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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

MEMORANDUM REFORT |

. for the
"Army Air Corps
ACCELERATION, STRESS, AND DEFLECTION MEASUREMENTS ON THE
XB-15 BOMBER IN GUSTf AIR
By H. A. Pearson
Acceleration measurements in éusty air have been accumulated
over a pericd of years in order to determine the loads to which

airplanes may be subjected. Most of these data have been obtained
with the V-G recorders that have been installed in Army. Navy,

.and commercial alrplanes, Theoretical studies of the load varia-

tion while flying through various types of gusts have indicated

“that the "effective" gust velocities, as obtained from the V-G

records, must be supplemented by dats on the. gust gradients..
Consequently, some tests have been made on 'two airplanes, the
Mertin XBM-1 and.the Aeronca C-2N, in gusty air to gain some
information of the gradients to be expected. Although the number
of flying hours in these tests is small as compared with the

V-G total, they were sufficient to indicate that the critical
gust gradient depended upon airplene size, a factor which had
been given no particular consideration at that time.

Theoretical studies had also indicated that an additlonal
factor called "dynamic overstress" might be of importance in the
design of large projected airplanes, PFor these airplanes it
appeared. that the relationship between wing period, las in lift,
and gust gradient might be guckh that the wings in gusts would
deflect considerably more than for the case of a static load of
the game magnitude. The higher deflections would naturally be
accompanied by higher stresses in some of the members of the
gtructure.

It thus appeared desirable to conduct experiments on larger

‘airplanes both for the purpose of determining gust gradient dis-

tances and for determining the existence of the dynamic over-
stress which the theory indicates. The Army Air Corps agreed
to cooperate in this project by allowing suitable equipment to
be installed in their large XB-15 bomber.



This report presents the results of these tests which
cover a total of about 70 flying hours on thls airplane. These
meagurements were made under authority granted by the Air Corps
in October 1938,

Acknowledgements are due to members of the Air Corps who
made these tests possible and in particular to Major C, V. Haynes
and Sgt. A. Cattarius for their cooperation,

ATRPLANE AND INSTRUMENTS

Airplane .- The XB-15 bomber (fig. 1) is metal-covered except
for the fabric—covered portion of the wing aft of the rear sgpar.
The wing is of two-gpar construction, the rear spar being straicht
and the front gpar swept back. All mas and oil is carried within
the wings, the gas tanks being located as shown in figure 2.
Figure 2 also shows the estimated dead—weight distribution (tanks
full) including both the distributed as well as the concentrated—
weight items. The wing structural dead-weight distribution has
been adjusted so that the total integrated weight is equal to
8,000 pounds. Other nortinent dimensions of the airplane are
licted in table I. :

Drum instruments.— The following standard N. A, C. A.
photographically recording instruments were used in these tests:

(1) ~Air-speed recorder located in the nose of the
airplane and connected to a swiveling pitot
head 12 feet forward of the nose. (See 7ig. 1.)

(2) Accelerometer mounted on the catwalk in the
bomb bay near the center of gravity.

(3) Accelerometer mounted in the wing 29 feet 1 inch
out from the ailrplane center line,

(4) Control position recorders on the aileron and
elovator, These ingtruments wore used mainly
to guard against confusion of gust accelerations
and accelerations that might be due to control
manipulation,

In addition to the above, a D. V. L. optograph mounted rigidly in
the top gun turret vas used. This instrument was equippred with

two telephoto lénses which recorded photographically the deflection
of three 50-candlepower lights mounted along the rear spar. The
installation is shown diagrammatically in figure 3.
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Strain gages.— Four N. A. C. A, and four D. V. L, scratch
recording strain gages were used. The N. A. C. A. gages were
of the intermittent drive type and had a gage length of 10 cm.
while the D. V, L. gages had a continuous drive and a gage
length of 20 cm. The N, A, C. A. gages were located on the top
chord member of the front spar at stations 5 feet 11 inches and
39 feet 9 inches out from the center line of the airplene. These
stations were approximately at the wing root and at the end of
the outer gas tank. The D, V. L. gages were located on the
diagonal members below the N, A, C. A. gages and all gages were
positioned so as to bo in the middle of thelr respective bays.
The gages were mounted in pairs at each station and all of
the gages, with the exception of the two on the root chord
member, were mounted on duralumin. The strain-—gage locations
are shown in figures 3 and &4,

All instruments were synchronized by a timer connected into
the circult. The timing interval was 2.28 seconds for all the
instruments except the N. A, C. A, gages which were operated
once every 6.84 seconds.

