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ABSTRACT

An AC-130A aircraft empennage was instrumented with c¢lectrical-
resistance strain gages and flight test data was obtained for anti-
ajrcraft evasive maneuvers, 20mm General Electric Vulcan cannon fi:ings,
and 40mn Bofors gun firings. Complete descriptions of the test
instrumentation, test conditions, strain gage locations, and results are
contained in the report. Strain gages were located in the aircraft
empennage area based on minimum margins of safety as found in the original
Lockheed stress analysis. Results show that those stresses caused by gun
firing, either 20mm or 40mm, are quite small and that the sum of the
stresses due to the left hand orbit maneuver and the gun firing is well
below design limits. Stresses produced by antiaircraft evasive maneuvers

were also found to be well below design limits.
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LIST OF SYMBOLS

Change in stress from installation stress to level flight
stress.

- Change in stress from installation stress to left hand orbit

stress,
Ag, = Change in stress from left hand orbit strese to positive peak
of gun fire stress.
Ho_ = Change in stress from left hand orbit stress to negative pesk
of gun fire stiess.
JaXs) = Change in stress from installation stress to positive peak of
max .
gun fi-o stress or positive peak of cntiaircraft evasive maneuver
stress.
AOpin = Change in stress from installation stress to negative peak of
gun fire stress or negative peak of antiaircraft evasive meneuver
stress.
V83 = Sample linear gage designation (vertical Stabilizer 9).

VSIOR = Sample rcsette gage designation (Vertical Stabilizer 10 Rosette).

NOTE: These stresses are normal stresses when associated with linear
gages and shear stresses when associated with rosette gages.
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STRUCTURAL FLIGHT TEST OF AN AC-130A
GUNSHIP EMPENNAGE

Several cperations separate the AC-130A gunship from its transport
counterpart, the C-130A. Although loads imposed by the assault landings
on transport aircraft cause more severe landing stresses than those
encountered in gunship operations, side firing weapons impose loads on
the gunship similar to lateral gusts, but with a much higher frequency
of occurrence. Evasive maneuvers to avoid antiaircraft fire also impose
unusual loads on gunships directly related to the severity of the gunfire.
Therefore, while both transport ard gunship versions use the same air-

frame, their operational enviromments are quite different.

Improved Theoretical Stress Amalysis

Improvements in theoretical stress analysis techniques make the
original siress analysis obsolete, although newer analysis techniques
usually prove the older analysis to be conservative. Static tests have
shown some of the assumptions in the original analysis to be incorrect,
and appropriate modifications to the analysis were made. Therefore,
while the tests show the theoretical analysis adequate for normal
operations, they have not demonstrated the same adequacy for gunship

operations.

New_Actual Stress Analysis

Since a new stress analvsis was not conducted for the AC-130A, gun-
ship configuration, an experimental.flight test investigation of stresses
imposed by gunfiring and antiaircraft evasive maneuvers was conducted,
not only to determine possible trouble areas (or conversely to determine
their nonexistence), but also to extend gunship technology in the area
of structural requirements criteria. The test results would also yleld
guide lines for the selection of a larger weapons system for follew on

psograms.,

-{-

A

R AN E e




4o WERTE - |ISYAC
< AIRC2AFT Powen
25N
. ‘ . ,’; ARCRAFT Povder.
| { i {
! !
T e+, (9 |
; Podgpe- M:"&Q@
_Subpre , SuPPLY
i — e e
|
I ‘ |
! i
| |
‘_ ! t
'} ' ]
i _ )
woﬁ L& f . ' T Tt T e
!)&“v e L ANRLTIRR LEACH UT Recoroes
N ’f .\ e+ e . (..
,4
i

‘
§
t

|

! _ .
!L e ‘-{*:-%’Z'rempemue.e
L

f
i
L

. S . j.j—.% . COMPENGATION GAGE
g e O 200 PRECISK

— Re sisTe
e e e ‘P‘".:\' L ’.

