ] L] L] L] - - 0.013 0-009
&L,o . . . - . . . - - . . - . . . . . . . - L 0-025 0-018
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TABLE II.- GEOMETRIC FPROPERTIES OF EXTERNAL TANK

OF MODEL B

(a) Tank ordinstes

Distance from -
nose of tank, ot
in.
o] o]
1.09 .0658
2.03 .1016
3.41 .1358
4,54 .1542
5.88 .1684
8.58 .1750
9.875 .1770
18.33 L1770
20.47 1716
23.T7 1275
27.18 .0642
30.% o]
(p) Volumetric properties
Tank
center of gravity, fl,%’ R IT’“”
percent chord ft5
30 0.01584 0.05415 X = 0.01662 X =
4o .1158 .05415 .01570
50 .2160 .05415 .01586
60 .3160 05415 L0171k
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TABLE IIT.- MASS MOMENT-OF-INERTIA DATA FOR MODEL A

25

Distribution | ToUi08 OF mass maments
Emptying | Fullness,

sequence | percent | . | | o Ea.lia.,o Tz
Effective | BSolid -i;
100 2.300 2.h23 | 0.91
91 2,232 2.352 | - .91
83 X 2.155 2.280 .90
FCR 61 2.155 2.231 Sk
39 2.106 2.181 o4
20 1.61h 1.591 | 1.0%
Y 1.000 1.000 | ==—e-
T8 N 2.300 2.373 | 0.95
56 2.271 2.32k .96
CRF 37 1.739 1.733 | 1.01
17 1.1k0 1.143 .58
8.6 1.072 i.072 | 1.01
80.5 y 1885 1.832 | 1.02
61 1.217 1.242 .50
RFC 52 1.159 1.170 .Sk
b 1.092 1.099 .93
22 1.063 1.049 | 1.28
FRC 63 1.735 1.69 | 1.065
CFR k1.5 2.203 2.252 0.96
RCF 39 1.188 1.192 | 0.98




TARIE IV.- EXPERINENTAL BEDULIS

{a) Modsl A
Eaprying Fullness, m [-R Ves
sequance percest for 2g, . . PG YL fpe ¢
ops cpa

100 10.% 10.4 0,009 0.023 0.002363 139 |-, ]

11 n.n 0.3 016 L0095 008360 17 kb6

8 w7 1.0.8 010 0282 -0023TL 153 L %11

e 6L o7 1.3 i} 023 002h0n 1w L3
3 10.8 119 e 023 OIS 159 b3

20 12,3 13 0205 ., 00275k 173 3T

) 15.8 ek .13 023 -002h38 ] 2.%8
B 10,35 10.8 0.02h o.02 0.002h1 1h2 [T

% 0. n.e +009 .0R1, -002he3 13 k.06

o 37 1.9 1ok 025 039 00236 12 5.8,
17 W7 1.0 010 L2 0CRhEk 118 2.5

8.6 2.6 15,15 .0 Tl g 030 00833 129 2.95

8.5 0. 15 .0 o.a18 0.5 0.000hE9 196 3.65

62 0.9 .2 n.9 L0 - ~O0RRTS 154 3.58

e p -] n.l .6 2.2 053 N, -] -0027L 7 35T
1) .k 13.0 12,6 K1 R XN L 3.56
= 2.3 a3 o S sk mshe 7 5.5

&5 10.8 1.9 0.9 0.013 0,05 0.002k30 271

crr M3 n.e 0.6 n.3 0,0153 0.022 0.00chas B3 [~
mor » n.s b 2.7 0.029 0.025) 0,00281 ax 5.6

*Beference finbter sgeed %0 (sea fige. &(n), T(b), = 8{b)).

-

S9TH NI VOVN
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TABLE IV.- EXPERTMENTAL RESULTS - Contlmed

(b) Model B ~ Fuel-loaded configuration

[k = 2,015 1b/et; X, = 343.5 £1-1b/radien]