FLIGHTS

The following flights were made with N. A. C. A. equipment
on board.

No.  Date - Destination Flying  Instrument
; time, time, min.
hrs.
11  8-29-38| Lengley, Selfridge, Mi’cchell, 8-1/2 28
8-31-38 Langley
2 11753-38 langley, Bolling, Chanute,  10-1/b 22
Wright
3 12-6-38 . Langley, Maxwell, Langley 7 0
4  12-12-38 Langley, Kittyhawk, lLangloy 2 -0
5 12-15-38 ILangley, Amarillo, Tex. 10-3/4 0
6  12-16-38 Amarillo, March Field, Cal. 7-1/4 o4
7  12-21-38 March, Hamilton 3-1/4 0

iNo strain gages ingtalled on this flight.




No. Date © 'Degtimation ° Flying Instrument

fime,  time, min.
. y brs.
8 12-p2~38 Hamilton, Mt. Shasta, March 5-1/2 p=
9 1270)-38 March, Okla. City, langley ~  13-1/h 22
¥ | 673 /1 116

Although the total nvmber of flylng hours is small compared to

the total flown, it lncludes s stretch of the roughest flying

that this particular ailrplane had encountered to date. This
stretch of rongh air occurred during fiight No. 8 while proceeding
in a southerly direction at about 8,500 feet between Pasadena

and Mt, Wllegon, Cal. The gustiness was apparently duve to :
mechanicel atmospheric turbulence caused by winds bicwing across
the mountain tops. An examination of the flignt notes for all

the flights meds (except for some of the accelerations mesasured

in £flight 1 where the airplane wasg flown through the edge of a
number of cumulus clouvds) reveals that the recorded accelerations
were due to mechanical turbulence encountered while flying through
pasges in the Rocky Mountalns or whilie flying over mountainous
country.

If during a particular flight it appeared likely that
acceleration increments of over *1/hg would be encountered, the
instruments were turned on until the roughnese died down. Thusg,
during any one flight a number of runs at different alrplane
welghts and altltuvdes were obtained some of which did not yield
particularly large accelerations. These runs were nevertheless
evaluated; however, for this memorandum it-1s only necessary to
refer particulerly to the results obtainsd in the flights given
in the table below, The others are omitted mainly because the
combination of airplene weight and the small accelerations
encountered were amply covered by those that were included.
Thelr omlssion changes none of the conclusions and their
inclusion would only vesult in = mess of undisuinguishuble
volnte clustered around the origin.

Flight No. Run No, Estimated - 'Remarks
eirplanc -
weight
) 6 50,000 Fairly‘sev§r§'accelarations
6 1 60,000
8 L 52,000 Most gevere accelerations
9 3 65,000 Greatest weight
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Although the accelerations encountered in flights 6 and 9 are
moderate with respect to 2 and 8, they are included mainly
because the weights at the time of the run were considerably
different from the usual 50,000 to 55,000 pounds. In the
only flight (No. 5) in which the full gross weight of over
69,000 pounds was equaled, the air was perfectly smooth and
no records were taken,

METHOD AND RESULTS

In evaluating the records to obtain gust velocities and
gust gradients, the following method was used: For each
center-of-gravity accelerometer record (roughly 20 feet of
film) all peaks, indicating sccelerations of approximately
0.2g or over, wers read. Thesge values of acceleration wers
then converted to offective gust velocoties, Uy, from the
equation

W
u .2Mg

o B pmv (l)

where AOn 1s acceleration increment from 1 g.
W, estimated weight at time of runm,
S, wing area, square feet.
p, mass density of air at altitude.
m, slope of 1lift curve, taken as 4.76.
V, true alr speed, feet per second.

The ovaluation of the records in this manner ylelded 560
effoctive gust velocities ranging frem 1.7 to 17.5 feet per
gsecord. Tlese gusts and the number ia ths various ranges
are suwamarizod in table IT.