‘ T ACTNE GAGE

Fic. | OVeRALL  E@uement "SCHeMAvTIC

~
-

-




INSTRUMENTATION

A complete schematic of the instrumentation package used in the
test is shown in Figure 1 on the facing page. A standard Wheatstone
bridge circuit, using a parallel bridge balance and a calibration resistor,
was enploved (See Figure 2). Automation Industries C12-121 were used for
all linear gage applications, while C12-122D-R3Y were used for all rosette
applications, A gage of the same type as the active gage was used as the
temperature compensating gage in all cases.

Strain gages. Electrical resistance strain gages were selectcd as

the transducers or the test because they possess the following advantages:

1. Direct strain indicaticn at a selected point.

2, No need for theoretical calculations to obtain desired results;
therefore, a direct comparison may be made between the measured
strain and that predicted by the theoretical stress analysis.

3. High reliability for short term tests without elaborate
installation procedures,

4. Continuous dynsmic output; therefore, yielding frequency as well
as amplitude data.

Two types of gages were used in the test, linear, and delta rosette.
Linear gages capable of measuring only uniaxial strain were employed
wherever the direction of principal strain was known, as in members
whicﬂ are loaded axially or in bending. Delta rosettes, three linear
gages arranged at 120 degree spacing, were used when the direction of
principal strains were unknown, such as for semi-tension shear panels
and fuselage skin. Eleven linear and five rosette gages were utilized
on the vertical stabilizer. Tourteen linear and three rosette gages
were used to study aft fuselage stresses. In addition, two linear gages
were placed on the 4Omm gun mount such that present test data could be
correlated with the results of a test conducted at Fort Carson, Colorado

{n August, 1970. 1In that test a 4Omm gun mount was fully instrumented
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with strain gages to determine how gunfiring Joads were transmitted by

the mount to the aircraft.

Temperature compensation. The temperature compensating gage and

two 120 éh@ precision resistors used to complete the bridge were fixed
to an alumirum or steel block, depending upon the parent material of the
active gage (See Figure 2). The block was then located as close as
possible to the active gage, using a non-strain transferring achesive to
bond the block to the aircraft. The dummy block was placed near the
active gage to complete the bridge circuit at the active gage, therefore

*
obtaining both temperature compensation and common mode rejection.

BRIDGE BALANCE UMT
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*Common mdde rejection is the ability of the circuit to eliminate noise
which appears on pairs of input lines by means of cancellation. This
is accomplished in this circuit by having equal length lines leading to
the gage and returning from the bridge such that the same noise is
plcked up by each pair of the wires returning the signal to the
ampl{fiers. Since a differential amplifier was used, signals common to
both lines sre eliminated, thus obtaining common mode rejection.




Bridge balance units. The balancing circuits and calibration resistor

(See Figure 2) were contained in the bridge balance units (BBU). Four
BBU's with 12 channel capability and one BBU with ten channel capability
were used in the test system, allowing for 58 channels of data. The
calibration resistor was chosen to obtain a simulated strain of -1869
microstrain, Therefore, when the calibration resistor was switched into
the circuit, a signal was generated equivalent to the signal of an 1869
microstrain compression load.

Recorder. A Leach Model MTR 3240 recorder with 14 channel data
capability was used to record all the strain data. Since the output of
only one BBU could be recorded at anytime, only 12 channe’s of the
recorder were used. The data was recorded at a tape speed of 30 inches
per second. v

Power supply. Two power supplies were employed: one supplie: 9.8
VDC to the strain gage network and the other supplied power to the
amplifiers. Both were supplied by 115 VAC, 40O hertz aircraft power.
Standard 28 VDC aircraft power was used for the tape recorder. The
strain gage power supply exhibited a breakdown in the AC-DC cr.version
and started passing a 400 hertz ripple at & very low voltage causing

some problems.