_ Flutter Damping
Frequencies amplitudes coefficlients Yoo bt
Fullness, . 9’2 w| B t
percent |- o | £, | £p, |Transletion,|Pitch, &, & 1b-sec / £t7| fps
cps | cps | cps in. deg
0 |11.2 [16.7 |12.9 _— -—-- |0.009 {0.018 | 0.002448 [P217|5.36
_ 11.k | o0.19 0.9 lo.029 |0.072 | 0.002461 | 178|k.97
1.4 .20 1.0 .0295| .0T3 .00h61 181|5.06
25  10.35{13.T |11.5 .23 1.3 .0%05| .o77 | .o02h5T7 | 188}5.30
11.h .29 1.5 .034 | .080 .002458 191}5.335
10.2 0.2k 2.0 l0.027 |0.078 | 0.002465 152| . 7h
50 9.64{11.4 |10.2 .30 2.1 .0%0 | .079 .002h62 161|5.025
10.2 33 2.3 0345 .082 .0021465 168|5.24
' 9.21 0.27 2.0 |0.027 |0.0TH | 0.002475 132| 4.56 °
) 9.06{10.1 | 9.21 .33 2.1 032 | .oT45| .0024T2 1k1/%4.88
9.21 . 2.2 .039 | 0755 .0024TL 1k815.12
8.91 0.135 0.8 j0.026 |0.060 | 0.002525 120|%.29
. 8.TT 235 1.1 026 | .0615| .002526 129|Lk.68
85 8.70] 9.43] 8-T7 255 ° 1.0 | .026 | .061 | .002520 | 133|4.83
8.78 .27 .95 | 026 { .06L | .002519 | 143|5.18
8.72 .52 .8 .029 | .060 .002513 153 5.805
8.65 .29 65 | 027 | .060 .002509 17h}6.%05
8.8 0.10 0.55 |0.026 |0.050 | 0.002519 1194.295
8.78 .12 .6 .026 | .050 .002518 125{k.53
9% 8.62| 9.09| 8-6% 145 45 1 026 | .050 .00251% | 1k3|5.27
8.62 .15 A .026 | .0h95| .002509 160|5.91
8.55| 15 3 .026 | 09 .00250% 176]6.56
8.57 1k .2 026 | .0485| .o002hghk 202|7.505
8.54 0.06 0.25 {0.026 |0.038 | 0.00251 101{3.765
8.57 .09 .3 .026 | .038 .00251 129| k.79
25 8.45| 8.26] 8.55 .06 15 | 026 | .038 .002510 143|5.325
GRS .02 0 026 | .0375| . 16k|6.22
c8.33 .02 o] 026 | .0375| .002L497 191|7.30
100 8.36| T.22{-———- — —— lo.027 l0.026 | 0.002395 [%32h|——eav

PReference flutter speed V2.0 (see

CBending frequencies, flutter not discernible from osci].logfe.ph records.
dHa:xdmm tunnel sairspeed, no flutter.

figs. 9 and 11).




TABLE IV.- EXPERIMENTAL RESULTS - Concluded

(c) Model B - Effect of tank center of gravity on tenk-empty configuration

[kn = 3,340 In/et; Ky = 20k.1 ft-lb/radian]

Tank

center-of- Frequencles coeffi:'jl.genta p v
gravity x P (e 1 B 1
position, P £ £ 1b-gsec=/ft*| fps | k
ot wi h? a? i
.Perg';oz'd ng cpﬂ CPB CPB % %’
30 0.0233 | 4.2 [ 12.% | ===~ | 0.008 | 0.020] 0.002378 | ®275| ~=w-
4o 0767 4,2 | 12.6 | 13.7] .009] .022] .002284 205| 6.87
50 A28 | 1k.1|12.% | 23.3) 013 .021| .002315 o331 5,56
60 182 | 14,1 | 12.15] 13.0] .008| .022 002404 236] 5.78

®Divergence (based on q = 90 1b/ft2 and stendard conditions), mo flutter,

99TH NI VOVN
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TABIE V.- ANATYTICAT RESULTS
(a) Model A
. Distribution | Without demping ( EW:t:hdagins g
sequence| percent
rlola| mlm| d|% | % |mlam |t

100 SN 155 [10.8]3.65 |—oe- 0.0235| 127|10.6 |3.83

91 NN 133 |10.9{3.89 | -~==- .0195{136|10.7 | .05

83 2 111.0fk.11 |==-m- .022 [1h5(10.8 | k.27

FCR 61 148 |[11.6/4.0k |0.031|=mmmem 149|11.3 | 4.18

| 39 Ul [12.3]3.75 | ——=-- 025 |147|11.9 | 3.95
20 127 [15.3|3.05 | =—---| .05k |1ko]12.7 | 3.50