Of the above gusts, only 111, hoveve:r, were usable for
determining che gust gradient distance ani the true gust
velocities. The criterion used in eelecting the gusts to
be ovaluated for gradiont distance waj (1) that the
accelaration be 0.15g or over and (2) thatv tne acceleration
peak bo immediately preceded by a reasonsbly steady flight
portion (1. e., 1 g reading) of at least 2 seconds duration
which, at the speeds that the XB-15 usually flies, corresponds
to 25-30 chord longths. Some such procedure is required



gince 1t 1s necessery to eliminate the effocts of any previous
gusts and motlons of the airplans on the acceleration measure-
ment, Thus, meny of the larger peaks encountersd during
flight 8 could not be used becauge the above criterion was not
met with, :

The gradient distance H 1n which the gust reaches a
maximum value was determined by multiplying the time
elepsing from the start to the peak of the acceleration by
the true air speed as obtained from the ailr-speed record.
Theoretical studies (references 1 and 2) indicate that such
a procedurs 1s Justified since for the gusts encountored in
the atmosphere the gradients are apparently such that there
ig 1littlo if any lag between the point of maximum acceler—
etion and that of maximum gust velocity,

The truve gust velocltles that are associsted with these
accolerations were obtained by dividing the effective gust
velocities of equation 1 by the "alleviating" factor

4ny -

U, = 55;' whose value ig given by

' 2B S |
” = A —— i
" ( M + é) Hb (2)
2Wb " Al
emgS2 T L

A end B, theoretical factors given in roference 2.

where M =

g, distance from edge of gust to point at which
accoleratlon is computed, chord lengths,

H, gradient distence, feet.

b, wing span, feet,

An., truo ascceleration,

&ng, the acceleration computed from the usual sharp-
edge gust agsumption for a gust velocity equal to
the meximum of the gust for which Any 1s
determined. E

The factor Ua thus corrects for th@ proportion of the gust
velocity that 1s acquired by the airplane in traversing the

gradient distance H, The trus gust velacities, ovaluated
in this manner, are shown in figure 5 'plotted agalnst, the
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gust gradient distance’ H. Table IIT gives the number of gusts
occuryring within a given gradient distance.

The peal values on each of the D. V. L. strain gages and
on thé optogreph were, with few exceptions, read only at the
times which obvicusly corresponded to similar peaks on the
center-of-gravity accelercmeter record at which effective gust
veloclties were obtalned, The variation of the stress and wing—
deflection measurements with acceleration are shown in figures 6
to 17. Figwo 6 shows the measured deflection of the tip light
with acceleration at the airplane center for two different alr-
plane welghts while figures 7 and 8 show the game for the middle
end lnner lights. 1In these figures, as well as in those which
follow, it is necegsary to uge 1 g a8 a detum since 1t was not
possible to obtain a true zero stress or zerc deflection reading.
This was due to the fact that the wing must support its own
welght which, as may be seen from figure 2, is considerably
difforent from the eir load acting over it. Figuregs 9 to 11
show the strees vaerlation as recorded by the D, V. L. gages
that were mounted on the outer diagonal while figure 12 shows
the stress variation in the upper chord member. These results
are all teken from flight 8 run 4, Figures 13 to 15 show
simiéar measurements teken.at the outer station for flight 2
run 6,

Flgures 16 and 17 give the stress variation measured at
the front and rear of the top chord member near the root on
these ssme flights. No relinble stress measurements were
obtalned on the diagonal member at the ¥oot because of =
complete faillure of one of the gages and & partial faillure
of the other on both of the flights where the most severe
eccelerations were encountered, Thus, it was possible to
obtaln only the stresses at.the absolute maximum end minimum
accelerations that were encountered, Thé rate of change of
stress as determined in this manner was only 850 pounds per
square inch per load factor. The strain-gage records for
this station on other flighte on which the gage operated
properly indicated such extremely low stresses in this
membor that no better value than that given sbove could be
obtalned because the scattering of points waa of the same
order of magnituds a8 the measured stresses. This unonti—
clpeted low stress variation may be due either to an oversize
member st this station or to a fallure of all of the expected
load tc pess through the member. Values of E equal to
10,300,000 and 30,000,000 pounds per square inch were used
with duralumin and steel, respectively, in the evaluation
of the strain-gage records. ’



Several time histories of some of the measured quantities
are shown in figure 18 for three of the largest bumps encountered
on flight 8. These time histories are included mainly to show
the character of the variastions obtalned in gusty air. g

PRECISION

The following ere estimates of the accuracy to which the
various quantities may be relied upon:

Accaleration C. @.) v.o vié v o o o « » 20,058
Acceleration {Wing) < o .« o o o o ¢ » o308

AAT EPBO o o on g b we s oan v s BR Do el
Airplane weight ... . . . . . . . . . . 12 percent
Defloction (outer 11ght) . « « . o . . . +1/2 in,
Deflection (middle light) . . . . . . .X1/k in,
Defloction (immer 1light). . . . . .. . *1/8 in,
Stress (all D. V. L. gages). . . . . . . $200 1b./sq.1n.

Stress (N.A.C.A. gageé on dural) ;e oo ihOO,lb./sq;in.