ATRCRAFT ARFA TESTED

The empennage area of the aircraft was selected for the test because
it was thought that most of the force resisting gun recoil wo.ld be pro-
vided by the vertical stabilizer. These forces could, therefore, pro-
duce a large gust type loading on the vertical stabilizer and a large
torsional load on the aft fuselage. This area was also considered a
potential trouble spot becnuse all gunships fly with the rear cargo
door open creating an open cross-section which is structurally

inefficient for carrying torsional loads.
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fhe critical design conditions for the empennage were 1) asymmetrical
powver, 2) 15 psi fuselage pressurization, 3) maneuver loading, i) lateral
gust, and 5) hard rudder kick. While the lateral gust condition most
closely simulates gunfiring loads, the dominant design condition for the
empennage structure was the asymmetric condition,

The empennage, especially the vertical stabilizer, does not carry
large dead weight loads. Hence, when the strain gages were installed,
the empennage was in a zero stress condition. Even if this were not
true, a great deal of information on over-stresses due to gunfiring and
evasive maneuvers could be obtained, although the magnitude of the total
stress could not be used. All stresses in this reporct will be referred

to as changes in stress from the installation zero stress.

Strain Gage Locations

Strain gages were placed at points in the aft fuselage and vertical
stabilizer with minimum margins of safety, based on References 1 and 2
in the List of References. Figure 3, page 6, provides fuselage station
(FS;, water line {WL), buttock line (BL), and vertical stabilizer
station (VSS) information to aid in the general location of each gage.
Locations of sensors, 20mm guns, and 40mm guns in relation to tle gages
may also be obtained from Figure 3. All gages were located aft of
FS T37.

Vertical stabilizer gages jVSA). Only the main load carrying members

of the vertical stabilizer were instrumented. Figure 4, page 8, illustrates
the general structural con’ juration of the vertical stabilizer, the main
load carrying members being the auxiliary beam, main beam, and vear beam.
All of these members were designed as semitension field beams. No gages
were employed on the vertical stabilizer leading edge. Figure 4 also

aids in finding the general location of all vertical stabilizer gages.
Figures 8, 9, &nd 10 (Appendix) show the exact location of each gage on

the auxiliary, main, and rear beams.
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The structural members Instrumented were beam caps (VSS), stiffeners
(vs3, vs6, vS1k, VS14A, VS17), shear webs (VSLR, VSTR, VSOBR, VSI3R, VSI8R)
and fittings (VS9, VS1C, VS19, VS20). Some gages were used only as checks
on loads to insure the loads were below design levels. The check gages
are noted in Table I (Appendix), vhich is a summary of vertical stabilizer
strain gage locations, with additional information as to the critical
design condition for each part, type of stress, and margin of safety.

Aft fuselage gages (AF ). Figures 5 and 6, following, illustrate the

aft fuselage internal structure. As in the vertical stabilizer only
primary structure was ingtrumented. The basic fuselage structure is
essentially a single cell thin walled tube (the aircraft skin) supported
by transverse frames or rings as well as symmetrically arranged longerons.
The skin carries only a shear load, while the frames carry combined axisl
and bending loads. The C-130 utilizes only four longerons arranged
symmetrically at upper and lower BL 61.625.

Frames instrumented were at FS814 (AF4, AF5)(See Figure 11), FS 84T
(AFf)(See Figure 12), FS 990 (AF1, AF3)(See Figure 13.) The longerons
at upper and lower BL 61.625 were extensively instrumented, with gages
being located at splice fittings or at critical locations as showr in
Figures 14, 15, 16, i7, 18, 19 and 20 (AF7, AFS, AF10, AF1l, AF12, AF13,
AF1L, AF15)(See Appendix). Gage AF18 was located on the upper dorsal
longeron fitting &s shown in Figure Z1 (Append{x}. The dorsal fin pro-
vides the fuselage with & second structural! cell to add extra strergth
where the fuselage ccrss-section is oper {due to the cargo door being
open.) Thrse rosettes were placed on the fuselage ekin (AF?OR, AF21R,
AF22R) as shown in Figure 22 (Apperdix).