0 125 |1h.3]2.TT5| ———— 025 [128|1k.2 | 2.89

T8 127 [11.0]3.66 |0.02}|-—ou- 131{10.8 |3.85

56 126 |11.6]3.4k6 | ===== jo.021 131]11.3 | 3.69

CRF 37 104 |12.5|2.66 | =====| .059 |218]|12.0 |3.13
17 109 [13.1|2.6k |——--- 022 [113|13.1 | 2.T5

8.6 118 [13.7|2.Th |==mmm .030 |123|13.55| 2.89

80.5 110 [11.2{3.15 |~----]|0.0515| 117|10.9 | 3.40

61 122.5{11.7|3.33 | ===~ 02k |127(11.7 | 3.44

RFC 52 127 |12.0]3.36 |0.033|-=-—- 131{12.0 | 3.47
L 139 |12.7| 34T | =—mm- .022 | 141|12.65] 3.55

22 125 |13.6]2.9% | .036]--=== 130(13.k | 3.10

FRC 63 126 {11.7]3.k2 | —---|0.054 |132|11.k | 3.67
CFR 4bT7.5 136 [11.9]3.6k | ~~-—- 0.022 |139|11.7 | 3. 7T
RCE 39 - 115.5(12.3|2.98 |0.029|-=--- 122|12.3 | 3.1k
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TABLE V.- ANALYTICAL RESULTS -~ Concluded

(b) Model B - Effect of including serodynamic forces
on external tank contalning fuel

Without tank With tenk
serodynamic aerodynamic
Fullness, forces forces
percent
Ves | feo | 2 Ve, | fes | 3
fps cps k fps cps k
0 223 13.0 | 5.46 | 209 13.1 | 5.05
25 198 11.451 5.50 | 182 11.4 | 5.07
50 163 10.5 | .94} 152 10.6- | 4.57
o3 129.5| 9.63| 4.28] 121.5] 9.60| .03
85 - 120 8.80| 4.34 | 112 9.071 3.92
90 104 8.85{ 3.Th| 94 8.871 3.36
95
100

(c) Model B -~ Effect of tank position on flutter and
divergence of tank-empty configuretion

& _ 3,003
Ino

fank . Without tank With tenk
cgasi;; - _ aerodynamic .. aerodynamic
position, X, _ES&_ forces forces
percent Ta,0 [Vas|Ves 2o, | 1 | Var |Ves | £2, 1
c‘rﬁ;g fps|fps|cps | k | fps [fps | cps | k |
30 0.0233|1.019| 292 269
Lo .0767|1.019| 305 |269]13.6}6.301278 |24k | 13.5]5.75
50 .128 |1.040}300)196]13.4}4.65}271.5] 198 | 13.5}k.67
60 .182 |1.070|294|183|13.5|4.32]268 |202 | 13.4|4.80
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5.95 >
0.25 oluminum 0.038 akmninum alloy
—2 37 _j-r :__‘;’:‘"fib . and fiber giass —
_ .

e 360 \ \
522 X Model_uepter pf_
\ gravity{empty]
Axis of rotation {elastic axis)
(a) Model A.
+———— |2 —
s of rotation

—, V4 io7
~ f_‘#
F Fc R R /i

_—Center of grovity of wing
| ond tank bracket

S _____ _ e |
Figure l.-

8.50 —— of empty tonk and pylon
30.3
(b) Model B.
Cross-sectional views of flutter molels. All dimensions shown are

= pyion __—Center line of tank midsection

s il

Chordwise canter of gravity
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Figure 2.- Schematic view of flutter model B and apparstus (fig. 2 of ref. 8).
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S
Fuel-emptying
sequence
R
A o~
/, \ CFR \J\
3 CRF ’

4 I D 9 2 s
PN P
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Fuel
4 RCF tompartments
Center(C)
Forward (F)
Reor (R
(a) Model A.
A
|
—~—]
\\
\

"a (o) \.-qF
o 20 40 60 80 100
Percent full

(b) Model B.

Figure 3.- Center-of-gravity variations for fuel-loeded wings. Symbols
indicate measured values.
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Figure 4.- Mass veriations for fuel-loaded wings.
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Figure 6.- Compasrison of experimental and calculated flutter speeds,
including effect of demping, for fuel-emptylng sequences FCR and
RCF of model A.
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