Stress (ﬁ.A.C;A. gages on steel) . . . . 3800 1b./sq.in.

The above limite for wing deflection and stresses apply when all
rocords ere read at peak values or at the synchronization marks
whers the correspondence emong the various records is obvious.
It may be seen from flgure 18, however, that the synchronization
between timer marks (every 2.28 seconds) for the D, V, L, gages
and for the optograph rocords mey be off as much as £0.15 second
indicating that larger errors than those listed above would -
oxist in the time histories. In the case of the D. V, L. strain
gages, the poor synchronization was due principally to the
uneven rumning of the motors which drove the targets through
extension shafts and universal Joints. For the optogreph the
slight fore and aft motion of the wing with changes in the :
chordwise forces was known to cauge a lack of gynchronizetion

in the vecords, However, since most of the results given in
this report are obtained by reading the various quantities at
peeks which obviously correspond, the lack of gynchronization
between timer marks i1s of small importance,
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DISCUSSION

Although these tests included a stretch of the roughest
alr that the XB-15 had oncountered, the maximum effective gust
velocity measured was only 17.5 feet per second. This value is
only one~half of that which has been measured on overland trans—
ports and about two~thirds of that measured on the Clipper ehips.
(See referonce 1.) It is necessary, however, to point out that
the values given in reference 1 have in all cases been congerva—
tively computed using the gross weight of the eirplane. Such a
procedure in the present case would give a maximum effective
gust velocity nearly equal to the maximum measured on the Clipper
ships. An interosting observation in connection with the
maximum measured gust velocities cobtalned to date is that they

rappear to decrease with an increase in airplene span. This

variation may be a true trend or it may be due to the fact that
the number of flying hours for which records are avollable varies
inversely with airplane size.

Figure 5 in conjunction with table III indicates that the
largest number of gusts evaluated for gredient distance ag well
as the maximum true gust velocity occur within a distance of
150 to 200 feet, a distance slightly more than the wing span.
Previous tests on the XBM~l and the Aeronca C=2N airplanes
appear to indicate that the maximum true guet velocities are
associated with gradient distances slightly larger than the
respective wing spans. Such a result is partly in keeping with
the hypothesls advanced in reference 1 which gives the result
that the maximum guat velocity varies as the cube root of the
gredlent distance, the lateral extent being epproximately the
same ag the gradlent distance, H. In order to produce a fairly
large normal acceleration, the gust should at least envelop the
whole wing which would call for a gradient distance equal to
or greater than the wing span. ;

An envelope of the points of figure 5 would give approxi-
metely the variation predicted in peference 1 up to & gredient
distance elightly greater than the wing span, but beyond that
point the true veloclties appear to decrease. Thig variation
may be due to the fact that fewer gusts were availlasble for
evaluation with large gradient distances, but it is felt that
the neglected pitching motion of the airplene is mainly
rogponsible. It is apparent that 1f an airplane is at all
stable it will tend to pitch into the gust and relieve its
effect, the amount of pitch, of course, depending both upon
the gradient distence and the emount of etability.
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‘ Wing defloction.— Medlan lines through the pointes of

| figures 6 to & indicate that in ‘the range of accelerations
covered the wing deflection st each of the measured points

‘ is proportional to the acceleration at the alrplane center.

Singe there ie no guarenty that the angle-of-attack changs

| “acrosa the span stays the same for a glven ecceleration, i
tho Beatd tering of points 1s greater than that indicated 1n :

| the discussion of Precision. The meen line, however, .
ghould, according to probability, represenf the case for

| ' symmetrical loading.

‘ - " "From thees figures the rates of change of wing deflection
with load factur, 5o, BS/cn, are as follows:

\ S g eI S “imp 60 . - 65,000
‘ ”Jiii“ Tip'iight | 8.5»in; | ‘ 8'0'i
AA’_ Middle light 3;6 in, ° o
Inner light 3:0 4p. " | 1.6

I B

The values for weight 52,000 are the more relisble because‘ ¢
of ‘tho greater range of load factors that was covered. i
Appavently for the weight conditlong of the flights, large el
chariges in weight have small effect on the wing deflection,
Sinco it was customary to empty the inner fuel tanks filrst
and then to ewitch to the outer tanks, the difference
between 65,000 and 52,000 pounds wonld be represented
spproximately by both the inner and outer tenke being full
in the one cesc and only the outer tanks being full in the
other. . o bombs were carried on eny of the flights so that
any welght veriation may be attributed to differences in the
amount of fuel carried.

otatic tests mede by Boeing of the outer wing pqnel and
of the center section.in which rear spar deflection was
meseured were pleced together and the following values of
d5/n  were obtelned.