Table 1T (Appendix) provides summary {nformstion on all aft fuselage
gages. Since the cargo rsmp, aft carge deor, and horizontal stabilizer
carry no unusual loads unique to gunship cperations, they were not

{nstrumented.
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Gun mount gages (G ). The two gages located on the 4Omm gum mount

are shown in Figure 7, below. Gage Gl measured the tipping load created
by firing. This was accomplished by locating Gl on the elevation rod.
Gage G2 was installed on the trunnion rod which is the primary member

for transmitting the gur recoil into the mount.
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FLIGHT TEST

The flight test was conducted at Eglin AFB, Florida in September
1070 during simulated combat conditions in which other aircraft systems
were being evaluated. The data vas taken during test flights on 23, 24
and 30 September. The aircraft test bed was AC-130A, S/N 56-0490. Tests
were conducted firing both 20mm Vulcan cannons and firing each LOmm
Bofors individually. The pilot conducting the test had combat experience
in AC-130A aircraft and closely simuleted actual combat evasive maneuvers
used in aveiding antiaircraft fire,.

Pre-flight. Bz2fore each flight the DC offset of each amplifier was
zeroed and all bridges were balanced using the bridge Lalance unite. A
milliammeter was used to balance each bridge. A signal was then recorded
with the bridge balance units shorted out of the system to cbtain the
zero level of the amplifiers. Signals from each BBU were then recorded
at the zero level.

In-flight. With the aircraft in straight and level flight, signals
were recorded from each BBU to obtain the level flight strains. Data
was then recorded using each BBU in turn while each 4Omm gun was fired.
Both single shot and rapid fire, bursts of two or more rounds at two
rounds per second, were recorded. All data on the 20mm guns is for both
guns firing simultanecusly at a rate of 2450 rounds per minute for
app.oximstely one second. In addition, five antiairgraft evasive
maneuvers were conduvcted, each one being recorded on a different BBU.

Posc-fiight. The tapes were played back and the signals
transferred to oszillograph paper using a Honeywell Model 7A00 Data
Recorder at Flight Dynemics Laboratory, Wright-Patterson AFB, Ohio. Two
passes were made at the data, one using no filter and one using a low
pass filter with a cut off frequency of 280 hertz. The data was filtered
+o eliminate the 40C hertz signal supplied to the strain gages by the

degraded power supply.
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RESULTS

A summary of the test results is presented in Table III for the
vertical stebilizer and in Table IV for the aft fuselage. Values pre-
sented are {1) stress changes due to level flight loads, A0y p» (2) stress
changes due to the left hand orbit, Aoy, (3) positive and negative over
stresses produced by gun firing, Ao, and Ao_. The positive and negative
overstresses are then added (vectorially in the case of shear) to the
mean stress level, Ac,, to yield the maximum and minimum stress changes,
AOpay 80d Aopiy. The asymbols are defined in Figure 23 (Appendix) for

gun firings and for antiaircraft maneuvers.

Calculations. For all linear gages the stresses appearing in
%.ble III and IV are normal stresses and in this case the maximum stress
change, Aop.y, 18 just the algebraic sum of the left hand orbit stress,
Ao, and the positive stress change due to gun firing, Ao,. But in the
case of shear stresses, the strains had to be obtained from both the
orbit traces and the gunfire traces. The differences between these two
traces were not necessarily the same for all three gages in the rosette;
therefore, the shear stresses for the left hand orbit maneuver and gun
firing were cbtained respectively from the left hand orbit strains and
positive and negative gunfire straine separately. Then the sum of the
strains due to both were added to yield the shear stress due to both the
orbit and guh firing, using the standard equation for converting rosette
gtrains to shear stresses. Hence, the sum of the shear stress due to
the orbit and the shear stress due to gunfire does not equal the
maximum shear stress. When reading Tables III and IV, care should be
used in interpreting data from rosette gages, those using an R in their
deaignatién, for example VS18R. All stresses from rosette gages are in
terms of shear stresses, since the design of all fuselage gkin and beam

webs was based on shear stress.
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Level flight stresses. The stresses in Tables III and IV are

presented in terms of changes in stress from the stress existing when
the gages were installed. Observation of the level flight change in
stress, A LF’ reveals that in the majority of cases stress levels re-
mained constant from the installation condition to the level flight
condition. Since positive loads are encountered on the horizontal
stabilizer in flight and negative loads due to the dead weight are
encountered in the installation condition, it is safe to conclude that
the gages were installed at nearly a zero stress state.

Gun firing stresses. Sample traces are shown in Figures 24, 25,

26, 27, 28 and 29 for 4Omm gun firings, in Figures 30 and 31 for 20mm

gun firings and in Figure 32 for antiaircraft evasive maneuvers.

The highest normal stress recorded on the vertical stabilizer was
5128 psi compression on gage VS20 which is located on the rear beam
fitting at VS3S O. This stress was produced when both 20mm guns were
fired simultaneously. The highest shear stress recorded in the vertical
stabilizer was 880 psi on gage VS4R, which was located on the rear beam
shear web next to the lightening hold at VSS 10.88. This stress was
recorded during the firing of Number 3 4Omm gun.

Strains recorded on the two gages located on the LOmm gun were
highe:r than those recorded during tests on the gun mount at Fort Carson,
Colorado during August 197". The probable cause of this was the more
flexible platform, a sheet metal bed of & 2-1/2 ton truck used at Fort
Carsoir. Subsequently more recoil was expended in truck deformation than
occurs on the aircraft because of the more rigid mounting in the aircraft.

Evgsive maneuver stresses. During an antiaircraft evasive maneuver

a high normal stress in the aft fuselage of %2258 psi compression was

recorded on gage AF6 which is located at the canted bulkhead at FS 847.




CONCLUSIONS AND RECOMMENDATIONS

The most obvious conclusion that can be made from a study of the

data in Tables III and IV is that none of the loading mechanisms in
question (1.e., 4Omm gunfiring, 20mm gunfiring, or antiaircraft evasive P
maneuvers) impose loads on the aircraft approaching maximum design loads. .
All stresses measured were less than 10F of the design maxiamum stresses;
they, therefore, present no foreseeable fatigue problems. In many cases
the measured stresses were in the noise level of the recording system
and are shown only for relative purposes.

Since the stress levels are quite low, it is difficult to form any
definite conclusions as to the relative severity of stresses produced by
LOmm gunfire versus 20mm gunfire. Overall results indicate that firing
the 20mm guns simultaneously produced higher stresses on the majority of

instrumented stru:iure than did the 4Omm gunfiring. This is understandable
in that the 20mm guns have a much larger moment arm, from the aircraft
center of gravity, than do the LOmm guns. Also when both 20mm guns are
fired simultaneously, they produce roughly the equivalent recoil of one
LOmm gun. Therefore, larger loads are produced in the vertical stabilizer
to resist the moment produced by the 20mm gun firing than are produced
when a single 4Omm gun is fired. Although the LOmm guns are never fired
simultaneously, both 20mm guns are fired simultaneously in the first
burst, but subsequently are usually fired independently.

Since 4Omm gunfiring introduces such small loads in the vertical
stabilizer and aft fuselage, most of the recoil force is being expended
in producing aircraft translational motion along the radius of the orbit
(the sircraft is simply being pushed outward very slightly). Very little
energy appears to be going into structural deformetion. While the out-
ward motion does not present a problem with the 4Omm gun; it could present

a more serious problem with a larger gun.
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Multiple firings caused no amplification cf stresses. The stresses
measured for single firings were exactly the same as ..0se measured for
multiple firings (4-6 rounds fired at a rate of 2 rouads p:r second).

It had been feared that the gunfiring grequency was Juite near some of
the fuselage's natural frequencies and might cause some uynamic magnifica-
tion of stresses. This suspicion was found to be false.

If a larger gun is to be installed on an AC-130, the following
instrumentation should be included, based on the results of the present
test. Strain gages should be mainly concentrated in the immediate
vicinity of the gun tiedown structure. A few gages should also be placed

in the same positions as those in the repor® for comparison purposes.

17
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