Tip light 3.0 4n.

Middle light - - BT Ans
Tnner 1ight Uil 1~

These apply for a welght of approximately 67,000 pounds but
the desd-welght load distribution condition is not.known.
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The above deflections per load factor are considerably more than
those obtained in flight and would certainly indicate that no
dynemic overstrese was obtained in the flight tests. Assuming
that the static-test results applied to the case with all the
useful load housed in the fuselage (i. ¢., no gas or oil) so
that there would be some Justification for reducing the above
values of 06/3dn in the ratio 52,000/67,000, the reduced values
would etill remain sbove the listed flight valueg. It is
admitted that the plecing together of the static deflectlon
curves 1s lisble to error; however, in the present case, two
pergons using different methods arrived at very nearly the same
values of 35/dn at each of the lights. After consldering

the above possibilities, it can be said that the wing deflection
in flight 1s no more than and is probsbly lese than the deflec—
tion for e static load of the same magnitude. Thus, the indi-
cation is that thers 1s no dynamic overstress on ths XB-l15.

Stross messuremente.- Medien lines through the stross
curves of figures 9 to 11 for the outer diagonal member
indicate e divect proportionality (as measured from 1 g) :
betwsen the stress and the load factor either when the gages
are congldered separately or when their resulte are aversged.
Strain gages on thig gseme member during the static tests
indicated an average rate of change in strees (between -~2.5 and 3g)
of 5,700 pounds per square inch per load factor for the weight
tested. Correcting this value, as previously, to 52,000 pounds
gives L4,400 a8 against an average of 4,700 from the flight tests.

For the chord member at the outer station (fig. 12) the
average value of B&/Bn 18 3,500 pounde per square inch per
load factor. This value is to be compared with the corrected
value of 3,700 as given by the static tests.

The resulte from figures 13 to 15 do not show any really
definite changes from the previous figures, i. e., 9~12, even
though the weight is slightly different for the two flights.
In fact, the results of figure 13 for the outer diagonal shear
moember indicete a slightly larger value of 05/dn with a
slightly lower ailrplane weight. This would indicate that the
method of correction that was aspplied to the statlc test
results was too conservative and that the corrected static
values should be higher. Thua, the stress measurements at
the outer station apparently indicate that, as far as the
XB-15 is concerned, dynamic overstress is oither not present
or 1s sufficiently small so that both the instrument accuracy
and the amount of ingtrumentation must be increased in order
to detect 1t,




12

For the stresses in the stesl root chord member (figs. 16
and 17) the average value of 08/dn 1is 14,800 pounds per square
inch por load factor. This compares with an uncorrected value
of 21,600 obtained for this same member in the static tests and
a "correctod" value of 16,700. The corrected value would
presumably apply in the case where sll the useful load was carried
in the fuselage.

The time histories of figure 18 call for no particular
comment other than to point out that the accelerometer records,
wing deflectlons, and stresees show quite similar variations
except that the minor variations appear to be smoothed out in
the strein-gage results.

Although it was not intended to messure the wing frequency
in flight, 1t could readily be obtained from the wing deflection
recorde and was found to be about 3.4 c¢. p. 8. at the tip and
middle light. This frequency is included principally because
it 18 approximetely one~half that obtained in the routine
vibration tests that have been conducted on this alrplane.

CONCLUSIONS

1. The most critical gradient distance for this airplane
ia between 150 znd 200 feet or of about the same order ag the
wing span. Gusts encountored with lower gradient distances
apparently have insufficient energy to produce large accelera—

lons while for the stronger gusts of longer gradient distance
the pitching action of the alrplane relieves the load.

2. The maximum true gust velocitics measured were Just
over 30 feet per second and the meximum effective sharp-edge
qust velocity measured was 17.5 feet per second. These values
were obtained 1n the roughest air this airplane has encountered
to date. : :

3. Both the wing deflection and strain-—gage measurements
indicate that there was very little, 1f any, dynamic overstress
induced in the wings by the type of gusts encountered. : Since
this 18 in accordance with somewhat similar measuroments taken
on the M-130 ailrplane, it may be said that dynamic overstress
will probably be negligible on alrplanes with spans of less
‘than 150 feet flying at epeeds leess than gbout 200 milea per
hour,

Langley Memorial Aeronautical Laboratory,
Netional Advisory Commlttee for Aeronautics,
Langley Field, Va., June 16, 1939.
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